B

B1-B9 Cell Groups (Serotonergic Cell
Groups)
Definition
B1-B9 is the original designation of nine seratonincontaining cell groups visualized in the brainstem by
the use of fluorescent histochemical methods. Some of
these serotonergic groups project caudally to the spinal
cord and others rostrally to different parts of the
forebrain.

thoracic and 1st lumbar vertebrae, inferiorly by an
imaginary transverse line through the 4th sacral
segment, and laterally by a line tangential to the lateral
border of the erector spinae and a line between the
posterior superior iliac spine and the inferolateral corner
of the sacrum.
Etiology
Causes
▶Low Back/Spine Pain

Backache
Babinski Reflex (Babinski Response,
Babinski Sign)

▶Low Back/Spine Pain

Definition
Reflex response elicited preferably by a blunt rodlike
instrument stroked along the lateral footsole from heel
to toes. In neurologically normal adult persons, the
stimulus elicits a flexor of foot and toes. In infants and
adult patients with lesions of the ▶pyramidal tract, the
toes are spread apart, the big toe slowly extends and the
other toes flex. Lesions limited to the pyramidal tract
produce a Babinski sign and paresis (i.e., negative
symptoms such as temporary weakness and loss of
dexterity), but neither spastic ▶dystonia nor permanent
weakness.
▶Pyramidal Tract

Back-Propagation in Neurons
Definition
▶Action Potential Propagation

Back-Propagation Learning in
Neural Networks
Definition

Back Pain
Definition
Pin perceived anywhere in a region bounded superiorly
by an imaginary transverse line between the 12th

The backpropagation algorithm is one of the most
popular procedures for training multi-layer artificial
neural networks. Neurons in all layers change their
synaptic weights based on the gradient descent of the
sum of squared differences between the network output
and the target vector, where this sum is propagated
backwards through the net to adjust weights deep within
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Bacterial Artificial Chromosome (BAC)

the network. This algorithm is capable of solving many
practical problems that are nonlinearly separable.
▶Connectionism
▶Neural Networks

a certain domain, of an extensive physical quantity. In
continuum mechanics, in particular, physical content is
attributed only to a material body or a part thereof
(as opposed to a field theory such as electromagnetism,
where a vacuum can be a carrier of fields). The time rate
of change of the content of a physical quantity Ψ in the
body is postulated to be entirely due to only two causes,
a production Π within the body and a flux Φ through its
boundary:
D
¼  þ :
Dt

Bacterial Artificial Chromosome (BAC)
Definition
Bacterial artificial chromosome (BAC) is a DNA vector
whose basis is a fertility plasmid (F-plasmid), which
contains sites necessary for DNA to be handled and
replicated as a bacterial chromosome. BACs are used
for cloning in E. coli, and because their insert sizes can
be large (100–300 kb), have proven useful in the
identification of gene regulatory sequences that can
involve huge pieces of DNA upstream of a gene.
Human and yeast artificial chromosomes are also
available.

To convert this general statement of balance into a more
specific form can be done in either the referential
(“Lagrangian”) or spatial (“Eulerian”) setting. The total
content can be represented in terms of the referential
volume element dΩ or its spatial counterpart dω as
follows:
Z
Z
 ¼ 0 d ¼  d!;
ð2Þ
!



where Ψ0 and Ψ represent the content density per unit
referential and spatial volume, respectively. These two
densities are related by:
0 ¼ J ;

Bait Shyness
▶Aversive Taste Memory

ð1Þ

ð3Þ

where J is the determinant of the deformation gradient
F, as defined in the kinematics of deformation (q.v.).
Similarly, the production is assumed to be expressible
as:
Z
Z
ð4Þ
 ¼ 0 d ¼  d!;
!



with
0 ¼ J :

Balance Laws
M ARCELO E PSTEIN
Schulich School of Engineering, University of Calgary,
Calgary, AB, Canada

Definition
The statement of the causes of change of content of an
extensive physical quantity (such as mass, energy,
momentum, entropy and so on) over a certain domain.
The quantitative aspects of balance laws are expressed
in terms of balance equations.
Description of the Theory
A balance equation in continuum physics is a rigorous
accounting of the causes for the change in content, over

ð5Þ

A flux is assumed to be defined not only through the
external boundary of the body, but also through any
internal boundary between sub-bodies. Moreover, the
flux is assumed to be given by an integral (over the
area of interest) of some density. But, unlike the case
of the volume integrals, now it is not allowed to
simply claim that this density is a mere function of
position on the surface. A simple example will clarify
this situation. If sun-tanning on the beach, it makes a
difference whether one is lying horizontally or
standing up. The heat energy flows at a maximum
rate when the exposed surface is perpendicular to the
rays. This is as true for the outer boundary as for an
internal point. When considering an interior point of
the endodermis, the flux at that point will vary
depending on the orientation of the imagined surface
element considered at the point. In other words,
the flux density must depend not only on position but

Balance Laws

also on some other characteristic of the boundary.
The simplest assumption is that the flux depends
on the boundary only through its (local) normal,
namely through its orientation alone (as opposed
to its curvature, for example). Having made these
assumptions:
Z
¼

Z
f0 ðX; N; tÞ dA ¼

@

fðx; n; tÞ da;

ð6Þ

@!

@





@

and in Eulerian form:
Z
Z
Z
D
 d ¼  d þ
h  n da:
Dt
!

ð10Þ

@!

Although these statements may suffice for computational
applications (such as the “finite-volume” method), under
suitable assumptions of smoothness their local (differential) forms can be obtained by using the divergence
theorem to convert the flux integral into a volume integral
and invoking the fact that the resulting three integrals
must be identically equal regardless of the domain of
integration within the body. The results are, therefore,
@0
¼ 0 þ Div H;
@t

ð11Þ

D
þ  div v ¼  þ div h;
Dt

ð12Þ

and

where the last equation necessitated the application of
Reynolds’ transport theorem. The operators Div and div
stand for the referential and spatial divergence, respectively.
Applying the general prescription just obtained to the five
fundamental quantities to be balanced in a traditional
continuum mechanics treatment gives the following.
Conservation of Mass
A balance law is said to be a conservation law if the
production and the flux vanish identically. This is the
case for the mass of a classical continuum. (In modern
theories of biological growth, however, or in theories of
chemically reacting mixtures (when looking at each
component of the mixture), conservation of mass does
not hold, and specific mass production and/or flux terms
are to be included). Denoting by ρ0 and ρ the referential
and spatial mass densities, respectively, the Lagrangian
and Eulerian differential balances are obtained as:
@0
¼ 0;
@t

ð13Þ

D
þ  div v ¼ 0:
Dt

ð14Þ

and

@!

where H and h are the Lagrangian and Eulerian flux
vectors, respectively. If the quantity to be balanced is
vectorial in nature, these become flux tensors.
Invoking now (4) of kinematics of deformation (q.v.),
the following relation between the Lagrangian and
Eulerian flux densities is obtained:
H ¼ J F1 h:

The integral statement of the generic law of balance in
Lagrangian form is finally:
Z
Z
Z
D
0 d ¼ 0 d þ
H  N dA; ð9Þ
Dt

!

where ∂ stands for “boundary of ” and where the
notation of kinematics of deformation (q.v.) is used. To
obtain the relation between the referential and spatial
flux densities (f0 and f, respectively), (4) of kinematics
of deformation (q.v.) might be invoked. However, in
this equation the dependence on the normal is
explicitly linear, whereas the assumed dependence
of the flux densities on the normal is so far arbitrary. It
would appear that the only way out of the impasse
would be to assume such linearity (a logical thing to
do, particularly considering the example of the sun
rays, whose effect on the skin is governed by a simple
projection on the normal). It is a rather remarkable
fact, however, that such an assumption is superfluous,
since it can be derived from the general statement of
the balance law. This result is called Cauchy’s
theorem, since it was Cauchy who, in a series of
papers published in the 1820’s, first established its
validity in the context of his theory of stress. The
proof is based in the so-called tetrahedron argument.
Assuming that the general balance law, (1), is valid,
with the same densities for any sub-body (thereby
essentially ruling out scale effects such as surface
tension) and applying it to a tetrahedron with three
faces aligned with the coordinate system and the
fourth face with its vertices lying on the surface of
interest, the mean value theorem is applied to each
term of (1) and the far vertex of the tetrahedron is
allowed to approach the surface. Observing that the
two volume integrals approach zero with the cube of a
typical line dimension of the tetrahedron, while the
surface integral does so with the square, thereby being
the only “survivor” in the limit, the theorem follows.
Therefore:
Z
Z
HðX; tÞ  N dA ¼
hðx; tÞ  n da; ð7Þ
¼

333

ð8Þ

The latter (Eulerian) version is known in hydrodynamics
as the continuity equation.
Balance of Linear Momentum
This balance is a statement of Newton’s second law as
applied to a deformable continuum. It is, therefore,

B
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Balance Laws

important to recall that the frame of reference (which
has been identified with a Cartesian coordinate system)
must be assumed to be actually it inertial. The quantity
to be balanced is the (vectorial) linear momentum,
whose Lagrangian and Eulerian densities are, respectively, 0 v and v. Note that in both cases there is a
spatial vector to balance, whether the statement of the
law is referential or spatial. The production term is
given by the (distributed) forces per unit volume, or
body forces, with densities B and b respectively in the
Lagrangian and Eulerian formulations. The flux terms
are given by the surface tractions (namely forces S
and s per unit referential or spatial area). It must be
emphasized that these forces, even when measured per
unit referential area, are spatial vectors. By Cauchy’s
theorem, it is known that these surface tractions
are governed by a (tensorial) flux, which can be
denoted by T and t, respectively for the Lagrangian and
Eulerian settings: S ¼ TN and s ¼ tn. To avoid any
possible confusion, the final equations are expressed in
components. Plugging the various terms into the
corresponding forms of the generic law of balance,
and invoking the already obtained conservation of
mass, the following Lagrangian and Eulerian forms of
the balance of linear momentum are obtained:
T;IiI þ Bi ¼ 0

Dvi
;
Dt

ð15Þ

and
t;jij þ bi ¼ 

Dvi
:
Dt

ð16Þ

The fluxes T and t are called, respectively, the first
Piola-Kirchhoff and the Cauchy stress tensors. Note
that, whereas the Cauchy stress is a purely spatial
tensor, the first Piola-Kirchhoff stress is a mixed tensor.
What these tensors do is to produce linearly out of
vectors with components NI and ni respectively, the
spatial forces acting on elements of area to which they
are normal. The relation between these tensors follows
directly from (8) as:
T iI ¼ J ðF 1 ÞIj t ij :

ð17Þ

Note that in the Lagrangian version (15), the material
time-derivative of the velocity (appearing on the right
hand side of the equation) boils down to a partial
derivative. In the Eulerian version (16) on the other
hand, the material time derivative includes a non-linear
convective term.

forces abiding by Newton’s third law (“action and
reaction”). In the case of a continuum, the analog of
such internal forces is the stress tensor, but this analogy
is not easy to pursue rigorously. In fact, in continuum
mechanics the postulation of a law of balance of
momentum leads to a new result, without a clear analog
in discrete systems. The balance of angular momentum
states that the rate of change of the total angular
momentum with respect to a fixed point (the origin, say)
of an inertial frame is equal to the moment of all the
external forces with respect to the same point. Using the
general prescription of the Eulerian balance law, and
invoking conservation of mass and balance of linear
momentum, the somewhat surprising final result is
t ij ¼ t ji ;

namely, the Cauchy stress is symmetric. At this point it is
appropriate to go back to the discrete analogy. There, it is
assumed that the internal forces between the particles of
the system abide by the principle of action and reaction.
In the continuum case, what has been implicitly assumed
is that the surface interactions are merely forces (stresses)
and that there are no extra contributions of surface
couples. A similar assumption was made regarding the
external body forces. In other words, the only contribution to the moment equation is that arising from the
moments of forces (no couple interactions). This
assumption may have to be abandoned when dealing
with electrically or magnetically polarizable materials. In
those cases, the antisymmetric part of the stress may not
vanish, but will be balanced by the external body-couple.
Balance of Energy (the First Law of Thermodynamics)
In the case of a single particle or a rigid body, a direct
application of Newton’s laws yields the result that the rate
of change in kinetic energy K is exactly balanced by the
mechanical power Wext of the external forces acting on the
system. In other words, the application of an external
force over time along a trajectory produces (or extracts)
work, and this work is entirely expended in increasing (or
decreasing) the kinetic energy of the system. In the case of
a continuum, the kinetic energy is given by:
Z
Z
1
1
0 v:v d ¼
 v:v d!;
ð19Þ
K¼
2
2
!



and the power of the external forces is:
Z
Z
Wext ¼ B:v d þ
ðTNÞ:v dA


Balance of Angular Momentum
In the Newtonian mechanics (q.v.) of systems of
particles, the law of balance of angular momentum
follows from Newton’s second law under the assumption that the particles of the system interact by means of

ð18Þ

@

Z

Z
b:v d! þ

¼
!

ðt:nÞ:v da:

ð20Þ

@!

It is a matter of daily experience that continuous media
deform under applied heat and conversely deformation

Balance Laws

may lead to the emission of heat (bending a metal paperclip repeatedly until it breaks is a good experiment to
reveal this common effect, but more relevant examples
abound in muscle mechanics). There are other occurrences of “non-mechanical” energy sources (chemical
reactions, electromagnetic fields, etcetera). The nonmechanical power input (“heating”) is lumped as might
be expected into two terms, one corresponding to
distributed volumetric sources (“radiation”) and the other
to an input across the boundaries (“conduction”):
Z
Z
Q dA
Wheat ¼ R d þ


@

Z

Z
r d! þ

¼
!

q da:

ð21Þ

@!

The law of balance of energy (first law of thermodynamics) asserts that, in addition to the kinetic energy K, there
exists another kind of energy content U, called internal
energy, such that the rate of change of the total energy
content K + U exactly balances the combined external
mechanical and heating powers, namely:
DðK þ U Þ
¼ Wext þ Wheat :
Dt

ð22Þ

To obtain the local versions of this balance law, the
internal energy is assumed to be given by an integral of a
density u, which is usually assumed to be given per unit
mass (rather than unit volume). Using the tetrahedron
argument, it can be shown that the flux terms in the
heating input in (21) are given by referential and spatial
flux vectors as: Q ¼ Q:N and q ¼ q:n, the minus
signs being chosen so that the flux vectors point in the
direction of the flux (if the normals are the external
normals to the boundary of the domain of interest). The
standard procedure now yields the following Lagrangian
and Eulerian forms of the local equations of energy
balance:
0 u_ ¼ R  QI;I þ T iI vi;I

ð23Þ

and
u_ ¼ r  qi;i þ t ij vi;j ¼ r  div q
þ trace ðtDÞ:

ð24Þ

Naturally, in this last (Eulerian) version, the material timederivative of u must include the convective term.
Entropy Inequality (the Second Law
of Thermodynamics)
An important conceptual element in continuum mechanics is the presence of an arrow of time, that is the
natural irrevocable direction of phenomena prescribed
by the second law of thermodynamics. There are
different ways to deal with this delicate issue, but here
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only the formulation based on the Clausius-Duhem
inequality is presented. There are two new ingredients
that need to be added to the picture. The first one is a
new extensive quantity, the entropy S, whose content
will be measured in terms of the integral of a density
s per unit mass. The second element to be introduced is
a new field, θ, called the absolute temperature. It is
assumed that θ is strictly positive and measurable
instantaneously and locally by appropriate instruments
(such as thermo-couples). This temperature scale is
consistent with the temperature appearing naturally in
the theory of ideal gases. It is moreover assumed that
there are two universal sources of entropy production,
one volumetric and the other through the boundary.
These sources are obtained, respectively, by dividing
the corresponding (volume or surface) heating source
by the local value of the absolute temperature. The
Clausius-Duhem inequality asserts that the rate of
entropy production is never less than what can be
accounted by these universal sources, namely:
D
Dt

Z

Z
0 s d 





R
d 


Z
@

QN
dA


or, in the Eulerian version,
Z
Z
Z
D
r
qn
d þ
da:
 s d 
Dt


!

!

ð25Þ

ð26Þ

@!

The equality corresponds to reversibility of a physical
process, while all other processes (for which the strict
inequality holds) are irreversible. The local forms of the
inequality are obtained by the standard procedure as:
0 s_ 

R
Q
 Div ;



ð27Þ

 s_ 

r
q
 div :



ð28Þ

and

It is often convenient to replace the Clausius-Duhem
inequality by a linear combination with the balance
of energy. In particular, subtracting from the (Lagrangian) equation of energy balance, (23), the (Lagrangian)
entropy inequality, (27), multiplied by the absolute
temperature, and defining the (Helmholtz) free energy
density per unit mass as:
ψ ¼ u   s;

ð29Þ

Equation (27) can be written in the form:
1
0 ψ_ þ 0 _ s  T iI vi;I þ QI ;I  0;


ð30Þ

with a similar expression for the Eulerian version.
In closing, it must be emphasized that the laws of
balance presented in this article are limited by the

B
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Balance-recovery Reactions

assumptions made in their derivation. In particular, it
should be mentioned that in theories of continuous
growth and remodeling (q.v.) important modifications
take place. Essential modifications of the laws of
balance and of the kinematics of deformation (q.v.) are
also to be considered for theories of mixtures,
particularly when the components of the mixture may
react with each other chemically. Particular cases of
mixture theories are routinely used in biomechanics (for
example, the bi-phasic theory of cartilage). These topics
are beyond the scope of the present article.

Ballistic Movements
Definition
Movements that are believed to be executed in an openloop fashion without the benefit of online feedback
corrections.
▶Movement Sequences
▶Eye-Hand Coordination
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Balo’s Concentric Sclerosis
Definition
An aggressive form of multiple sclerosis (MS), Balo’s
concentric sclerosis is usually characterized by an abrupt
clinical onset with steady progression to major disability
and death within months. Symptoms can include altered
mental status, aphasia, headache and seizures. Demyelinating lesions are typically large, characterized by alternating layers of myelinated and demyelinated tissue.
These alternating layers of myelin loss are seen as
hypointense and hyperintense rings on T2-weighted MRI.
▶Multiple Sclerosis

Balance-recovery Reactions
Band of Gennari
▶Postural Strategies

Synonyms
▶Stria occipitalis (Gennari); ▶Occipital stripe (Gennari)

Balint’s Syndrome
Definition
▶Visual Neuropsychology

Ballism

Definition
Typical white stripe visible with the naked eye which is
the characteristic feature of the area 17 (striate cortex) of
the primary visual cortex.
▶Telencephalon

Band-pass

Definition

Definition

Involuntary violent flailing movements of the arm,
mostly unilaterally.

A filter, which passes only those frequency components
in the central band of the spectrum (i.e. it stops

Barrel Cortex

frequency components in the low and high ends of the
spectrum)
▶Signals and Systems
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levels of arterial pressure, and increase (or decrease)
their rate of firing in response to an increase (or
decrease) of both the mean level as well as the pulsatile
component of arterial pressure.
▶Blood Volume Regulation
▶Homeostasis

Bands of Bungner
Definition
Proliferating Schwann cell columns within the basal
lamina in the distal nerve, that are awaiting regrowing
axons from the proximal nerve.
▶Peripheral Nerve Regeneration and Nerve Repair

Bandwidth
Definition
The effective range of frequencies in a signal, i.e. the
difference between the frequency of the highest frequency component and frequency of the lowest frequency
component of a signal.
▶Signals and Systems

Baroreceptor

Baroreceptor Reflex
Definition
The baroreceptor reflex (baroreflex) is a cardiovascular
reflex devoted to the control of blood pressure. An
increase in baroreceptor activity resulting from an
increase in arterial blood pressure normally results in a
reflex inhibition of the activity of sympathetic nerves
innervating blood vessels (especially arterioles) and the
heart, and a reflex excitation of vagal nerves innervating
the heart. The effects of these reflex changes in
sympathetic and vagal activity are to dilate blood
vessels and reduce the rate and contractility of the heart,
thus reducing the arterial blood pressure. Similarly, a
decrease in baroreceptor activity leads to a reflex
increase in sympathetic activity and a reflex decrease in
cardiac vagal activity that tend to increase arterial
pressure. Thus, the main effect of the baroreceptor
reflex is to minimize changes in arterial blood pressure
that would normally result from disturbances, e.g. a
change in posture.
▶Baroreceptor
▶Blood Volume Regulation
▶Homeostasis
▶Sympathetic Pathways
▶Vagus Nerve

Definition
A receptor located on sensory nerve endings in the wall
of arteries, which responds to an increase in arterial
blood pressure. The actual stimulus to the receptor is
stretch of the wall of the artery, which results from an
increase in blood pressure. The baroreceptor nerve
endings are located mainly in the outer layer (adventitia) of arteries, predominantly in the carotid sinus and
aortic arch, but also in other arterial regions including
the brachiocephalic artery and pulmonary artery. The
baroreceptor sensory nerves in the carotid sinus are part
of the glossopharyngeal nerve (IX cranial nerve), while
the other baroreceptor sensory nerves are all part of the
vagus nerve (X cranial nerve). The carotid sinus and
aortic arch baroreceptors are tonically active at normal

Barrel Cortex
F ORD E BNER , M ARIA P OPESCU
Department of Psychology, Vanderbilt University,
Nashville, TN, USA

Synonyms
Barrel field cortex; Posteromedial barrel subfield;
PMBSF

B

338

Barrel Cortex

Definition
The entire layer IVof mouse and rat S-I cortex is parsed
into zones that, when viewed in sections cut parallel to
the cortical surface and stained with the cytochrome
oxidase (CO) stain, appear as oval dense zones: one for
each of the digits and pads on the feet, and one for each
of the large and many of the small whiskers on the face
around the nose and mouth. The largest barrels are
representations of the large facial whiskers (a.k.a.
mystacial vibrissae or facial sinus hairs), and these
barrels were given the specific name of the posteromedial barrel subfield or PMBSF [9].

Characteristics
Whisker Somatosensory Pathway
Different species have evolved different sensory capabilities to survive in their particular ecological niche.
Rodents, in particular mice and rats, have specialized the
whiskers on their face into exquisitely sensitive tactile
organs with which they explore their environment,
especially under low light conditions, by moving the
whiskers back and forth (whisking). Each whisker in
these species is a complex sensorimotor organ that can
move the whiskers precisely to gather the most salient
information. In mice and rats, but not all rodents, the
facial muscles have been specialized such that they form
a sling around the whisker follicle, and when the muscle
contracts the whisker is levered (protracted) so far
forward that they extend well in front of the nose.
Each whisker follicle is innervated by over 200
sensory fibers that render it extremely sensitive to the
direction, magnitude, duration, frequency and velocity
of any stimulus that can perturb the whiskers. The
motor fibers that innervate these intrinsic, individual,
facial muscles travel in the seventh cranial nerve and
arise in the brainstem from motor neurons in the facial
nerve nucleus. The sensory fibers that innervate the
follicle travel with the fifth cranial or trigeminal nerve
and terminate in the brainstem trigeminal nuclei.
In the rat’s vibrissa (whisker) system, neurons
representing whiskers at each level in the pathway are
topographically organized into functional “whisker
maps.” These maps correlate well with the anatomically
discrete cell aggregates at each level: “barrelettes” in the
brainstem [Ma PM 1991], “barreloids” in thalamus
[Van der Loos 1976] and “barrels” in layer IV of the
primary somatosensory cortex (SI) [9]. Each map
replicates the spatial arrangement of whiskers on the
contralateral face (Fig. 1).
The mechanosensory axons bifurcate as they enter
the brainstem: some collaterals end in the Principal
Trigeminal Nucleus (PrV) and others end in a
descending cascade of axon terminals along the length
of the the Spinal Trigeminal Nucleus (SpV). SpV is
subdivided into three sub-nuclei, oralis, interpolaris,
and caudalis, with the interpolaris division (SPVi)

providing the main projection to the thalamus. The
receptive field of PrV cells includes one, sometimes
two, whiskers, while the receptive field of SpVi cells is
much larger and includes 6–8 whiskers on average.
Since nearly all of the primary mechanosensory axons
bifurcate on entry, this difference in receptive field size
can be accounted for by the degree of axon divergence
and convergence in the two nuclei. PrV is the beginning
of the lemniscal sensory pathway to thalamus and then
to barrel cortex, and SpV is the beginning of the
paralemniscal pathway. As each of these pathways
ascends to the thalamus they decussate to the opposite
side of the brain. This crossing is what causes the
whiskers on the right side of the face to be represented
in the left cortex, and vice versa.
In the thalamus, the PrV fibers terminate primarily in
the ventral posterior nucleus of the thalamus (VPM),
while the SpV fibers terminate primarily in an adjacent
thalamic nucleus, the medial division of the posterior
nucleus (POm). New findings in the last few years have
identified two subdivisions of the VPM nucleus into a
dorsal lateral portion (VPMdl) that receives mainly
lemniscal inputs, and a ventral medial portion (VPMvm)
that receives mainly paralemniscal inputs [7]. This has
led to the notion that there are in fact three parallel
pathways to cortex: lemniscal (PrV to VPMdl),
paralemniscal (SpV to POm), and what has been called
extralemniscal (SpV to VPMvm) pathway [10]. Physiological evidence supports the idea that the lemniscal
pathways convey information mainly about object
perception, the paralemniscal pathway mainly about
whisker position, and the extralemniscal pathway
mainly about a combination of the two. The lemniscal
VPMdl nucleus projects to primary somatosensory
cortex (S-I) after giving off collaterals just outside the
thalamus to cells in an inhibitory thalamic feedback
nucleus called the thalamic reticular nucleus (RTN). In
cortex the VPMdl fibers give rise to a substantial
number of axon collaterals that spread out and end in
the deep layers, between layer V and VI, and then
proceed to terminate profusely in one of the discrete cell
aggregates of layer IV (a barrel): these layer IV cell
clusters are the basis for calling this “barrel cortex.”
In layer IV of the rat barrel cortex there is a clear
distinction between cell dense barrels that receive a
VPMdl input, and the region around the barrels called
the septa that receive input from another nucleus in the
thalamus, the POm nucleus. The barrel/septum feature
of barrel cortex is very species specific, and hence, has
caused considerable confusion in the literature. Clear
evidence suggests that the septa are well developed in rat
cortex, but almost non-existent in mouse cortex (<20 μm
wide). In the rat POm fibers terminate in layer Va,
IVsepta, and layer III. The extralemniscal projections
from the VPMvm cells in the rat go mainly to the second
somatosensory cortex (S-II), with a smaller contingent

Barrel Cortex
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Barrel Cortex. Figure 1 Three ascending pathways relaying touch-related information from the whiskers to the
barrel field cortex and neighboring cortical areas (PrV: principal trigeminal nucleus, SpVi: interpolaris division of the
spinal trigeminal nucleus, VPM dm: dorso-medial division of the ventral posterior nucleus of the thalamus, VPM vl:
ventro-lateral division of the ventral posterior nucleus of the thalamus, POm: medial division of the posterior nucleus,
Dys: dysgranular cortex, S II: secondary somatosensory cortex) Inset: Layer IV barrels in barrel field cortex replicate
the spatial arrangement of whiskers on the face (cytochrome oxidase staining). Only the major projections are
indicated.

that terminates in the septal zones of S-I cortex similar to
the POm terminal field (Fig. 1). Neurons in layer IV
project mostly to layer III: barrels project to above the
barrels and septa project to above the septa.
Cortical Organization
The general organization of barrel cortex is similar to
other mammalian sensory cortices. Granular layer IV
where the barrels are located is the primary input layer,
the supragranular layers II, III project to other areas
of cortex both ipsilateral and contralateral, and the
infragranular layers V and VI project widely to cortex
and to subcortical structures, such as striatum, thalamus,
midbrain, medulla and spinal cord. A major feature of

barrel cortex that is now receiving deserved attention is
the massive layer V and VI projections back to the
thalamus and trigeminal nuclei in the sensory pathway
that project to cortex. These massive projections allow
cortex to influence the directional preference and
enhance the contrast of multiwhisker responses in the
subcortical relay nuclei. Layer V gives rise to a driving
input to POm, while layer VIa provides a precise
modulatory input to the RTN and VPM, and layer VIb
projects more diffusely to VPM.
Two cortical domains have been anatomically and
physiologically described in the barrel cortex: the barrel
columns and the septal columns. They are considered
to be involved in distinct intrinsic and corticocortical
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circuitries and to relay information about different sensorimotor processes. The intrinsic projections of barrel
column neurons are generally short-ranged and terminate
for the most part within the most immediate neighboring
barrel columns. In contrast, the septal cells send projections as far as three barrel diameters along the same
whisker row, preferring the septal columns. Moreover,
the corticocortical projections of the barrel columns reach
the second somatosensory cortex, S II, in a loosely
topographic manner. The septal columns preferentially
connect to dysgranular cortex anterior to the E-row, S II,
and to the posteromedial parietal cortex [6]. Recent
physiological data also points to the barrel columns as
conveying information related to whisking-touch signals
as part of the lemniscal pathway, while the septal columns
are implicated in processing and transmitting information
related to the rat’s whisking behavior [10].
Physiology
The receptive fields of barrel field cortical neurons are
organized into center and surround subdivisions of
the whiskers that activate a given cortical cell. The
whisker generating the maximum response at the
shortest latency forms the center receptive field, and
is called the principal or best whisker. The principal
whisker is almost always the whisker that is anatomically connected to a single barrel. The whiskers
constituting the excitatory surround receptive field are
classically defined as all other surround whiskers that
elicit suprathreshold responses. However intracellular
recordings have shown that all whiskers on the
contralateral side of the face can generate postsynaptic
potentials in any barrel field neurons.
Principal whisker angular tuning or directional
preference maps have also been described. Thus, each
barrel can be divided in minicolumns of cells exhibiting
the same preferred stimulus direction.
The transmission of principal whisker responses
through its respective barrel column is relayed from
layer IV and then to layers III and II. Barrels and septa
transmit separately until the activity is integrated in
layer III [8]. Layer V receptive fields are then usually
quite large and integrate inputs over a larger area [3].
Guic-Robles et al. showed that rat whiskers can be
used to perform a texture discrimination task, and this is
dependent upon a functional barrel cortex. Newer
studies by [1] showed that barrel cortex neurons use
stimulus frequency and amplitude to represent texture at
the cortical level.
Plasticity
While each barrel column is the primary representation of
a distinct whisker, much of the barrel cortex research has
focused on uncovering cortical plasticity mechanisms.
Thus, peripheral activity has been manipulated mostly
by trimming or plucking whiskers, but also by using

different patterns of stimulation to certain vibrissae,
resulting in both firing pattern and anatomical changes.
Barrel cortex remains modifiable by selective
activation of sensory inputs throughout life [2], even
though there is a critical period just after birth, when
cortical plasticity can be elicited by sensory experience
in ways that are diminished later in life [5]. if sensory
inputs are abnormally reduced in barrel cortex during
an early postnatal period of roughly 1 month, then
synaptic modification is impoverished in ways that
persist throughout life. The behavioral effect of sensory
deprivation is to decrease the ability of the rats to make
tactual discriminations. The physiological correlate
of similar deprivation is to reduce the magnitude of
sensory response and to significantly slow the rate
of plasticity that is usually induced by trimming all
but two whiskers (called “whisker pairing plasticity”).
A major current thrust of research on barrel cortex is to
understand the coding of tactual information by
ensembles of whiskers and cortical neurons that leads
to perception and higher order processes [1].
Corticothalamic projections have also been shown to
be important for cortical and thalamic plasticity.
Corticothalamic projections are highly reciprocal, and
studies in auditory, somatosensory and visual systems
in bats, cats, rats and monkeys have demonstrated that
corticofugal projections are responsible for altering the
transmission mode and the receptive field properties of
thalamic relay neurons as well as firing synchrony
during the animal’s sleep/wake cycle. Such studies
make it clear that barrel cortex influences the thalamus
through top-down processes which may modulate the
sensory information processing. Recent results have
shown that the cortex modulates the responsiveness of
thalamic relay neurons by sharpening the tuning
properties of thalamic neurons recorded and modifying
their directional preference.
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Basal Forebrain
Definition
The term basal forebrain refers to a heterogeneous set of
telencephalic and diencephalic structures that are located
on the ventral aspect of the brain underneath or at the
level of the anterior commissure. Despite the lack of a
precise definition, the main brain regions included are the
preoptic-anterior hypothalamic continuum, septal nuclei,
bed nucleus of the stria terminalis, diagonal band nuclei,
substantia innominata including the basal nucleus of
Meynert, nucleus accumbens, olfactory tubercle, olfactory cortex, and the amygdaloid nuclei.
A more common definition refers to the cholinergic
neurons related to these systems that occupy the
sublenticular areas of the brain (i.e. the areas below
the lenticular nuclei which are comprised of the “lens
shaped” putamen and globus pallidus).
▶Amygdala
▶Basal Ganglia
▶Extended Amygdala
▶Hypothalamus
▶Olfactory Cortex
▶Olfactory Tubercle

Basal Ganglia
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Definition
The basal ganglia (BG), a collection of interconnected
subcortical structures, have captured the interest of
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scientists and clinicians for well over a century due to
the remarkable range of dysfunctions associated with
BG disorders. Historically, the BG have been associated
with the control of movement. Motor control problems
are prominent in several BG disorders including the
tremor and rigidity in Parkinson’s disease (PD), graceful writhing movements, in Huntington’s chorea (HD),
and motor tics in Gilles de la Tourette’s syndrome.
However, in addition to motor deficits, these BG
diseases also impair the intellect and emotions, and
dementia and depression are prominent in both HD and
PD. Recent advances in understanding the connections
and physiology of these structures as well as a more
thorough understanding of clinical manifestations
associated with their dysfunction have expanded our
appreciation of the functions of the BG to include a
critical role in cognitive, emotional and motivational
functions as well as motor control. Indeed, parts of each
BG structure are linked to cognition, emotion and
motivation. It is now well accepted that pathology in
these structures, plays an important role in drug addiction and psychiatric disease, including schizophrenia
and obsessive-compulsive disorder.
Despite the continued interest and clinical relevance of the BG, this collection of subcortical nuclei
remains among the least understood of all brain
structures. Still, neurobiologists and clinicians have
advanced the field extensively in the past decade and
continue to move it forward with new imaging tools
and molecular biology techniques. For example, using
a combination of PET and MRI imaging techniques,
we know which specific regions of the BG are affected
by drugs of abuse such as cocaine and amphetamine
and involved in cognitive dysfunction and impulse
control.

Characteristics
Components and Anatomy of the BG
Key to understanding the anatomy and function of the
BG is that these structures are intimately associated
with the cerebral cortex, which provides the main input
to the BG. There are two main outputs of the BG. One
descends to brainstem motor effector systems in the
mesopontine tegmentum. The other is directed toward
the thalamus, which in turn projects back to cortex.
Thus the basic cortical BG loop is: cortex-BGthalamus-cortex. The BG do not have direct input or
output connections with the spinal cord. The BG are
composed of four nuclei: the striatum (the caudate
nucleus, putamen, and nucleus accumbens), globus
pallidus (comprising internal segment and external
segments, and the ventral pallidum), substantia nigra,
(pars compacta and pars reticulata), and subthalamic
nucleus. The putamen and globus pallidus are referred
to as the lenticular nucleus. For a review of the anatomy
and connections of the BG, see reference [1].
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Striatum
The striatum is the main afferent component of the BG,
receiving input from the entire cerebral cortex. Three
nuclei, which are similar with respect to their cells types,
general projections, transmitters and receptors, comprise
the striatum: the caudate nucleus, putamen and nucleus
accumbens (Fig. 1a–c).
The internal capsule divides the caudate nucleus and
the putamen. Although the caudate nucleus is one
structure, it has three parts: the head, body, and tail. The
nucleus accumbens is located in the ventral region of
the rostral striatum. At this rostral level, the caudate
nucleus, the putamen, and the nucleus accumbens are
joined. Recently the nucleus accumbens has been
incorporated into the concept of the ventral striatum, a
term used to refer to the part of the striatal complex
associated with reward and motivation.
The striatum is the receiving end of the BG. Inputs are
derived from the cortex, thalamus, and the brain stem.
These project to the striatum in a generally topographic
manner. Areas associated with reward and motivation
(orbital prefrontal cortex and cingulate cortex) along with
the amygdala and temporal pole of the cortex, project
to the ventral striatum. Cortical areas associated with
cognition (the dorsolateral prefrontal cortex) project to
the dorsal and medial caudate nucleus Finally, cortical
regions involved in motor control, including motor cortex
and premotor areas, project to the dorsolateral striatum.
Thalamic inputs associated with these various functions
project onto the same striatal region as does the
comparable functional area of cortex. The midbrain
dopamine cells project in an inverse dorsal/ventral

manner, such that the dorsal midbrain projects to the
ventral striatum and the ventrally placed cells project
dorsally.
There are two general neuronal cell types in the
striatum: (i) projection neurons and (ii) interneurons. The
projection neurons make up 95% of the striatal neurons.
They are called medium spiny neurons because they
are medium sized neurons and have many spines on
their dendrites. These cells receive an excitatory glutamatergic input from the cortex and thalamus and a
dopaminergic input from the SNc. They also receive input
from the striatal interneurons. Medium spiny neurons
are GABAergic and thus are inhibitory and project
to the globus pallidus and substantia nigra. They also
contain one of two pharmacologically distinct types of
dopamine receptors, the D1 and D2 receptors. Thus, there
are two types of medium spiny neurons: (i) Cells in which
GABA is colocalized with the neuropeptide, enkephalin.
These enkephalin-positive cells also contain D2 receptors, which inhibit cAMP. The dopamine signal to these
cells is therefore inhibitory. These cells project primarily
to the external segment of the globus pallidus (GPe);
and (ii) Cells in which GABA is colocalized with the
neuropeptide, substance P. These substance P-positive
cells also contain D1 receptors, which stimulate cAMP,
such that the dopamine signal to these cells is excitatory. The substance P-positive cells project primarily to
internal segment of the globus pallidus (GPi) and to the
substantia nigra, pars reticulata (SNr). There are four
types of striatal interneurons, each of which has different
physiological and chemical characteristics. Three are
aspiny-type I interneurons, each of which co-contains

Basal Ganglia. Figure 1 Photomicrographs at coronal levels to illustrate specific BG structures: (a) the rostral
striatum (stained for acetylcholinesterase); (b) at the level of the anterior commissure (stained for Nissl); (c) at the
level of both the internal and external segments of the globus pallidus (stained for Nissl). AC anterior commissure;
C caudate nucleus; GPe globus pallidus external segment; GPi globus pallidus internal segment; IC internal capsule;
P putamen.
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GABA as a transmitter and either calretinin, parvalbumin,
or somatostatin and neuropeptide Y. The other main
interneuron type is the large cholinergic cell. These cells
fire spontaneously and are referred to as “tonically active
neurons” or TANS.
The striatum projects primarily to the pallidal complex,
(GPe, GPi and ventral pallidum), substantia nigra (both
the SNr and SNc) and ventral tegmental area in a
generally topographic manner. Projections to the pallidal
complex are arranged in a dorsal/ventral, medial/lateral
topography. However, those to the midbrain are
organized in an inverse dorsal/ventral manner, such that
the ventral striatum projects dorsally, and the dorsal
striatum projects ventrally. We will return to the striatalmidbrain-striatal projection system and its functional
significance below.
The pallidum
Pallidal cells are large, with long dendrites that extend
throughout a broad medial/lateral region. They use
GABA as a transmitter and are inhibitory. Unlike the
components of the striatum, the GPi, GPe and ventral
pallidum do differ with respect to projections. The
GPi receives a GABAergic (colocalized primarily with
substance P) input from the striatum and a glutamatergic input from the subthalamic nucleus. It projects
primarily to the ventral lateral and ventral anterior nuclei
of the thalamus, which, in turn, project to specific regions
of frontal cortex, completing the basic cortico-BGthalamocortical loop (see Fig. 2).
The GPe receives a GABAergic (colocalized primarily with enkephalin) input from the striatum and a
glutamatergic input from the subthalamic nucleus
However, unlike the GPi, the GPe projects to the
subthalamic nucleus and to the SNr, but not directly to
the thalamus.
The ventral pallidum receives input from the ventral
striatum. It contains intermixed elements of both the
internal and external segments. That is, both enkephalin
and substance P containing GABA striatal neurons
project here. The ventral pallidal output is to both
the thalamus (primarily to the medial dorsal nucleus
and lateral habenular nucleus) and to the subthalamic nucleus. It also projects to the VTA in the
midbrain.
The Subthalamic Nucleus
The subthalamic nucleus is located at junction of
diencephalon and mesencephalon and receives an
excitatory glutamatergic input from cortex, an inhibitory GABAergic input from the GPe and also input from
the SNc. It contains glutamate and is therefore
excitatory. As mentioned above, the subthalamic
nucleus projects to both the internal and external
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Basal Ganglia. Figure 2 Diagram demonstrating the
connections of the BG, including the direct and indirect
pathways. 5HT serotonin; DA dopamine; ENK
enkephalin; GPe globus pallidus external segment; GPi
globus pallidus internal segment; SNr substantia nigra,
pars reticulata; SP substance P; STN subthalamic
nucleus.

segments of the globus pallidus, to the ventral pallidum,
and to the SNr. The subthalamic nucleus receives a fast
glutamatergic input directly from cortex. This input
triggers activity in the subthalamic nucleus that, in turn,
activates the pallidal segments. Because this cortical
input reaches the subthalamic nucleus before the
pallidal input, it is referred to as the “hyper direct”
pathway.
The Substantia Nigra
The SNc receives inhibitory input from the striatum
and GPe, and excitatory input from brainstem nuclei.
It is made up of dopamine containing cells and can be
either excitatory or inhibitory, depending on the
postsynaptic receptor subtype. Dopaminergic SNc
neurons project primarily to the striatum, but also to
the globus pallidus, subthalamic nucleus and cortex,
and are the cells that degenerate in PD. The SNr also
receives input a GABAergic from the striatum, a
glutamatergic input from the subthalamic n and other
brainstem inputs including, e.g. from the dorsal raphe
nucleus (serotonergic). SNr neurons are similar to
pallidal cells and are GABAergic and inhibitory. They
project to the ventral anterior nucleus of the thalamus
and superior colliculus. The ventral tegmental area is
located medial to the substantia nigra and contains
components of both the SNc, in that there are dopamine
cells that project to the striatum (the nucleus accumbens, or the ventral striatum), and SNr, in that they
receive input from the ventral striatum. The VTA is
associated with reward functions of the BG.
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Overview of the Circuits
There are two cortico-BG-thalamocortical circuits:
(i) The direct pathway; and (ii) The indirect pathway
(Fig. 2).
The circuit through the direct pathway is: cortexstriatum-GPi/SNr-thalamus-cortex. Information carried
through this pathway has a net effect of excitation. The
cortex sends an excitatory input to the striatum. This
increases firing in the striato-GPi/SNr pathway. Remember, this pathway is inhibitory. Thus, cortical
excitation inhibits the GPi/SNr. Since these nuclei are
also inhibitory, this striatal inhibition removes the
inhibitory influence of the GPi/SNr on the thalamus.
The thalamus is excitatory, and the removal of the GPi/
SNr inhibition to the thalamus increases the thalamocortical firing. Thus, the direct pathway has a positive
feedback effect on cortex.
The indirect pathway involves the intrinsic nuclei, i.e.
the GPe and the subthalamic nucleus This circuit
is: cortex-striatum-GPe-subthalamic nucleus-GPi/SNrthalamus-cortex. Note, the indirect pathway involves a
side loop through the GPi and subthalamic nucleus before
projecting to the output nuclei. Information carried
through this pathway has a net effect of inhibition. The
cortex sends an excitatory input to the striatum. The
increases firing in the striato GPe pathway. Remember,
this pathway is inhibitory. Thus cortical excitation
inhibits the GPe. Since this nucleus is also inhibitory,
the striatal inhibition removes the inhibitory influence of
the GPe on the subthalamic nucleus The subthalamic
nucleus is excitatory, and the removal of the GPe inhibition to the subthalamus increases the subthalamo-GPi
firing. The increase in excitation of GPi results in an
increase of the inhibitory GPi projection to the thalamus.
Inhibition of the thalamic firing results in decreased
cortical activity.
Thus, the direct and indirect pathways affect the
cortex (via the thalamic neurons) in opposite ways.
This model of circuits has been used extensively to
model how the BG may function in motor behavior.
There are at least such two functional models: (i)
Signals associated with a particular voluntary movement are directed over both pathways to the same
population of neurons in the GPi. Inputs from the direct
pathway facilitate the movement while inputs from the
indirect pathway simultaneously brake or smooth the
movement. (ii) Signals associated with a particular
voluntary movement are directed to different sets of
neurons in the GPi. The selected pattern of voluntary
movement is reinforced by the direct pathway and
conflicting patterns are suppressed via the indirect
pathway, thus focusing on the desired movement.
Insofar as loss of striatal dopamine inhibits the
facilitatory direct pathway and disinhibits the inhibitory indirect pathway, with both effects theoretically

depressing BG-thalamocortical activity, these models
have been used to explain the pathophysiology
underlying Parkinson’s disease.
Functional Cortico-BG-Thalamocortical Pathways
The striatum receives input from all of cortex and
projects, via the thalamus, primarily back to frontal
cortex. Cortico-BG-thalamocortical projections are
topographically organized. This topography renders a
remarkable functional specificity within each structure. The frontal cortex can be divided into general
functional regions: motor (involved in sensorimotor
processing), including motor and premotor cortex;
association (involved in cognition, working memory,
strategic planning), including the dorsolateral prefrontal cortex; and limbic (involved in reward processing
and motivation), including the anterior cingulate cortex
and orbital cortex. Each of these cortical regions
projects to specific parts of the striatum. In general, the
motor regions project to a large area of the putamen,
caudal to the anterior commissure; the association
areas project to a large part of the caudate nucleus and
putamen rostral to the anterior commissure; and the
limbic regions project to the ventral striatum including
the nucleus accumbens. Each of these parts of the
striatum project to specific parts of the pallidum and
SNr, which, in turn project to specific parts of the
thalamus. These thalamic regions extend the functional
specificity in their projections back to the cortex of
origin. This organization has been referred to as
parallel processing of information via separate and
segregated circuits.
The topography of cortico-BG projections has led
to a model of BG function based on parallel and
segregated pathways operating through discrete functional channels (limbic, associative, and sensorimotor),
which are represented in specific regions in each BG
structure. However, mechanisms by which information
flows through functional circuits are now being
explored. At least two networks have been identified,
one through the striato-dopamine-striatal pathway,
and one through the cortico-thalamic cortical pathway.
Within each of these sets of connected structures, there
exist both reciprocal connections linking up regions
associated with similar functions and, in addition, nonreciprocal connections linking up regions that are
associated with different cortical BG circuits. For
example, the midbrain dopamine neurons play a unique
role in BG and cortical circuits modulating a broad
range of behaviors from learning and “working
memory” to motor control. This is achieved by the
interface between the efferent and afferent projections
of the striatum to the dopamine cells. Projections from
the limbic regions of the striatum terminate in the region
of dopamine neurons that project not only back to the
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limbic striatal domain, but also to the cognitive portions
of the striatum. Striatal cells in the cognitive domain
project, not only to midbrain regions that have a
reciprocal connection, but also terminate in motor
control areas. In this way information from the ventral
striatum reaches more dorsal striatal parts to influence
cognitive and motor control striatal areas. Of particular
interest is the fact that dopamine neurons do not respond
to movement, but rather signal unpredicted reward,
thus focusing attention on significant and rewarding
stimuli, a requirement for the acquisition of new learned
behaviors [2]. The dopamine pathways that signal
salience, are in a position, through their input from the
striatum and projections back to the striatum, to provide
an interface between cognitive, motor, and limbic
functional domains of the forebrain, through complex
forebrain neuronal networks [3]. The BG are a key
element in the development of goal-directed behaviors
and the action plans that them carry out. Goal-directed
behaviors require processing a complex chain of events
beginning with motivation, proceeding through cognitive processing that shapes final motor outcomes. This
sequence is reflected in the feedforward organization of
both the striato-nigral connections and the thalamocortical connections. Information is channeled from
limbic, to cognitive, to motor circuits. Decision-making
processes are thus influenced by motivation and cognitive inputs, allowing the animal to respond appropriate to environmental cues.
The BG in Neurological and Psychiatric Disorders
The substantia nigra was first identified in eighteenth
century, but it wasn’t until the twentieth century that
it was linked to the motor system, primarily due to the
connection of nigral cell loss in Parkinson’s disease. The
involvement midbrain dopamine in the pathogenesis of
major psychoses evolved in the 1950’s when it was
discovered that the phenothiazines were an effective
treatment for psychosis. Since that time the midbrain
dopamine system has been linked to psychosis and
behavioral disorders including, Gilles de la Tourette’s
disease, and drug abuse. Because of the early distinction
between limbic and motor components of the BG
circuitry, including anatomical and behavioral studies,
the dopamine cells have been divided into a motor group
(the SNc), and a limbic group (the ventral tegmental area).
However, our concept of BG function has dramatically
changed in the last 30 years, to a recognition that this
division is too simplistic and the realization through new
imaging techniques, among other new methodologies,
that the BG mediate the full range of goal-directed
behaviors, including, the elements that drive actions,
emotions, motivation, and cognition. As indicated above,
regions within each of the BG nuclei have been identified
as serving not only a sensory-motor function, but also
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different aspects of reward processing and cognitive
planning. Ventral regions of the BG play a key role in
reward and reinforcement [4] and are important in the
development of addictive behaviors and habit formation
[5]. More central BG areas are involved in cognitive
functions such as procedural learning and working
memory tasks [6]. Diseases affecting mental health,
including schizophrenia, drug addiction, and obsessivecompulsive disorder, are linked to pathology in both the
dorsal and ventral striatum [7,8]. This is in contrast to
diseases that interfere with motor control and primarily
affect the dorsal BG. Thus, the role of the BG in cognitive
and emotional behaviors is now as well accepted as is the
role in motor control. Although several new theories of
general function have emerged from the enormous
progress in understanding the anatomy, physiology, and
behaviors associated with the BG [9], the actual role of the
BG in executing goal-directed behaviors remains elusive.
What is clear from the recent progress is that this set of
subcortical nuclei work in tandem with cortex (particularly frontal cortex) via a complex cortico-BG network to
develop and carry out complex behaviors.
In summary, the concept of what the function of the
BG do is changing from sole involvement in motor
control to mediation of learning and the development of
goal directed behaviors. Cortico-BG networks work
together, allowing coordinated behaviors to be maintained and focused, but also to be modified and changed
according the appropriate external and internal stimuli.
Indeed, loss of both the ability to execute specific
behaviors and to adapt appropriately to external and
internal cues, are key deficits in BG diseases which thus
affect motor control, cognition and motivation.
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Definition
The basal ganglia consist of four prominent nuclei,
which are interposed between the cerebral cortex and
the lower centers of the brain stem and spinal cord.
These nuclei include the:
1. Striatum (caudate, putamen, ventral striatum including nucleus accumbens)
2. Globus pallidus internal (GPi) and external (GPe)
segments
3. Substantia nigra pars compacta (SNpc) and pars
reticulata (SNpr)
4. Subthalamic nucleus (STN)
Most of the inputs and outputs of the basal ganglia
arise from or go to the cortex either directly or indirectly
through the thalamus. Thus, the basal ganglia form
something of a side loop or detour in the relation of the
brain to behavior. As a result, determining the function

of the basal ganglia has been more difficult than for
brain areas that more directly respond to impinging
sensory stimuli (See ▶Sensory Cortex) or elicit distinct
motor outputs (See ▶Motor Cortex).
While the basal ganglia mediate many nonmotor
functions including cognition, emotion, and sensory processing, they have long been regarded as
primarily involved with movement. Lesions of the
basal ganglia cause motor deficits. The disorders
most associated with the basal ganglia – such as
Parkinson’s disease (PD), dystonia, and Huntington’s
disease (HD) – are considered movement disorders,
even though other functions can be disrupted in these
patients (e.g. sleep in PD, mood in HD, cognition in
both PD and HD).
Within the basal ganglia, the putamen is most directly
associated with movement and receives abundant
cortical input. From the putamen, impulses flow
through the GPi/GPe, STN, and SNpr to the thalamus.
The SNpc sends a large dopaminergic projection to the
striatum (See ▶Dopamine). The SNpc is the nucleus
most degenerated in PD.

Characteristics
1. The basal ganglia is a source of motor disorders
The close connection between the basal ganglia
and movement goes back to classical clinical
neurological findings showing basal ganglia damage
in many patients with movement difficulties. Indeed,
the whole field of movement disorders has focused
primarily on conditions that involve the basal ganglia.
More recent explorations using cellular recordings
and neuroimaging (see below) have confirmed this
finding by establishing abnormal activities within
these nuclei in motor disorders [1].
2. Methods of elucidating the motor functions of the
basal ganglia
Several different techniques have contributed to
our understanding of the organization and function of
the basal ganglia. These techniques include neuroanatomical studies of animals and human autopsy tissue,
cellular recordings from animals and humans undergoing invasive brain surgery, radiotracer and functional imaging studies (▶functional neuroimaging
methods), and behavioral studies of patients with
motor disorders, particularly PD.
a. Anatomical organization
Earlier studies confirmed the general scheme
of input and output relations of the basal ganglia.
More recent studies have identified several more
distinctive and specialized pathways. The following
discussion is a simplified view of these results and
omits much of the emerging complexity of the basal
ganglia pathways.
i. The direct and indirect pathways
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These two pathways are thought to work as a
push-pull system that can finely control the level of
basal ganglia output. A correct balance is necessary
for normal motor function. All basal ganglia output
is thought to be inhibitory and to suppress thalamic
activity, which in turn reduces stimulation of
interconnecting cortical regions. The direct pathway runs from the striatum to the GPi and suppresses
GPi output, thus releasing the thalamus to provide
excitation to the cortex. The indirect pathway from
the striatum to the GPe and STN, excites the GPi,
thereby suppressing the thalamus and withdrawing
excitation from the cortex. Selective activation of
different elements of these pathways can create a
“center-surround” input to the cortex that selects
specific motor activities for expression while
inhibiting others [2]. In PD, a hypokinetic disorder,
relative hyperactivity of the indirect pathway leads
to excessive inhibitory GPi output and poverty of
movement; this may be due to thalamic inhibition,
but it could also be due to a breakdown in the
specificity and segregation of GPi output [3]. In
dystonia, a hyperkinetic disorder, relative hyperactivity of the direct pathway leads to reduced GPi
output and excessive, involuntary motor activity.
More recent studies indicate that a third, “hyperdirect” pathway exists, with cortical input going
directly to the STN. This pathway would also tend
to increase GPi inhibitory output and reduce cortical
excitation.
ii. The nigrostriatal pathway
This dopamine projection is the most degenerated
in PD and has abundant projections to the striatum,
whereas other dopaminergic systems project widely
from the cortex to the spinal cord. Its basic effect is to
increase basal ganglia output by acting on ▶D1
dopamine receptors in striatal neurons that stimulate
the direct pathway and on ▶D2 dopamine receptors
that stimulate the indirect pathway. Much of SNpc
activity tends to be tonic or sustained rather than
phasic or transient, which has led to some difficulty
in establishing the pathway’s explicit contribution to
motor control (▶motor control Hierarchy).
iii. Basal ganglia loops
A major advance in understanding the circuitry of
the basal ganglia was the recognition that its neurons
were organized within a series of parallel loops. Each
loop began in the cortex with excitation of the
striatum followed by input to the GPi, which then
variably inhibited the thalamus whose projections
sent excitation back onto the original cortical source.
Although this architecture continues to be studied,
more than five separate loops and several divergent
connections have been identified. The “motor loop”
has been most studied and is best understood [1].
This form of organization is especially suited for
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feedback or feed-forward effects, while cross-talk
between loops may be crucial for correlated
activities in different cortical regions.
b. Single cell and local potential recording
Single cell recording was pioneered in animal
models where implanted electrodes could be used
to monitor cellular activity during a variety of
behaviors. Such studies include normal primate
models and disease models such as the MPTP
monkey, which has been rendered Parkinsonian by
the targeted administration of MPTP, a selective
neurotoxin for dopaminergic cells. More recently,
cellular studies have been extended to patients,
especially those with PD, who have been recorded
during ablative procedures or the installation of
stimulators in the GPi, thalamus, or STN.
These studies have shown that like thalamic and
cortical somatotopy, some degree of somatotopy
exists throughout the nuclei of the basal ganglia,
with activity in the skeletomotor loop segregated
between arm, leg, and orofacial movements. While
the general background activity of cells is one of
frequent discharge, it can be modulated by the
behavioral context both during preparatory periods
prior to the onset of a goal-directed movement and
during movement. Because most cells directly
related to movement fire during, rather than before,
a movement, basal ganglia activity does not appear
to directly produce movement. Altogether, these
observations are consistent with a role for the basal
ganglia in planning movements and in motor
learning [4]. The physiological changes in firing
rate observed in normal animals have led to the
suggestion that altered rate might underlie basalganglia dysfunction in PD. Indeed, GPi firing is
excessive in PD, consistent with an overall
inhibitory effect of this output on movement.
However, this hypothesis is inconsistent with a
similar increase of GPi firing in HD, a hyperkinetic
disorder. Moreover, changes in firing frequency are
modest. As a result, more attention has focused in
recent years on the patterning of GPi output,
especially the modulation of firing in an oscillatory
manner within different frequency bands. It has been
suggested that low frequency oscillatory activity – in
the theta to beta range (4–30 Hz) – may be associated
with inhibition of motor activity and bradykinesia,
while higher frequency activity in the gamma range
(>40 Hz) may facilitate movement. In both the MPTP
monkey and humans with PD, slower oscillations are
more prominent [5]. Treatment of PD with dopaminergic agents or deep brain stimulation (DBS) can
enhance higher frequency oscillatory power.
c. Neuroimaging
▶Radiotracer imaging, which measures nigrostriatal neuronal loss during a “resting state,” has been
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widely used in PD to study disease progression
and the effects of pharmacotherapy. In contrast,
functional neuroimaging techniques, such as positron
emission tomography (PET) and functional magnetic
resonance imaging (fMRI), typically measure brain
activity while a person actively performs a task to
assess how neural systems function in different
behavioral contexts. One standard method to study
normal brain functioning is to compare brain activity
at rest with activity during movement or motor
learning in neurologically intact individuals. In
general, basal ganglia and cortical activity are
increased for self-generated movements. Similar to
cellular recordings in animals, basal ganglia activity
during task-activated fMRI is modulated by the
behavioral context such that it increases with the
complexity of movement in planning stages, but not
during motor execution [6]. During motor learning,
however, both increases and decreases in basalganglia and cortical activity have been reported,
depending in large part on the degree of uncertainty
about what movements are required and the amount
of practice given [4]. Another approach has been to
compare patients with normal individuals to identify
abnormal patterns of brain activity in the patients.
Some PET studies of resting-state brain activity have
revealed a disease-related pattern of activity in PD
characterized by elevated pallidal, thalamus, pontine
and cerebellar activation and reduced premotor
and parietal-occipital activity relative to normal
individuals [7]. Even more interesting are PET
and fMRI studies that have investigated brain
functioning during movement and motor learning.
In PD, dysfunction of the basal ganglia and
interconnecting cortical regions can be studied by
temporarily stopping pharmacotherapy so that dopamine levels are reduced to a practical “off state” or
by turning off DBS devices. In areas specifically
related to planning movements, such as the supplementary motor area, PD “off” patients typically show
decreased activity. In other areas, such as the
premotor, prefrontal and parietal cortices, PD patients
can show hyperactivity together with a failure to show
normal reductions in activation as motor behaviors
become learned or “automatized” [8]. This abnormal
functional pattern can be reduced by reinstatement of
dopaminergic or DBS treatment.
3. Presumed functions of the basal ganglia
Progress has been made in understanding how
the basal ganglia modulate different aspects of
movements. In this section, we discuss the contribution of the basal ganglia to regulating intensive
aspects of movement, motor planning, motor
coordination, and motor learning. Although these
facets of movement are not entirely independent,

their relative importance can be emphasized by
certain task conditions. Emerging research suggests
that some treatments for PD can better remediate
certain aspects of motor function, while having
little or no effect on others, which lends support to
their distinctiveness.
a. Intensive dimensions of movement
Peak force, velocity, and scaling are all aspects of
movement that show a single major dimension of
intensity. Clinically, PD patients are hypokinetic, so
that they are slower, take longer to complete certain
tasks, and generate less force. PD patients are also
hypometric (e.g., ▶micrographia) and tend to fall
short of a target when reaching for it. With farther
targets their output increases, but continues to be
hypometric, even when it far exceeds the output
needed to reach a closer target. Yet when permitted
feedback of their position, PD patients can acquire
targets as accurately as normal individuals. This may
indicate a reliance on compensatory pathways that
are relatively intact. Treatments of PD rather
effectively remediate deficits in the intensity aspect
of movements; with medication or surgical treatments, PD patients become faster and reach further.
This suggests that the basal ganglia play a more
trophic role with regard to movement intensity,
which is mediated by the balance between direct and
indirect pathways that inhibit undesired movements
while facilitating chosen ones [2].
b. Feed-forward versus feedback control
In general, the basal ganglia are more important
for self-generated movements that require feedforward control than for sensory-guided movements
under feedback control, suggesting that they play a
key role in prediction or planning. This agrees with
cellular and fMRI studies reporting that the basal
ganglia exhibit dynamic modulation largely during
response preparation [6]. These findings contrast
with reports that PD patients can be faster than
normal individuals in making saccadic eye movements to targets. This is likely due to relatively intact
pathways involving the cerebellum, parietal cortex,
and frontal eye fields, which process and modulate
responses to external stimuli. Without adequate
ability to prepare responses, feedback dominates
predictive control.
c. Sensorimotor processing and integration
PD patients are also impaired in processing and
utilizing proprioceptive information, a task analog
of the postural deficit that is among the key
clinical features of the disorder. As a general
rule, PD patients have difficulty with integrating
different forms of sensory input with sensorimotor
(▶sensorimotor integration) transforms that guide
behavior, and with the integration of different
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components of targeted movements (e.g. integration
of reach and grasp components when moving to a
target object) [9]. Such coordinative aspects of basal
ganglia function are less readily normalized by
pharmacologic or DBS treatment of PD. This suggests
that current treatment approaches may restore more
trophic or intensive functions of the basal ganglia, but
may not restore the more precise, highly localized
integrative functions related to specific brain regions
or behaviors. Like most basal ganglia functions, we
cannot indicate with great specificity how this occurs.
One possible function is the ability of the BG to
facilitate the binding of different cortical regions as
they act in a coordinated fashion to shape motor
behavior. Different sensory and motor coordinates
resident in separate brain regions are required to
effectively shape motor output, and the evidence from
PD indicates that the basal ganglia are needed to
facilitate their coordination.
Coordinative abilities are also important for
sequencing motor behaviors and for dual task
performance, both of which are impaired in PD.
The basal ganglia may be most critically important in
the preparation of motor sequences [6], which
involves assembling a series of movements into a
coordinated action. When preparation fails, actions
may be decomposed into a series of movement
segments rather than a smoothly structured sequence. Similarly, performance of even well-learned
behavioral sequences may break down when a dual
task is imposed [8].
d. Role in motor learning
The basal ganglia are important for learning new
motor acts, which partially depend on preparative
processes. A recent fMRI study reported that basal
ganglia plasticity during both motor-sequence
learning and when switching to new motor
sequences correlated with reaction time, a measure
of preparation [4]. No other structures, except the
thalamus, showed this relationship, which agrees
with its key role in preparation. This finding is
consistent with slowed and incomplete visuomotor
learning in PD, especially when there is a need to
change from one behavioral context to another, a
deficit in set shifting [10]. The distinction between
preparation and learning may be one of degree;
even well-learned behaviors need to be calibrated
and prepared when called upon. Thus preparation
and learning form a continuum in which overlapping abilities are needed to predict and model
behavior.
Conclusions
New conceptualizations are emerging about corticostriatal circuitry, cellular properties of basal ganglia
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nuclei, and brain-behavior-treatment (e.g., pharmacotherapy, surgical) relationships, which have considerably advanced our knowledge about facets of
motor function and their physiological underpinnings. One dominant theme is the central role of the
basal ganglia in modulating intensive aspects of
movement and feed-forward control, the latter of
which may support to some extent other functions
including integrative processing and learning. Especially fruitful have been studies demonstrating that
these aspects of movement are differentially responsive to pharmacotherapy in PD. Exciting developments are also now taking place in neuroimaging
studies of PD, which are beginning to delineate
abnormal neural patterns associated with motor dysfunction, and assess their response to therapeutic
interventions. Continued progress in these areas holds
promise for further illuminating the workings of the
basal ganglia nuclei and their modulation of motor, but
also nonmotor functions represented more directly by
the cerebral cortex.
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Definition
A major function of the basal ganglia is the control of
body movements. This is illustrated by a variety of
movement disorders caused by dysfunction of the basal
ganglia, such as Parkinson’s disease and Huntington’s
disease. Symptoms include the inability to initiate a
movement and the inability to suppress involuntary
movements. Eye movement is not an exception [1].
A fixed, vacant facial expression of patients with
Parkinson’s disease, which is often called the “Parkinson’s
mask,” is due to the paucity of movements in the face,
including the paucity of eye movements. Most affected
among various kinds of eye movements are smooth
pursuit and saccade, which require more voluntary
control. Parkinsonian patients are often impaired in
smoothly pursuing a moving object (deficit in smooth
pursuit). They are also often impaired in shifting their
gaze from one position in space to another (deficit in
saccade).

Characteristics
Higher Level Processes
The impairment in ▶saccadic eye movement in patients
with basal ganglia disorders has been repeatedly
demonstrated using more rigorous tests with accurate
measurement of eye position [1]. Typically, the subjects
are required to fixate their gaze on a spot of light (target)
on the screen and, if the target steps, follow it by quickly
shifting their gaze. This is called a “visually guided
saccade task.” Compared with age-matched control
subjects, saccades (▶Spontaneous Saccades) of parkinsonian patients tend to be small in amplitude (i.e.,
hypometric), slow, and delayed (i.e., long latency).
Curiously, the deficit in saccade is often more severe if
there is no visible object and the saccade must rely on
memory. In a “memory-guided saccade task” a target

appears briefly while the subject is fixating at the central
spot and the subject has to make a saccade after a delay to
the position where the target was presented. Parkinsonian
patients are more impaired or selectively impaired in
▶memory-guided saccades than in ▶visually guided
saccades. This phenomenon may illustrate the contextdependent movement deficits in Parkinson’s disease,
which are widely recognized among neurologists.
Selective deficits in memory–guided saccades are
observed in other basal ganglia disorders, including
Huntington’s disease. The similarity between Parkinson’s and Huntington’s diseases is noteworthy because
they are caused by different mechanisms, the former by a
loss of neurons in the substantia nigra (SN) and the latter
by a loss of neurons in the caudate nucleus (CD). This
suggests that the SN and the CD work together for the
control of saccadic eye movement (see the sections
▶caudate – role in eye movements and ▶substantia
nigra – role in eye movements).
How the basal ganglia might control eye movements
has been studied by single unit studies using trained
animals [1]. The animals were trained on the visually
guided and ▶saccade – memory-guided tasks. Electrical activity of single neurons was recorded with
microelectrodes and was correlated with saccadic eye
movements. Saccade-related activity has been found in
various nuclei in the basal ganglia, including the
substantia nigra, CD, ▶subthalamic nucleus (STN),
and ▶globus pallidus (GP) [1]. Such saccade-related
neurons are clustered in a sub-region of each nucleus:
dorsolateral part of the pars reticulata of the substantia
nigra (SNr), central-ventral part of the CD, ventral part
of the STN, and dorsal part of the external segment of
the globus pallidus (GPe). Anatomical studies have
shown that these saccade-related parts are connected
within the basal ganglia and with saccade-related
regions outside the basal ganglia. For example, the
saccade-related part of the CD receives inputs from
the ▶frontal eye field and the ▶supplementary eye field
in the frontal cerebral cortex [2], while the saccaderelated part of the SNr projects their axons to the
▶superior colliculus (SC) [3]. Note that neurons related
to skeletal movements are found in different subregions in the basal ganglia, such as the putamen
(equivalent to the CD) and the internal segment of the
globus pallidus (GPi) (equivalent to the SNr). These
facts are consistent with the idea that there are
functional sub-divisions within the basal ganglia as
well as in larger networks including the cerebral cortex
and the cerebellum, each of which may form a closedloop functional unit [4]. Recent studies, however,
indicate that such functional segregation is not perfect.
Lower Level Processes
An interesting feature of the basal ganglia circuits is that
they use inhibitory connections as a primary means
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to convey signals [5] (Fig. 1). Each area contains
projection neurons and interneurons. While cortical
inputs to the CD are excitatory and use glutamate as a
transmitter, projection neurons in all areas in the
basal ganglia, except the STN, are thought to be
GABAergic and inhibitory. This means that the polarity
of a signal is reversed each time it passes through
projection neurons in one area. There are at least three
parallel pathways in which saccade-related signals can
be processed in the basal ganglia [6]: (i) direct pathway
from the CD to the SNr; (ii) indirect pathway from the

Basal Ganglia: Role in Eye Movements.
Figure 1 Basal ganglia neural network involved in the
control of saccadic eye movement. CD, caudate
nucleus; SNr, substantia nigra pars reticulata; SC,
superior colliculus; SNc, substantia nigra pars
compacta; GPe, globus pallidus external segment; STN,
subthalamic nucleus; FEF, frontal eye field; SEF,
supplementary eye field; DLPF, ▶dorsolateral prefrontal
cortex; LIP, area LIP in parietal cortex. Excitatory and
inhibitory neurons and synapses are indicated by open
and filled symbols, respectively. Gray symbol indicates
dopaminergic neuron which exerts modulatory effects on
CD neurons. The thickness of the line (axon) roughly
indicates the level of spontaneous activity. The direct
excitation of SC neurons by inputs from the cerebral
cortex is gated by the inhibitory input from the SNr.
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CD to the SNr through the GPe and/or the STN;
(iii) hyper-direct pathway from the STN to the SNr.
Since the direct pathway consists of a series of two
inhibitory connections (CD and SNr), the net effect is
facilitatory. Since the indirect pathway and the hyperdirect pathways consist of three and one inhibitory
connection, respectively, the net effect is inhibitory. The
basal ganglia thus could facilitate or inhibit motor
processes by selectively using these pathways. Another
determinant of the basal ganglia mechanisms is
background activity of neurons: very high in the output
areas (i.e., SNr and GPi) and very low in the input areas
(i.e., CD and putamen). Neurons in the target areas of
the basal ganglia are thus inhibited most of the time (due
to the rapid firing of SNr or GPi neurons), but are
released from the inhibition (if the direct pathway is
deployed) or are further inhibited (if the indirect or
hyper-direct pathway is deployed). The target area
for saccadic eye movement is the SC.
Process Regulation
The throughput of these GABAergic and glutamatergic
pathways is thought to be modified by various groups of
neurons [7]. Probably the most important among them
is a group of dopaminergic neurons located in the
substantia nigra pars compacta (SNc) and surrounding
regions. They modulate saccadic and other motor
signals in the CD or putamen by projecting their axons
to these nuclei. The power of the dopaminergic
modulatory action is evident by the deficits in saccadic
eye movement and other movements in patients with
Parkinson’s disease. The role of cholinergic interneurons in saccades is less clear.
With respect to saccadic motor control in general, the
basal ganglia system is situated as a side path that has
been added to the direct effect of the cerebral cortex on
the SC (Fig. 1). Probably the most important question
is: How unique is the function of the basal ganglia,
compared with the direct cortico-SC effect? The answer
to this question should be found in two other sections:
“caudate – role in eye movements” and “substantia
nigra – role in eye movements”.
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entire length except at the ▶node of Ranvier, where a
gap is formed between the neighboring Schwann cells.
In addition, Schwann cells are covered on their outer
surfaces by basal laminae that are continuous, even at
the node of Ranvier. Therefore, the peripheral nerve
fiber resides within a basal lamina tube.
Following Wallerian degeneration, degraded myelin
sheaths are removed by macrophages that have invaded
the basal lamina tube. These macrophages are derived
from blood monocytes. Schwann cells that lose their
myelin sheaths during Wallerian degeneration form
cell strands called Schwann cell columns. Regenerating
axons extend along such Schwann cell columns to the
target.

Basal Ganglia-thalamocortical Circuit
▶Cortico-Subcortical Re-Entrant Circuit
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Synonyms
Basement membrane

Definition
The ▶basal lamina is a thin layer of extracellular matrix
covering the connective tissue surface of Schwann
cells, muscle fibers and epithelial cells in general.
The main structural component of basal lamina is type
IV collagen, with which heparan sulfate proteoglycans
and laminin, a major adhesion molecule, are associated.
Regenerating axons grow through basal lamina tubes
derived from Schwann cells, skeletal muscle fibers and
other tissues. This means that extracellular matrices
such as basal laminae can serve as an effective scaffold
for the growth of regenerating axons.

Characteristics
Axonal Growth Through the Nerve Segments of
Wallerian Degeneration
The peripheral nerve fiber consists of axons and
Schwann cells. Schwann cells cover axons along their

Nerve Regeneration Through the Extracellular Matrix
If a nerve fiber is freeze-treated, the Schwann cells die,
and the myelin sheaths disintegrate. Macrophages
invade the basal lamina tubes and phagocytose the
degraded myelin sheaths. However, the basal laminae
remain intact in the form of the original tube. If a freezetreated nerve segment is grafted to the proximal stump
of the transected nerve, regenerating axons extend
through the basal lamina tube [1,2] (Fig. 1). Growing
axons are always in contact with the inner surface of
the basal laminae. Laminin is the main adhesion
molecule in the basal lamina. In mice in which the γ1
laminin chain was disrupted, nerve regeneration was
impaired [3]. On the other hand, integrin α7β1, a
receptor for laminin, is essential for the neurite outgrowth of sensory neurons, as demonstrated in the α7–
integrin null mice [4] and an in vitro experiment [5].
In addition, α4 ingerin is also an important receptor
of fibronectin in neurite outgrowth [6].
In regeneration, de-differentiated Schwann cells
migrate from the proximal stump along regenerating
axons. At first, these immature Schwann cells surround
all axons as a bundle within a basal lamina tube, and
then gradually separate thick-diameter axons into
individual ones, with Schwann cells vs. axons at a ratio
of 1:1. Finally, myelin sheaths are formed on axons.
Thus, complete nerve regeneration occurs in basal
lamina tubes in the absence of living Schwann cells.
This indicates that the basal lamina tube provides an
appropriate scaffold for axonal regeneration in the
peripheral nervous system [7].
The fact that the extracellular matrix, like the
basal laminae, can efficiently support the growth of
regenerating axons is the theoretical basis for the
artificial nerve in the peripheral nervous system.
Basal laminae form a three-dimensional matrix of all
tissues including nerve fibers. Therefore, the threedimensional architecture of the basal laminae provides an essential scaffold for the repair of tissues and
organs in general.

Basal Lamina in Nerve Regeneration
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Sprouting and Growth
Regenerating sprouts usually emanate from the
node of Ranvier at the proximal stump near the site
of injury. Sprouts from the node extend without
exception through the space between the basal
laminae and myelin sheath, i.e., the Schwann cell
plasma membrane [10]. Sprouts contain many vesicles at an early stage, and extend along the inner
surface of the basal laminae of Wallerian-degraded
nerve fibers as growth cones containing many
mitochondria and vesicles. Regenerating sprouts
never extend through the space surrounded by old
myelin sheaths, in which the original axon resided.
All myelin sheaths of nerve fibers disintegrate, and
are removed by phagocytosis carried out by macrophages in Wallerian degeneration. Axons that were
regenerated or merely demyelinated remain for a long
time with thin and irregular-lamellated myelin sheaths
in the spinal cord.

References
Basal Lamina in Nerve Regeneration.
Figure 1 A nerve segment excised from the sciatic
nerve of mice was freeze-treated to kill Schwann cells,
and sutured again to the original site, allowing the growth
of regenerating axons from the proximal stump into the
segment. Within several days, degraded myelin sheaths
had been removed by macrophages, and the original
basal laminae of Schwann cells remained in the form
of a tube. Regenerating axons (A) extend through
such basal lamina tubes (B) of Schwann cells.
Scale bar: 1 μm.

Basal laminae derived from non-neural tissues are
also effective conduits for regenerating axons. By
freezing- or detergent-treatment, skeletal muscle fibers
die and the basal laminae remain in the form of original
tubes, as in the case of freeze-treated Schwann cells.
When such basal lamina preparations are grafted onto
the proximal stump of the transected peripheral nerve,
regenerating axons enter and extend through the basal
lamina tube [8], indicating that the basal laminae of
non-neural tissues can also serve as a scaffold for
regenerating axons.
It has been proposed that basal lamina tubes can
be used for clinical application as a substitute for fresh
nerve grafting. At present, ▶autografting is generally
used for clinical treatment. On the other hand, ▶allografting has a limited application for clinical use. Our
study shows that allogeneic basal laminae cause almost
no immunological rejection, indicating that the allografting of Schwann cell basal laminae might be of clinical
use. In fact, the grafting of a long segment of freezetreated peripheral nerve facilitates good nerve regeneration in dogs [9].
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Basal Nucleus of Meynert (Ch.4)

Basal Nucleus of Meynert (Ch.4)

Base of Support (BOS)

Synonyms

Definition

▶Basal nucleus of basal substance

The area of the body that contacts the environment and
thereby allows generation of supporting “environment
reaction” forces (i.e. ground reaction forces at the feet,
and analogous forces occurring at the hand if it is in
contact with a stable object or surface). In the absence of
hand support, the horizontal location of the center of
mass of the body must remain within the limits of the
base of support defined by the feet (i.e. the area
circumscribed by the outer margins of the feet) in order
to maintain a state of static postural equilibrium.

Definition
In the basal forebrain, between the septum verum and
amygdaloid body directly in the middle of the
substantia innominata, are situated four groups (Ch.1–
Ch.4) comprised of large cholinergic cells, of which
Ch.4 are the most pronounced in humans. Afferents
come primarily from the limbic system, the projections
pass, on to all parts of the cerebral cortex. The nuclear
region plays a role in the coupling of complex
behavioral modes to basic emotional state (motivation).
In the presence of presenile or senile demence,
especially in the case of Alzheimer's disease, there is
marked degeneration of the cells of the basal nucleus
Meynert (Ch.4), with concomitant impairment of memory, disorientation, motor unrest and impaired speech.

▶Postural Strategies

Basement Membrane

▶Telencephalon
▶Basal Lamina in Nerve Regeneration

Basal Optic Neuropil (BON)
Definition
A small number of retinal axons separates forming
quickly a distinct fascicle, the basal optic tract. It
consists of a lateral and a medial fascicle, which
innervate different parts of the teminal field of the BON.
Afferents originate mainly from the entire contralateral retina. Neurons are sensitive to temporo-nasal
direction of stimulus movement; cells that respond
preferentially to vertical movement are also present.
Together with the pretectum, the BON is involved in the
guidance of compensatory optomotor movements.

Basic Law of Psychophysics
Definition
▶Psychophysics
▶Sensory Systems

Basic-Helix-Loop-Helix-PAS Protein
MOP1

▶Evolution of the Visual System: Amphibians
▶HIF-1 and Neuroinflammation

Basal Plate
Definition

Basilar Membrane

The ventral half of the neural tube. In the spinal cord and
rhombencephlon, it contains most of the motor neurons.

Definition
▶Evolution of the Posterior Tuberculum and Preglomerular Nuclear Complex

The acellular membrane of the cochlea upon which
rests the organ of Corti. Due to its graded stiffness, it

Bayesian Statistics (with Particular Focus on the Motor System)

sustains traveling waves that propagate from the
cochlear base toward its apex. Traveling waves peak
at cochlear sites with tonotopically-arranged characteristic frequencies, so that sites near the base and apex,
respectively, vibrate maximally when stimulated by
high- and low-frequency stimuli.
▶Cochlea

Basis Pedunculi
Definition
The basis pedunculi (L. foot or stalk) is a large
collection of descending fibers located at the base of
the midbrain. All arise from cell bodies in the cerebral
cortex. They end in the pons, medulla and spinal cord.
This bundle is more commonly called the cerebral
peduncle or crus cerebri.
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Bauplan
B
Definition
The anatomical organization of a body or structure that
is characteristic of a taxonomic group. In essence, the
“bauplan” defines the basic organizational plan that
typifies a particular group of organisms and sets them
apart from other groups. For the vertebrate nervous
system, the bauplan would include the fundamental
embryological divisions of the brain as well as basic
features of the connections defining sensory and motor
systems.
▶Evolution of the Brain: Amphibians
▶Evolution of the Brain: In Fishes
▶Evolution of the Telencephalon: In Anamniotes

Bayesian Filter
Definition

Basolateral Amygdala
Definition

A state estimator which optimally combines the
previous state estimation with sensory information
and knowledge on the plant dynamics and effector
activations.
▶Neural Networks for Control

Brain region in the medial temporal lobe involved in
regulating emotional arousal influences on memory.
▶Emotional Learning/Memory

Bayesian Statistics (with Particular
Focus on the Motor System)

Bat

KONRAD KÖRDING
Institute of Neurology, London, UK

Synonyms
Definition
Mammalian family (Chiroptera). Two subfamilies are
distinguished (Macro- and Microchiropterans). While
Macrochiroterans (fruit eating bats) are herbivores and
do not possess a biosonar system, Microchiropterans
hunt prey by using biosonar. The echolocation behavior
and the neural basis of this behavior have been a
neuroethological model system (see essay on “Neuroethology of biosonar in bats”).

Probabilistic inference; Statistical inference; Bayesian
inference; Antonym: Frequentist statistics

Definition
As our sensors are not perfect and do not provide
information about all the properties of the world, we
are faced with sensory uncertainty. Moreover, our
muscles also produce noisy outputs and so we are also
faced with motor uncertainty. Bayesian statistics is the
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systematic way of dealing with uncertainty by expressing its many forms in terms of probability.

Description of the Theory
Bayesian statistics can be used to infer the states of
variables that are not directly measured, a process called
Bayesian inference. “For example, when we see a tennis
ball (observed variable) and we know from experience
how they usually fly (prior knowledge) then Bayesian
statistics allows us to calculate how likely the ball will
land at any given position on the field (unobserved
variable).” The way inference is done is the following:
(i) The prior knowledge about the system is specified. The structure of the problem is defined, specifying
which variables depend on which other variables in
which way. (ii) Bayesian methods are used to infer
how probable each state of the unobserved variables is
given the values of the observed variables. There are
numerous methods available towards this goal. Some
methods deliver an approximate answer efficiently
while some other methods deliver exact solutions to
simpler problems.
Numerous articles summarize the mathematical [1]
and philosophical [2] ideas that are behind Bayesian
statistics and how to use them. The main focus of this
article is on the concepts behind Bayesian methods that
are used to understand the human behavior.
Notation
Upper case letters denote random variables (e.g., the
position of my hand); lower case letters denote a particular
value that a random variable can take (e.g. 10 cm).
pðA ¼ aÞ is the probability that a random variable A
takes on a specific value a, given that there is no
additional knowledge about other related variables.
pðA ¼ ajB ¼ bÞis the probability of observing A = a
given that the statistician has the knowledge that the
variable B has the value of b (conditional probability).

pðA ¼ a; B ¼ bÞis the probability that A = a and B = b.
It can be rewritten to be:
pðA ¼ a; B ¼ bÞ ¼ pðA ¼ aÞpðB ¼ bjA ¼ aÞ
Conditional Independence and Graphical Bayesian
Models
Statistical problems become a lot easier once we
understand their structure. If we have three variables,
A, B and C we could, for example, know that A causes B
and C and that B and C do not interact. As an example, A
could be the size of an object, B is the size as reported
by our sense of touch alone and C is the size reported by
our visual system alone. B and C thus show conditional
independence on A. As many problems have such a
structure, graphs are often drawn to depict how
variables depend on one another. There is a range of
variants of such graphs, but for the problems considered
here graphical Bayesian networks (directed acyclic
graphs) are used. If no direct link exists between two
variables B and C then they are independent, conditional on the other variables that are “in-between”:
pðB ¼ bjC ¼ c; Others ¼ oÞ ¼ pðB ¼ bjOthers ¼ oÞ:
Using Bayes Rule: Ball Positions in Tennis
If we are playing tennis we want to estimate where the
ball will hit the ground (see Fig. 1a). As vision does not
provide perfect information about the ball’s speed, there
is uncertainty about where the ball will land. If we,
however, have played a lot of tennis before, we can have
knowledge about where our partner is likely to play to.
We want to combine this knowledge with what we see
to obtain an optimal estimate of where the ball will hit
the ground.
This example can be abstracted the following way
(Fig. 1b): The physical properties of the ball define the

Bayesian Statistics (with Particular Focus on the Motor System). Figure 1 a) Example: The other player is
hitting the ball. Seeing the ball we can estimate that it will land in the red region (with a likelihood proportional to the
saturation). We have prior knowledge that the ball is likely to land in the green region (with a probability proportional to
the saturation). The black ellipses denote the posterior, the region where the Bayesian estimate would predict the
ball to land. b) Structure: The position influences the perceived position. c) Human subjects had to estimate a position.
From these measurements their priors were inferred (blue lines). The real distribution is shown in red. Data replotted
from citation 3.
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position X = x where the ball will hit the ground. The
visual system, however, does not perceive where the
ball will really hit the ground but rather some noisy
version thereof, Y = y. Knowing the uncertainties in the
visual system we know how likely it is to perceive the
ball being at Y = y if it is really at X = x′. This is called
likelihood ðpðY ¼ yjX ¼ x0 jÞÞ and is sketched in red in
Fig. 1a. Just based on this knowledge we could ignore
any other knowledge we might have and our best
estimate would be in the middle of the red cloud, at y.
This procedure, however, ignores that we could have
prior knowledge about the way our partner plays. In
particular, over the course of many matches the positions
where the ball hits the ground will not be uniformly
distributed but highly concentrated within the confounds
of the court, and if our enemy is a good player highly
peaked near the boundary lines where it is most difficult
to intercept them. This distribution of positions where the
ball hits the ground, p(X = x), is what is called a prior and
which could be learnt using methods of Bayesian
learning. We can apply Bayes Rule to compute the
posterior ðpðX ¼ xjY ¼ yÞÞ, the probability of the
ball landing taking into account the prior and the new
evidence:
¼ xÞ
pðX ¼ xjY ¼ yÞ ¼ pðY ¼ yjX ¼ xÞ pðX
pðY ¼ yÞ :

Our uncertainty about its position is thus set in terms
of probability. We know where we can expect the ball to
land with which probability, given everything we know
about it.
If we can assume that the prior distribution is a
symmetric two-dimensional Gaussian with variance 2p
^; and the likelihood pðY ¼ yjX ¼ xÞis also
and mean m
a symmetric two-dimensional Gaussian with variance
2v and mean y, it is possible to compute the optimal
estimate ^x; as:
2p
^x ¼ y þ ð1Þ^
m where  ¼ 2p þ2V . It is thus
possible to define the optimal estimate given, seen and
prior knowledge. Not only is it possible to calculate
what the optimal strategy is, it is also possible to
calculate how much better the estimate is compared to a
strategy ignoring prior knowledge: The variance of the
estimate if only the visual feedback is used is 2 2V if,
p
2
however, the prior is used to the variance is 2 þ
2 V
p
V
which is always less than the variance of the nonBayesian estimate. If the prior has the same variance as
the likelihood then the variance of the Bayesian estimate is half the variance of the non-Bayesian estimate.
In a recent experiment [3] it was tested if such a
Bayesian strategy was used by human volunters.
Subjects had to estimate the value of a one-dimensional
variable, the displacement of a cursor relative to the
hand, in close analogy of estimating the position where
the ball will land. This variable was drawn randomly in
each trial out of a Gaussian distribution defining a prior
distribution, and subjects received extensive training so
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that they would know the prior. In addition, they saw
the position, thus receiving the likelihood. The experiment allowed the measurement of the subject’s estimate
of the displacement. Out of this data, it is possible to
infer the prior that human volunters are using. If they
ignore the prior information the prior should be flat. The
data shown in Fig. 1c (blue) shows that human
volunters used a prior that was very close to the optimal
one (shown in red). This experiment thus showed that
human volunters can use Bayes rule to estimate the state
of an important variable.
It is possible to use the same method used here for
combining prior knowledge with new evidence to
combine information obtained from two different
sensors. A large number of cue combination experiments
have since been modeled successfully using these
techniques. A recent experiment also showed that
human volunters use Bayesian methods to combine
visual and haptic information [4] [5].
Kalman Controllers: Hand Position in the Dark
If we move our hand in the dark we have uncertainty
about its exact position or velocity because our proprioceptive sensors are not perfect (Fig. 2a). We are thus
faced with the problem of estimating the state X of the
hand, which is characterized by the position and
velocity. From experience, people know how the state
of the hand changes over time. In particular they know
that the position changes proportional to its velocity
and that the velocity changes proportional to the force
applied, although there might be noise in this process.
The subjects thus have prior knowledge that they can
combine with the likelihood provided by their sensors.
In this case, however, they constantly have to update
their estimate, thus effectively using Bayes rule at every
time-step.
The model for the hand is shown in Fig. 2b.
Assuming that the real state X of our hand is X = x,
then the perceived state Y will be some noisy version
thereof and U = u is the motor command we are sending
to our muscles. We know something about the structure
of the problem: The state of the hand at time t only
depends on the state of the hand at time t-1 and the
applied force, this is the Markov property. The state of
the hand does not explicitly depend on the state of the
hand at any but the preceding time. Using Bayes rule
twice it is possible to obtain:
pðXt ¼ xt jXt1 ¼ xt1 ; Yt ¼ yt ; Ut ¼ ut Þ
 pðXt ¼ xt jXt1 ¼ xt1 ; Ut ¼ ut ÞpðYt ¼ yt jX ¼ xt Þ
Where pðXt ¼ xt jXt1 ¼ xt1 ; M ¼ mt Þis the probability of finding oneself in state xt at time t after having been
in state xt-l at t-1. People can be expected to have a model
for their hand in terms of these variables (called forward
model) that they acquired from past experience.
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Bayesian Statistics (with Particular Focus on the Motor System). Figure 2 a) Example: The hand is moving
in the dark, we want to estimate where it is. The uncertainty about the state of the hand is sketched in red. b) Structure:
The state at time t is influenced only by the previous state and the motor command. The perceived state is the
state with added noise. c) The error of the human estimates of travelled distance is shown as a function of the duration
of the movement. The optimal (assuming overestimated force) Kalman controller predicts the red curve. Data
replotted from citation 5.

Figure 2b shows the graph with the relations between
the variables.
Assuming that random variables have n-dimensional
Gaussian distributions, the equations obtained describe
the optimal Kalman controller and it is possible to
derive the optimal strategy [5] for predicting the state
of the hand:
^
^x_ ðtÞ ¼ A^^xðtÞ þ BuðtÞ
þ KðtÞ½yðtÞ  ^xðtÞ
where ^x is the current optimal estimate, ^x_ is the change of
the optimal estimate, A^is a matrix that characterizes how
^ matrix that
the hand moves without perturbation, Ba
characterizes how forces change the state of the hand,
and K(t) is the Kalman gain that is a function of the other
matrices. The Kalman controller is a generalization of
the Kalman filter [7] that does not allow a motor signal.
In an experiment, human volunteer subjects [6]
moved their hands in the dark. After each movement
they had to estimate where their hand was. Movements of varying temporal duration were done between
500 ms and 2500 ms. Subjects systematically estimated
that their hand had moved further than it actually had
moved (Fig. 2c gray). An optimal Kalman controller
(Fig. 2c, red) produced very similar results if it was
assumed that people systematically overestimate their
forces. For small times, the overestimation of distance
increased with time. This was due to the overestimated
forces. As times increased, however, the likelihood
became more important compared to the prior. That is
why the controller becomes better if the movement lasts
a long period of time. The optimal controller thus shows
very similar errors to those made by human subjects. It
seems, therefore, that people are able to continuously
update their estimates based on information coming in
from the sensors.
Dealing with Rewards
In many situations there are not only probabilities
involved but also costs or rewards. Consider for example

throwing darts. While the 20 gives us a large number of
points the neighbours only give a low number of points
(1 and 5). The 19 however has neighbours that give more
points (3 and 7). An expert thrower will therefore usually
try to hit the triple 20 as she is unlikely to miss it. An
intermediate player will try and go for the triple 19 while
a novice is best off targeting the middle of the board.
Such problems thus ask for a combination between
statistical theory and information about rewards, called
Bayesian Decision Theory.
Figure 3a shows a simple abstraction of such a task.
People have to move their hand very fast towards a target,
just like in darts, so that uncertainty cannot be avoided.
There are two circles that people can touch. Touching one
leads to a monetary gain, touching the other leads to a
monetary loss. Depending on the motor command U
there will be a probability distribution of hitting each
target p(A = a|U = u). Fig. 3b shows the structure of the
problem. Optimal behaviour for such tasks can be derived
calculating the expected
R value of the reward:
Expected Reward ¼ pðA ¼ ajknowledgeÞRewardðaÞ
da where Reward(a) is the number of points scored that
way. The optimal behaviour is then defined as the one
that leads to a maximal expected gain. Bayesian
decision theory thus emerges naturally as probabilities
are combined with rewards.
A recent experiment tested if human subjects are able
to use Bayesian decision theory to move optimally [8].
Subjects had to touch a touchscreen monitor very fast
that displayed two spheres, one defining a monetary
loss, the other one a monetary gain. They then measured
where on average subjects touched the screen. Fig. 3c
shows the position where the screen was touched
against the optimal position according to the theory.
Subjects are very close to the optimal solution. This
deaconstrates that people can move in a fashion that is
close to the optimal predictions of Bayesian decision
theory.

BBB Score
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Bayesian Statistics (with Particular Focus on the Motor System). Figure 3 a) Example: People rapidly move
their hand to a computer screen to touch circles and gain rewards. The circles are quite small and they have to
move so fast that they cannot be certain about their final finger position. b) Structure. Depending on the motor
commands there is a probability distribution about which circles are hit. Depending on which circles are hit there
are monetary rewards. c) The positions towards which people moved are shown against the positions they
should have pointed to assuming the use of Bayesian decision theory. Data replotted from citation 7.

Outlook
Bayesian statistics is a large field [9]. Some researchers
develop novel algorithms for Bayesian inference. They
developed fast algorithms that lead to exact solutions.
There are a large number of novel uses of this algorithm
for complicated problems where the graph has loops
called loopy belief propagation, which often results in
good approximations. As an example, the technologically important issue of efficient data transmission
through noisy information channels is best solved using
this method [9]. Bayesian methods are a systematic way
of thinking about function approximations and thus
supersede the neural networks literature. Bayesian
methods are also the best known methods for speech
recognition using hidden Markov models, which are a
discrete version of the Kalman filter.
“Bayesian methods as they are applied to the study of
the movement system are a special case of normative
models [5]. Normative models assume, that the nervous
system needs to solve a specific problem. They also
assume that the nervous system is likely to solve these
problems in a fashion that is close to optimal. Many of
the problems, that the nervous system needs to solve
involve uncertainty. Whenever we want to derive how
the nervous system could optimally solve a problem
that involves uncertainty, we will need to use Bayesian
statistics. Recent work has allowed those techniques to
move well beyond simple Gaussian problems [10]. The
main challenge for the field at the moment is extending
the methods that work so well for simple prolems, such
as the combination of two cues in a dark room to more
realistic problems encountered in the real world.”
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BBB Score
Definition
This score was proposed by Basso, DM, Beattie, MS,
and Bresnahan, JC in 1995 (J. Neurotrauma 12:1–21).
This indicates the open field locomotor scale to
assess recovery after contusion injuries to the spinal
cord in the rat. The score has a range from 0 to 21,
showing a totally paralyzed condition at 0, and the
normal state at 21.
Score 9 is critical, because this score means that the
rat can walk with the weight support on the hind limbs.
▶Transplantation of Bone Marrow Stromal Cells for
Spinal Cord Regeneration
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BDNF

BDNF

Becker Muscular Dystrophy

Definition

Definition

Brain derived neurotrophic factor.

Milder form of ▶Duchenne muscular dystrophy, such
that dystrophin is present, but at lower amounts or with
reduced length.

▶Neurotrophic Factors

▶Duchenne Muscular Dystrophy

BDNs
▶Burster-Driving Neurons

Bed Nucleus of the Stria Terminalis
Definition

Beaconing
Definition
Beaconing is the use of a single distal cue as a goal.
There are numerous forms of beaconing, from simple
to sophisticated. Taxis, and its subform chemotaxis, is
the process of moving up or down an environmental
gradient to reach a goal. Chemotaxis is a common form
of navigation in one-celled organisms. In the visual
system the offset of the beacon image from the
foveaserves as a signal to turn the head towards the
beacon and move forward. In sound localization
(mammals), echolocation (bats), electrolocation (fish)
and infrared detection (snakes) the receptors are paired;
comparison of the two inputs serves as an orienting cue.
Bees follow chemical trails by bees flying in a zigzag
pattern along the edge of an odor plume. In dogs odor
tracking is accomplished by a similar zig-zag sampling
of the trail on the substrate. Snakes follow prey-odor
trails in a manner similar to dogs, but rely on their
vomeronasal organs rather than the main olfactory
apparatus. Finally, a variety of insects use “snap shot
memory” to reach a goal. This is accomplished by
comparing current visual input with goal memory and
moving to decrease the difference.
▶Chemotactic Attractant
▶Echolocation
▶Odor Tracking (Localization)
▶Spatial Learning/Memory
▶Taxis
▶Vomeronasal organ (Jacobson’s Organ)

Group of neurons near the tip of the lateral ventricle that
is connected to the amygdala and involved in sexual
behavior, anxiety, the stress response and autonomic
regulation.
▶Neuroendocrinology of Psychiatric Disorders

Bedwetting
Definition
The voiding of urine while asleep. Bedwetting is
common in childhood. Most children stop wetting the
bed at five years of age, but in some cases bedwetting
may still occur in adolescence and adulthood. If
bedwetting continues past the age of five, it may be
referred to as nocturnal enuresis. There is a strong
genetic component to bedwetting and bedwetting is two
to three times more common in males than in females.
Various mechanisms that may contribute to bedwetting include a small bladder, inability to react to a
full bladder, inadequate release of the hormone
vasopressin, developmental delays, urinary tract infections, urinary tract abnormalities, stress, sleep apnea or
other primary sleep disorders, seizures, type-I diabetes,
spinal cord trauma, and drug and medication use.
Behavioral and pharmacological treatments for bedwetting are available.
▶Sleep – Motor Changes
▶Sleep – Sensory Changes

Behavior

Behavior
H ERMANN WAGNER
Institute for Biology II, RWTH Aachen, Germany

Synonyms
Ethology; Neuroethology; Behavioral neurobiology

Definition
The biological discipline to study behavior is ethology. The biology of behavior may be discussed in
relation to 3 key issues: evolution, ontogeny and mechanism. Behavior has been shaped by evolution. The main
function of evolution lies in optimizing fitness. Innate
behavioral programs may be modified during ontogeny
by learning. The mechanisms underlying behavior are
based on physiology. However, behavior is more than
physiology: for example, some animals have physiological mechanisms to control body temperature. If an animal
such as a lizard is sunbathing, a behavioral component
is included in addition to the physiological control
mechanism. This synopsis deals mainly with the proximate, physiological mechanisms of behavior and not
the ultimate, socio-biological causes underlying a certain
behavior. Thus, the term behavior as it is used here refers
to the actions or reactions of animals and man to internal
and external stimuli. Since neural activity plays such an
important role in behavior, the discipline of neuroethology developed. Neuroethology integrates behavioral
studies with neurobiology. This synopsis shall mainly
deal with neuroethological approaches to behavior.
▶Behavioral models of memory and learning
▶Behavioral Neuropharmacology
▶Cognitive elements in animal behavior
▶Communication in electric fish
▶Neural correlates of imprinting
▶Neuroethology of biosonar in bats
▶Neuroethology of the behavior in caenorhabditis
▶Neuroethology of visual orientation in flies
▶Song learning in songbirds
▶Sound localization in the barn owl

Characteristics
History
People have long been interested in animal behavior
(review in [1]. Explanations of the underlying causes
and mechanisms have changed through the centuries.
The vitalists of the 19th century claimed internal,
subjective causes as the source of behavior: for example,
that the cause underlying singing in the ▶songbird was
the joy the birds experienced or that curiosity would
drive moths to approach a light source. Such claims
could not be validated on a scientific basis. As a reaction,
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the behaviorists developed a theory strongly opposing
every internal cause of behavior. Behavior was regarded
as occurring in reaction to external stimuli. In a similar
way, Sherrington’s reflex theory did not require internal
sources for generating behavior. It was realized by the
ethologists that both the reflex theory as well as the
concepts of the behaviorist fell short of explaining all
observations on behavior. The ethologists filled the gap
by recognizing that internal causes indeed played
important roles in behavior – but in a different way as
envisioned by the vitalists.
The precise observations and field experiments of
ethologists such as von Frisch, Lorenz and Tinbergen
built a solid fundament for the study of behavior [2,3].
Lorenz, for example, working with jackdaws and
goslings observed that behavioral patterns had a
stereotyped part that he called ▶fixed action pattern.
He also saw that there were flexible components that he
called ▶taxis. Animals would display a behavior if
certain ▶key or sign stimuli were there, acting like a
trigger by having a so-called ▶releasing value.
However, action might also occur without any external
stimuli (▶vacuum activity), pointing towards internal
causes of behavior.
Working with newly hatched gulls, Tinbergen observed
that some stimuli had higher ▶releasing values than the
natural stimulus. Such stimuli were called ▶supernormal
stimuli. Also, some behavioral patterns were innate
(▶innate (instinctive) behavior), and some were learned
(learned behavior). In some cases, ▶learning was life
long, in others there were ▶sensitive and ▶critical periods
during which a learned pattern was imprinted and could
not be changed afterwards. The neural basis of ▶imprinting is investigated in ▶animal models these days. ([4];
Essay on “Neural correlates of imprinting.”) All behaviors
of an animal were summarized in an ▶ethogram.
From their observations the ethologist drew general
conclusions about the organization of behavior. Some
of the claims, especially of Lorenz, as, for example, that
▶aggression is an innate behavior of man, have
received much criticism, and can no longer be held
up. Scientifically, a much bigger problem was that most
of the elements in the models of behavior could not be
(easily) found in neurophysiological studies and could
not be implemented in computer models of behavior
(▶computational approach). Therefore, in most modern
work on behavior the terminology developed by the
ethologists plays only a marginal role.
Levels of Analysis
According to [5], function may be studied at three
different levels: the phenomenological level, the
theoretical level and the level of implementation. In
the most general sense, ethology refers to the phenomenological description of behavior. However, the development of models of behavior has always played a key
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role in the study of behavior. The level of implementation in brain and motor circuits is investigated by
▶neuroethology. This level may be split into several
sublevels: the molecular, the cellular and the systems
levels. Each of these levels has its own methods of
description and explanation. One may even add another
level: the level of application. At this level modeling and
implementation are combined in building neurons,
neural circuits, or robots that mimic certain neural
action, sometimes even behavior (▶neuromimes). Seen
on a broad perspective, behavioral studies encompass all
levels of function.
Physiologist, often being close to physics, have favored
▶bottom-up approaches, using simple, well-described
stimuli. Such work has been very useful, but often,
peripheral mechanisms turned out to be so difficult that
physiological research has neglected central processes
for a long time. In addition, in a bottom-up approach, it
was often not clear what had to be explained. A typical
example is auditory physiology. Neuroethologists, on
the other hand, have used ▶top-down approaches. This
allowed to define the behaviorally relevant situation,
derive the behaviorally relevant stimuli and find neural
structures where a giving behavior was implemented. The
integration of both approaches turned out to be very
fruitful as in the study of sound ▶localization in the barn
▶owl (Essay on Sound localization in the barn owl) and
of biosonar in ▶bats (Essay on Neuroethology of biosonar
in bats).
Scientific analysis of behavior may take place in
the field, in a more restricted environment such as a
zoo or in the laboratory. To study behavior, one
always has to consider the range of action needed by
an animal to display a certain behavior. This range
has at least to be available to obtain meaningful
data. Ethology is a science that developed mainly
from field studies. The strength of field studies lies
in the possibility to investigate behavior in natural
settings. On the other hand, laboratory studies in
general allow for a better stimulus as well as (re-)
active control. They allow for a controlled manipulation of behavior to dissect the often complex whole
into simpler sequences. Modern research has mainly
turned towards laboratory studies, but it remains
a challenge to study brain function in the field,
because this is where the brain and the behaviors it
controls evolved.
What has to be Explained?
Take a singing robin. The male is singing. He shows
that he is present, that he is a robin, that he has a territory
and is willing to mate and produce offspring. But
through singing the male also exposes itself to
predators. The female has to detect the song, discriminate it from songs of other species, decide which
singing male to approach, then approach the male

thereby localize its position, start to fly, land, and show
willingness to mate by herself…
The questions underlying this example may be sorted
into 3 categories:
. Ultimate questions: Why did this behavior evolve?
What is its survival value?
. Developmental questions: How does the behavior
maturate? Is it innate or learned? What kind of
learning is involved?
. Proximate issues: How does the bird generate the
song? How does the syrinx work? How does the
female recognize the male and how does it approach
it? In other words, we have to deal with issues of
▶detection, ▶recognition, ▶discrimination, ▶localization, decision making, motor control, ▶orientation, ▶cognition, and ▶attention.
How can these questions be put into basic terms? In
the most general sense, behavior needs effectors, sensors
and nervous activity (Fig. 1). Effectors, muscles, etc.,
translate the neural programs into movement (motor
control). The motor system is organized in a hierarchical
way (▶hierarchy), including a level that makes a
decision about the purpose of the movement, a level
that is concerned with the formation of a motor plan, a
level that coordinates spatial-temporal details and a level
that executes the movements. The motoneurons often
act as a ▶final common pathway by integrating different
aspects into one command to a muscle or set of muscles.
Sensors measure the behavioral consequences of
effector action. There is also subdivision of work:
reflexes are stereotyped reactions as are rhythmic
movements, while voluntary movements are goaldirected. The sensory pathways are also organized in a
parallel and hierarchical way and often have feedback
loops. The activity of nerve cells and brain circuits
governs behavior and may initiate behavior even without
external stimuli. Internal, self-generated action may,
in turn, be influenced by ▶endocrinal or (spontaneous,
i.e. unexplained) neural activity. Internal factors often
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influence ▶motivation or ▶emotion. Hormonal action
may be influenced by a ▶biological clock and then
induce a circadian, circalunar or circannual ▶rhythm.
Behavior is not a one-way process from the brain to
muscular action; it is also not only a reflex-like reaction
to external stimuli. Instead, behavior influences the
environment, and thus the sensory input. Thus,
behavior may be seen to be embedded in a closed-loop
situation (▶closed-loop behavior). Of course, in the lab
the loop may be opened (▶open-loop behavior) thus
separating the actions from their consequences on the
sensory input. The brain has evolved mechanisms to
deal with the consequences of actions, and signals are
sent out to cope with expected as well as unexpected
sensory input (▶corollary discharge, ▶efference copy,
saccadic suppression).
Function of Behavior
Behavior certainly has an adaptive value. It helps the
animal in the “struggle for life”. Behavior improves
▶fitness. Thus, in an ultimate sense, behavior helps the
“selfish” genes of its carrier to spread. The selfishness
leaves limited space for ▶altruistic behavior. Indeed,
most claims of ▶altruistic behavior have in many cases
been explained by fitness models or game-theory
models.
As was already indicated in the example of the
singing robin, behavior may help an animal to find a
conspecific, to orient, to navigate, to mate, to reproduce,
but also to find a resting place, to find food, and so on.
Many behaviors require ▶communication. In a
communication situation, a ▶sender emits an en
▶coded signal that is transmitted through a ▶transmission channel to a ▶receiver. The receiver decodes the
signal and reacts accordingly. Signals may be directed
to a conspecific, as in courtship behavior, or to a
predator, as in mimicry, or to both, as in ▶defensive,
escape, ▶aversive or avoidance behavior. On the other
hand internal ▶drives may initiate behaviors to serve an
animal’s own needs, like in ▶appetitive behavior
(drinking, feeding) and sleep.
To achieve these functions, genetic determinants
constitute an important basis, but ontogenetic and
sometimes life-long shaping by learning is required in
addition to fine tune behavior. There has been a long
debate about “nature and nurture” in the behavioral
community. However, it is clear now that both play a
role. In some behaviors such as the courtship behavior
of crickets, involving ▶phonotaxis, innate mechanisms
are more important, while in others such as hunting in
wolves acquired factors play a dominant role. The
function of learning may be seen as a means to increase
behavioral variability as well as a means to adapt to
unpredictable situations. Learning occurs as a reaction
to evolutionary pressure and is observed in both invertebrates and vertebrates. Paradigms of ▶associative
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learning such as ▶classical and ▶operant conditioning
have become very important instruments to study
behavior. Studies on learning also encompass simpler
forms of learning (habituation, sensitization) as well as
more complex forms of learning (▶context learning,
▶spatial learning, ▶avoidance learning). Where
learning occurs, memory is necessary. Indeed many
concepts of memory observed in humans underlie
animal behavior as well (▶working memory, ▶spatial
memory, ▶eidetic and ▶photographic memory). In the
last decade it has been realized that ▶cognitive
functions (▶attention, ▶recognition) are part of animal
behavior as well, sometimes even in invertebrates. For
example, bees have developed a language to direct
conspecifics to a food source.
The recent advances in genetic techniques allow for
studying behavioral mutants. In fact, many Drosophila
mutants were detected by behavioral screens. Such
screens have been used in fish as well as in tadpoles to
study phenomena like ▶optomotor responses [6].
While careful analysis of heredity has already revealed
the genetic basis of some complex human behaviors
and diseases, the near future will certainly bring more
refinement of techniques to allow for a better dissection
and study of complex behaviors in both animals
and humans. In the animal kingdom it has, for
example been found that the mongoose that is preying
on the poisonous cobra, has as a protection from the
venom in form of a mutation in the acetylcholine
receptor [7].
Neural Basis of Behavior
Most behavior is controlled by brain circuits [8]. These
may be simple, automate like in optomotor behavior or
more complex as in face recognition. Real simple
behaviors don’t exist. Even the behavior of a seemingly
simple animal like the nematode ▶Caenorhabditis has
turned out to contain complex elements [9]; Essay on
Neuroethology of the behavior in Caenorhabditis).
Similar arguments hold for the model system for animal
learning, the snail ▶Aplysia. The gill ▶withdrawal
reflex of this animal has proven to be complex enough
to study many phenomena of learning, from the
behavioral via the neural to the molecular level [10].
Studies in ▶honey bees have detected a neuron that
represents the conditioned stimulus [11]. The stomatogastric ganglion and the ▶gastric mill of ▶lobsters
has served to understand the control of a simple
behavior by networks made up of a small number of
neurons [12].
In their attempt to understand behavior, neuroethologists have typically taken a top-down approach.
Based on the belief that evolution has shaped brains to
meet specific behavioral needs, bee behavior and bee
brains have been used to study orientation and learning.
Electric fishes have served as a model system for
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dealing with a communication situation [13], Essay on
communication in electric fish). Studies on barn owls
have contributed much to understand the neural basis of
sound localization [14], Essay on sound localization in
the barn owl). The biosonar in bats has served to
understand the specific adaptations underlying the
occupation of specific ecological niches in the different
species, the parallel and hierarchical processing of the
different stimulus attributes and has been compared
with speech-processing in humans [15,16], Essay on
Neuroethology of biosonar in bats). Studies on songlearning in songbirds have also strongly influenced our
thinking about motor learning [17], Essay on song
learning in songbirds). The finding of ▶place cells in
hippocampus has changed our view on how this
structure is involved in orientation [18].
One important issue in studying behavior has been
the question of whether neural action reflects perception
and whether we can influence behavior by ▶electrical
stimulation. Indeed early experiments by [19] indicated
that this was possible. Recent experiments with awake,
behaving monkey on binocular rivalry demonstrated
that in certain brain areas the activity changes of a
reasonable number of cells corresponded to changes in
perception reported by the monkey [20]. Furthermore,
in motion-detection and stereo-vision tasks, it was
demonstrated that electrical stimulation changed the
monkeys behavior in specific, predictable ways [21].
This paved the ground for the possible use of neural
responses to control the movement of external robot
arms [22], which in turn gave hope for the use of neural
prostheses in paralyzed patients. Neural stimulators are
already successfully used in Parkinson patients to help
them initiate movements [23]. We do not know yet how
our perception is changed by stimulation. An answer
could only be obtained by experiments with humans.
Such experiments are ethically questionable and have
not been done.
Models of Behavior
Models of behavior attempt explanation at different
levels. First, there is the general communication model
as outlined above that underlies the description of many
behaviors. Second there are the phenomenological
models developed by the ethologists. A good example
is the so-called psychohydraulic model of Lorenz [24].
In this model, a large reservoir of water provided an
internal force to drive behavior. This reservoir was
connected to a valve. The valve might be opened to
initiate behavior by a releasing stimulus or, if this was
missing, by the build-up of action-specific energy
(internal ▶drive), symbolized by a continuous influx
through an open water-tap.
The most detailed models describe a behavior in terms
of its processing stages, sometimes symbolized by black
boxes containing equations, but sometimes also realized

through exact neural circuits. Models at this last level
include concepts developed in control theory and have the
goal to reveal the neural basis of behavior in general and
specific mechanisms underlying neural ▶coding (e.g.
[25]. As indicated in Fig. 1, one basic insight was that
behavior may best be described as a loop, thus requiring
feedback control. It has long been recognized that sensory
circuits, ▶sensorimotor transformation, and motor loops
are organized in a parallel and hierarchical way. Neurons
functions as filters (▶neural filters), thus, selecting
specific stimulus attributes. However, there has been a
long debate on how specific these filters are. Theoretical
arguments speak against the representation of one
attribute by one neuron as was implied by the
▶grandmother-neuron concept and favor distributed
processing (▶ensemble code) [26]. On the other hand,
the observation of specific neurons, such as face neurons
have made it clear, that the brain uses both distributed
processing and specific processing to represent stimuli.
As this became clear, the terms ▶detector neurons,
▶decision neurons, ▶deviation-detecting neurons, command neurons, and ▶central pattern generators that were
popular in the 70ies and 80ies lost attraction. Neural
▶network theory, suggested that most of the detection
and decision processes are part of the underlying
networks, leading to ▶ensemble coding, and not of
single neurons. Nevertheless, in some examples, such as
the escape response of cockroaches, it seems that the fast,
stereotyped response is driven by a command-like neural
signal. However, even there parallel pathways exists, and
the slower pathway is plastic, while the faster pathway is
not. In a similar sense, the ideas of ▶gating, developed
amongst others to explain locomotor activity in ▶locusts
[27]. A similar situation occurs in ▶fly orientation in
which widefield optomotor stimuli interact in specific
ways with smallfield, object-defining stimuli [28], Essay
on Neuroethology of visual orientation in flies).
Thus, behavior is an integral part of neuroscience. It
should be the ultimate goal to explain behavior from
molecular action. We just appear to come close of
having all the experimental tools to achieve this task.
▶Action, Action-Theory
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Behavior, Innate
B
Definition
A behavior is supposed to be innate, if an animal can
display it without learning from conspecifics. Usually
behaviors shown by animals reared in isolation are
thought to be innate. There is some debate on how much
experience changes “innate” behaviors.

Behavior, Simple, Complex
Definition
In general actions or reactions of animals to internal and
external stimuli. There is not a well defined distinction
between simple and complex behavior, but a graded
transition.

Behavioral Dimension
Definition
The way an individual behaves or acts in response to a
particular setting, process, characteristic, attitude, or
sensation. A full description of a particular item would
usually include the behavioral dimension of the item,
along with its cognitive and affective dimensions (plus
sometimes the sensory dimension).

Behavioral Methods in Olfactory
Research
G ILLES G HEUSI
Pasteur Institut, Laboratory of Perception and Memory,
Paris, France

Synonyms
Experimental approaches to the study of olfactory
control of behavior; Behavioral measurement of olfactory processing; Olfactory-guided behavior studies
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Behavioral Methods in Olfactory Research

Definition
A variety of behavioral paradigms have been developed
to assess the ability of a subject to process olfactory
information. Here, I will examine how the behavioral
methods in olfactory research, mostly coming from
research on laboratory animals and especially the
rodent, aim to give insight and generate hypotheses
in the way animals detect, discriminate and memorize olfactory information. These methods range from
simple recording of spontaneous olfactory investigation
of odorant stimuli to psychophysical measures
providing detailed sensory analyses. These extremes
reflect two main approaches: one which relies on
ethologically relevant procedures that take advantage of
some species’ tendency to use the sense of smell for
gathering information of their world and one which
relies on classical and ▶operant conditioning (instrumental learning) procedures used to train animals to
perform tasks designed to probe their olfactory capabilities. The formers generally involve paradigms, which are
based on the spontaneous responses of subjects to
odorants whereas the latter used differential ▶reinforcement of odorants. These different behavioral methods
used in olfactory research differ widely in their experimental settings, in the control of generating and delivery
of odor stimuli, and in the control of quantifying sensory
and performance variables. Behavioral paradigms in
olfactory research can be classified in three main sections:
those, which are based on measurements of spontaneous
responses to odors, classical conditioning (▶classical
conditioning (Pavlovian conditioning)) and operant
conditioning (operant conditioning (instrumental
learning)). However, all represent a critical tool to
examine the predictions based on coding mechanisms
such as spatial map and temporal patterns of neural
ensembles, which emerge during olfactory processes.

Characteristics
In light of the significant advances in the field of
molecular and neurobiology of olfaction during the past
years, understanding how chemosensory information is
encoded and processed into the brain is a central goal of
olfactory research and behavioral methods constitute a
critical step to complete our knowledge of the functional
organization of the sense of smell. Unlike vision and
hearing, olfaction’s stimulus space is highly multidimensional and it still remains difficult to specify
which aspects of an odorant space are connected
with which aspect of our perceptual experience. Many
experimental animals, like rodents and insects, exhibit a
very keen sense of smell and the ability to detect,
discriminate and memorize odor stimuli. Furthermore,
there exist very striking similarities between the synaptic organization of the antennal lobe and the olfactory
bulb, respectively in insects and mammals [1] suggesting that several mechanisms for olfactory processing

may be very well conserved. Behavioral experiments
represent a unique opportunity to provide information
about the functional aspects between neural processes
sustaining olfactory perception, discrimination and
memory and behavioral outcomes of these neural processes. The importance of considering behavioral approaches in studying neuronal dynamics in the olfactory
system is definitively supported by the evidence that
the activity in the olfactory bulb greatly differs between anesthetized and awake animals [2]. A variety of
behavioral methods have been developed to assess
olfaction in animals [3]. They differ in many aspects
such as the control over the purity, concentration, timing
and delivery of odor vapors. Whatever the limits associated with the use of each method, they all represent a
unique tool to understand how the brain generates
representations of odors, achieves precise odor identification, defines broad odor categories, extract invariant
features and stores the representations for efficient
memorization and recognition. I will now concentrate
my analysis on the main behavioral methods used in
olfactory research with laboratory animals, especially the
rodent, to assess the functional properties of the olfactory
system.
Spontaneous Responses to Odors
Measurements of spontaneous responses of subjects to
odors represent a simple way to investigate olfactory
performance in animals. It consists in presenting odor
stimuli and measuring their ability to detect, discriminate, prefer or avoid odorants. The food localization test
has been first introduced by Alberts and Galef [4] to
explore olfactory sensitivity in the rat. Hungry animals
are introduced in a random location into a clean cage
with a 3–5 cm thick layer of bedding underneath, which
a food pellet was buried. Subjects are run for one to
several trials with one scented pellet available per trial.
The latency to locate the food pellet is defined as the
time required for the animal to dig up and grasp the
pellet following introduction into the cage. As expected, olfactory bulbectomy induces a failure to find
the target pellet in rats. This procedure has been used to
assess impaired olfactory sensitivity in animals with
damage to the olfactory system as well as in transgenic
mice deficient in the expression of proteins involved
in olfactory transduction processes. The procedure is
simple and requires no special apparatus. However,
it provides no control of odor delivery. Furthermore,
according to the technique used to induce olfactory
deficits, some manipulations may produce secondary
effects, which alter the motivation, the physiology and
the behavior of the animal studied, thus increasing their
latency to find the food pellet.
Recording the sniffing duration, as the measure of
behavioral responses to odors, represents also a very
simple way to examine and compare the spontaneous
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degree of interest of subjects for different odorants.
Sniffing attraction tasks consist of recording the time
spent by an animal investigating a single odorant
whereas preference tasks involve the simultaneous
exposure of the subjects to two or more odorants. Tests
are generally carried out in the home cage of the
subjects or in neutral arenas (open field, maze),
although testing in neutral arenas has been reported
to provide more sensitive measures [5]. In forcedchoice preference tasks, which always test the relative
attractiveness of each odor, the interpretation may be
problematic since it may not be clear whether the
subject is attracted to one stimulus or repelled by others.
Preference tests are also used to assess the acquired
properties of odors that had previously been paired
with reinforcement. Acquisition of a conditioned odor
preference (or aversion) has been widely studied in
young rat and mouse pups using a variety of ▶reinforcers. These include intraoral milk infusion, tactile
stimulation, warmth, shock, tail-pinch.
Across many mammalian and non-mammalian species, recognition of a stimulus can be easily assessed by
a decline in spontaneous investigation measured in
repeated encounters of this same stimulus. Indeed, the
successive presentations of the same odorant lead to a
decreased interest to that odor, a form of learning
known as ▶habituation. Habituation and habituationderived paradigms have become useful tools with
which to investigate odor memory and odor discrimination processes in animals. Habituation tests are
categorized into two types: habituation-dishabituation
tests and habituation-discrimination tests, each type
involving a two-phase process. During the first phase,
habituation is conducted over repeated presentations of
the same odorant separated by inter-trial intervals of
varying lengths. The use of various lengths between
two brief exposures of a same odor stimulus can provide
information about the duration of memory for that odor.
Habituation–dishabituation tests involve a second
phase (post-habituation phase) in which individuals
encounter a novel odor. The presentation of a novel
odor during this phase triggers an increase in sniffing showing that the subject is able to discriminate
between the first and second odor. The renewed
responsiveness to a novel odor argues against sensory or effector fatigue during the first phase. The
habituation-discrimination tests represent a variation of
the habituation-dishabituation tests. Here, following
repeated exposures to a first odor, the subjects are given
a choice between the previously encountered odor and
a novel odorant. Comparing the difference in the
time spent investigating the familiar and unfamiliar
odor stimuli assesses discrimination between the two
odors. Using habituation tests, amnesic and memoryenhancing properties of different drug treatments can be
examined in tests scheduled at various time intervals
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after administration. The appeal of the habituation tests
rests in their simplicity. Here again, the odor response
occurs spontaneously without any prior training. One of
the principal advantages of these tests is that they can be
implemented rapidly with minimal instrumentation.
One shortcoming of this type of test, however, is that it
provides information about memory for familiar versus
unfamiliar odor, but not about memory for a specific
odor among equally known odors. Another shortcoming is that, using this type of paradigm, only short-lived
memories for odors can be studied. Furthermore, a main
drawback to habituation-dishabituation and habituationdiscrimination tests is that a lack of differentiated responses in subjects towards familiar and novel stimuli does
not necessarily imply that no discrimination occurred.
Classical Conditioning
Classical conditioning has become a predominant
paradigm in studying mammals and insect olfactory
processes. Classical conditioning basically involves two
stimuli: a neutral ▶conditioned stimulus (CS) paired with
a biologically significant ▶unconditioned stimulus
(UCS). The UCS reflexively elicits strong responding.
As a result of CS-UCS pairings, the CS becomes
associated with the UCS so that the previously neutral
CS elicits the same reflexive response as the UCS. In
conditioned aversion (or preference) learning, odorants
are presented to animals and subsequently followed by a
noxious (or pleasant) event. Such approach has provided
compelling evidence for the formation of olfactory
memory traces due to classical conditioning in the
olfactory bulb of mammals as well as in the antennal
lobe of insects. Measuring the rate of responding to the
conditioned odor stimulus can easily assess learned odor
preference/aversion. Conditioned odor aversion is a
learned association that involves the avoidance of a
tasteless solution (CS), which precedes illness (UCS).
However, it has been reported that in contrast to the wellknown conditioned taste aversion paradigm, conditioned
odor aversion is obtained if the delay separating the
presentation of the odor from the malaise is short. Despite
mixed results, conditioned odor aversion has been shown
to be a robust and long-lasting learned association and
may be useful for assessing generalization among similar
odors. Furthermore, the combined presentation of both an
odor and a taste paired with visceral malaise leads to a
strong aversion to the odor [6]. In this case, the taste might
enhance the odor processing and subsequently might
facilitate its association with illness. It has been proposed
that the taste cue could gate the olfactory information
and make it associated with the visceral illness. Such
phenomenon has been referred as ▶taste-potentiated
odor aversion. Due to its particular features, such as rapid
acquisition, possibility of long intervals between the CS
and the UCS and its robustness, taste-potentiated odor
aversion is a powerful model to study the neuronal and
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behavioral mechanisms that subserve the acquisition,
consolidation and retrieval of olfactory information in
subjects.
Operant Conditioning
Psychophysical studies of olfactory processes widely
use operant conditioning to probe the subject’s ability
to detect, discriminate and memorize odors. Briefly,
animals are first trained to discriminate between two
odors. During training, they received trials in which
one odor (CS+) is paired with a reward and another
odor is paired with no reward. The go/no-go olfactory discrimination training paradigm illustrates this
approach. Operant olfactory conditioning may be carried
out using computer-controlled systems, such as olfactometers, which generate and deliver odors. Waterdeprived animals are trained to introduce their snout into
a combined odor/reward port. A nose poke triggers the
opening of one of several odor valves and a stimulus odor
is presented. During the presentation of the S+ odor,
the animal is required to keep its nose into the sampling
port for a specific length of time and lick the water tube.
This is followed by the delivery of a reward. If the S– odor
stimulus is presented, no reward is given whatever
the duration of the nose poke and the response on the
water tube made by the animal. Subjects therefore learn
to maintain nose pokes and lick the tube during the
presentation of the S+ odor stimulus and to withdraw
rapidly from the odor/reward port during the presentation
of the S– odor stimulus. Because animals are required to
act (lick) and are rewarded only upon presentation of
the S+ odor, the go/no-go task is asymmetrical. Training
animals to perform two-alternative choice odor discrimination can achieve symmetrical reinforcement. In this
case, subjects initiate trials by a nose poke into an odor
sampling port, which triggers the delivery of an odor for a
specific length of time. After leaving the odor sampling
port, the animal is rewarded for making a nose poke at the
water port designated as correct between two spatially
separated water choice ports.
Operant olfactory conditioning has also been developed by exploiting rodents’ natural foraging strategies
that employ olfactory cues [7]. Animals are trained
with stimuli that consist of distinctive odors added to a
mixture of ground rat chow and sand through which
they dig to obtain buried cereal rewards. Training
consists of presenting two stimulus cups, one scented
with an odor stimulus (S+) paired with the reward
and the other scented with another odor stimulus (S–)
presented alone. A choice response is scored when the
animal touches the sand in one of the stimulus cups with
its paw. A correct response is recorded when the first dig
occurs in the baited cup. Problems associated with the
olfactory digging task are the weak control over odor
dispersion from the cups and the difficulty to prevent
mixing of the odors.

Mazes and runways represent also conventional
systems to study associative olfactory learning processes. These designs have been used to demonstrate that
mice are able to discriminate between various types of
odors, although they vary among studies [8,9].
Basically, animals are trained in the maze to enter one
arm scented with an odor stimulus in order to receive a
reward. Another arm is scented with a different odor but
contains no reward. The odors are randomly assigned to
either arm after each trial. In some cases, fans are used
to direct odor flows at the choice point and an exhaust
fan is mounted above this choice point to pull the odors
down the arms and out of the testing maze. However,
the levels of odor control remain approximate compared
to those offered by the computer-controlled olfactometers mentioned above.
In addition to the sensitive measures provided by
combining operant conditioning with computer-controlled
systems, a considerable body of literature from several
laboratories demonstrates that rat olfactory learning has
unique properties. Behavioral studies have revealed that
odors provide particularly salient cues for rodents. Rats
are able to show errorless learning of detection and
discrimination tasks, ▶reversal learning, rapid interproblem transfer and acquisition of a learning set, learn
matching and non-matching to sample tasks (▶delayed
matching-to-sample task – delayed nonmatching-tosample task) and demonstrate excellent memory for
odors [10]. Thus the development of psychophysical
methods has not only made olfaction amenable to
specialists interested in the field of olfactory sensory
processing but also to cognitive neuroscientists.
Undoubtedly, future works combining the accuracy of
psychophysical approaches with the functional interest
of ethologically relevant methods constitute a critical
challenge in behavioral olfactory research.
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Synonyms
Behavioral pharmacology; Psychopharmacology; Neuropsychopharmacology

Definition
Behavioral neuropharmacology is concerned with understanding the neural and pharmacological mechanisms of
complex behavior, as well as the behavioral abnormalities that accompany neuropsychiatric disorders, using
animal models. The use of these animal models can
follow two approaches: first, behavior is used to answer
questions where the primary interest is in pharmacology,
and a behavioral measure is studied to evaluate drug
effects in much the same way as in any other experimental
preparation. Second, the study of behavior itself is the
primary interest, and drugs are used to dissect and
elucidate the underlying mechanisms of certain behavioral phenomena. The goal for both approaches is to
observe and quantify behavior in animals (or humans)
and to relate this behavior to specific brain processes. In
order to do this, one can either study spontaneous
behavior and correlate it with brain activity (measured
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in vivo by means of intracranial ▶microdialysis,
voltammetry, electrophysiological recording, brain imaging techniques, or measured ex vivo by means of
histological, morphological or gene expression analysis),
or one can manipulate the central nervous system by
means of drugs, lesions, or electrical stimulation, and
study how this affects behavior. As such, behavioral
neuropharmacology stands at the threshold of a profound
scientific challenge: to understand the neuroanatomical,
neurochemical, cellular and molecular basis for the
enormously complex and varied human behavior and
the functions of the human brain. In this regard, the
concept of “animal models” of human neuropsychiatric
diseases rests on the assumption that one can appropriately infer, from observations of behavior or physiology,
that the states experienced by animals are equivalent to
the emotional states experienced by humans, expressing
the same types of behavioral or physiological changes.
Note that because of space constraints, this essay will
focus on behavioral neuropharmacology as it relates to
animal (i.e., predominantly rodent and primate) models
of human neuropsychiatric disorders. It should be
noted, however, that there are other fields within this
discipline that examine the neuropharmacological
underpinnings of behavior, e.g., in insects or lower
vertebrates – a line of research that is not related to
issues mentioned above and that will therefore not be
elaborated further.

Characteristics
Principles of Behavior
When studying behavior for neuropharmacological
purposes, it is important to be aware of some basic
principles of behavior and of different categories of
behavior, which in turn influence the way a particular behavior is analyzed. Over time, the various forms
of behavior have been categorized differentially. Below,
only one of these categorizations, which is particularly
pertinent to the present topic, has been outlined. One
basic type of behavior is ▶reflexive (or respondent)
▶behavior. It is elicited by specific stimuli and usually
involves no specific training or conditioning; rather, the
responses are typically part of the natural behavioral
repertoire of the species and are expressed under
suitable environmental conditions. In some cases, the
behavior is elicited by the administration of a drug, and
then the particular behavior is used to define or assess
pharmacological activity of that drug. Examples of this
type of behavior include the startle reflex and the
phenomenon of ▶prepulse inhibition (an animal model
for testing antipsychotic drugs, or for studying mechanisms of schizophrenia), the avoidance of the open
arms of an ▶elevated plus maze or the production of
ultrasonic vocalizations of pups upon maternal separation (animal models for testing anxiolytic drugs, or for
studying mechanisms of anxiety), or the various
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nocifensive responses to nociceptive stimuli, e.g., tailwithdrawal, paw-withdrawal, vocalizations, increase in
blood pressure (animal models for testing analgesic
drugs, or for studying mechanisms of pain) [1–3].
In contrast to ▶reflexive behavior, ▶operant behavior is controlled by its consequences, i.e., by positive
▶reinforcement or negative reinforcement (=punishment) that is the consequence of a particular behavior
and that shapes the future expression of that behavior.
Examples of this type of behavior include: various
forms of navigation in mazes (▶water maze, T-maze,
eight-arm maze) (animal models for testing cognitiondisrupting or – enhancing drug effects, or for studying
mechanisms of learning and memory); various forms of
responding in ▶operant chambers (▶Skinner boxes)
(animal models for assessing the abuse potential or
the ▶discriminative stimulus effects of drugs, or for
studying mechanisms of drug addiction, regulation of
food intake, etc.); or conditioned avoidance reactions
to electric shocks (e.g., conflict procedures such as
the ▶Vogel conflict test) (animal models for testing
anxiolytic drugs, or for studying mechanisms of
anxiety) [1–3].
Principles of Animal Models and the Issue of Validity
In the present context, a model is defined as an
experimental preparation intended for studying a
condition in a different species. Typically, models are
animal preparations that attempt to mimic a human
condition and that allow the study of that condition.
Different animal models can have different intended
purposes. At the one extreme, an animal model can
attempt to reproduce a whole psychiatric disorder in a
laboratory animal. Such an approach is fraught with
difficulties, in part because it often relies on arguments
of apparent similarities that are not well defined and
can be subjective (see the issue of validity, below), and in
part because often the human psychiatric disorder itself
that is intended to be modeled is not well characterized in
every aspect. The defining symptoms and the diagnostic
categories for many psychiatric disorders have sometimes changed repeatedly over the decades.
At the other extreme, a more limited purpose for an
animal model is to provide a way to systematically
study the effects of potential new therapeutic drugs. In
this case, the aim is not to model a disease but to find a
preparation in which the therapeutic utility against a
certain disease can be tested. Although this approach is
usually less burdened with the conceptual problems
mentioned above, there are other problems. Such models
are usually developed and validated by reference to the
effects of known therapeutic drugs. This can limit
the ability of the model to identify drugs with new
mechanisms of action, and it can fail to detect drugs that
would be active against symptoms that are refractory
to the known drugs [3,4].

The primary purpose of an animal model is to
enhance understanding of a human condition or to
predict the action of a drug in humans. Therefore, from
a practical point of view, the single most important
feature of a model is the model’s ability to lead to
accurate predictions, i.e., its ▶predictive validity. There
are a number of other categories of validity that can
have great heuristic value from a scientific or theoretical
point of view, such as ▶construct validity (the accuracy
of a model with which the model measures what it is
intended to measure), ▶etiological validity (the phenomenon in the model has the same etiology as the
phenomenon in the human condition) or ▶face validity
(the phenomenological similarity between a behavior
exhibited in an animal model and in the human
condition) [3,5].
A problem related to the issue of validity is that some
ethologically-based models work with healthy animals
that are exposed to an artificial situation, and the effects
of a drug are evaluated in that situation. There have
been attempts to create better models by inducing
particular “pathological” states in experimental animals
against which a drug can then be tested. These states can
be produced by molecular, pharmacological, neurodevelopmental or behavioral manipulations and are aimed
at enhancing the construct or etiological validity of
the models.
These issues can be exemplified with the available
animal models of Parkinson’s disease and anxiety. The
symptomatology and pathology of Parkinson’s disease
is well described (progressive degeneration of dopaminergic neurons within the midbrain substantia nigra
pars compacta, leading to progressive disturbance of
motor functions), however, the etiology of the underlying pathophysiological mechanisms is not known yet. In
other words, it is known what is happening in Parkinson’s
disease, but very little is known about why this is
happening. The human syndrome is mainly characterized
by the typical symptoms, akinesia, rigor, and tremor. In a
very simple animal model, “neuroleptic-induced ▶catalepsy”, akinesia and rigor is induced by a dopamine
antagonist, e.g., haloperidol. This drug mimics the hypodopaminergic state of Parkinsonism insofar as it blocks
dopamine receptors. However, this pharmacologic manipulation does not produce tremor in rodents or primates.
This catalepsy is alleviated by known anti-Parkinson
drugs. Thus, this model has reasonable predictive validity
(because it can show therapeutic effects of drugs), but
only partial face validity (because it only mimics akinesia
and rigor, but not tremor), and it does not have etiological
validity (because the symptoms are produced by a
manipulation that is completely unrelated to the underlying pathophysiology, i.e., dopamine receptor blockade
versus degeneration of dopaminergic neurons).
Therefore, more elaborate animal models attempt
to mimic the underlying pathophysiology more closely
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by lesioning (i.e., destroying by means of a neurotoxin)
the dopaminergic cells. Although this more closely
mimics the real pathophysiology, it is still an artificial
situation inasmuch as the neurotoxin produces an
acute degeneration of the dopaminergic neurons within
a few days, whereas in humans the degeneration is a very
slow and chronic process. The model that is currently
thought to best mimic the etiology and progression of
Parkinson’s disease is the “rotenone model” [6].
Rotenone is a mitochondrial complex I inhibitor which,
when administered over many weeks, causes a slowly
progressing degeneration of dopaminergic neurons that
may even involve some of the pathophysiological
mechanisms that are also active in the human situation.
Although these models of Parkinson’s disease may
lack etiological and face validity, they do have a good
degree of predictive validity. This situation is rather
different regarding animal models of anxiety. There are
a number of models with a varying degree of face and
etiological validity; the major problem, however, is that
the models have little or unknown predictive validity.
The most widely used model is the elevated plus maze.
Rodents have an innate tendency to avoid wide, open
space and to prefer enclosed areas; thus, naïve animals
show a clear preference on the plus maze for the closed
arms versus the open arms. Standard anxiolytic drugs
such as benzodiazepines increase the time spent on the
open arms, the interpretation being that the drug makes
the animals less “afraid” of the open arms. The model is
well suited to detect anxiolytic-like effects of drugs with
a benzodiazepine-like mechanism of action. However,
in modern psychiatry first line treatment for anxiety
disorders has changed from benzodiazepines to antidepressant drugs with a serotonergic mechanism of
action (selective serotonin reuptake inhibitors, SSRIs).
Despite being clinically effective, these drugs do not
increase the time spent on the open arms of an elevated
plus maze; if anything, they even show an anxiogeniclike effect and decrease the time on the open arms.
Thus, the elevated plus maze is well suited to detect the
effects of one class of drugs, but entirely unsuited to
detect the effects of another class of drugs that has
demonstrated clinical efficacy. Thus, the model does
not have general predictive validity, and it is not known
whether drugs with new mechanisms of action would
show anxiolytic-like effects in this model. This is a big
dilemma for pharmaceutical drug development searching for compounds with new mechanisms of action,
especially since other animal models of anxiety have
the same principle problem.
Methods for Monitoring Brain Mechanisms
As mentioned above, the aim of behavioral neuropharmacology is not only the pharmacological manipulation and analysis of behavior, but also to relate
behavior to brain mechanisms. Methods for measuring
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and analysing brain function were developed concurrent
with the methods for systematic manipulation and
analysis of behavior. The earliest method for direct
assessment of activity in the nervous system was
electrophysiology. This method allows region- or even
cell-specific measurement of the activity of nerve cells. In
the 1980s, the method of intracranial microdialysis was
developed. At the tip of a probe implanted into the brain,
molecules diffuse across a semi-permeable membrane
along a concentration gradient. This very valuable
method allows the measurement of transmitter release
in response to pharmacological or environmental manipulations. For example, with this method it has been shown
convincingly that drugs of abuse, but also naturally
rewarding stimuli such as sex or food, lead to an increase
of dopamine release in the nucleus accumbens. This
observation has become one of the central building blocks
of the dopamine hypothesis of reward [7].
With the fast development of molecular methods,
new tools for analysing brain function and activity have
become available. The analysis of expression profiles
of genes, RNA or proteins is now a valuable tool for
assessing the effects of pharmacological or environmental manipulations. The newest addition to the
methods available for the study of the interrelationship
between brain function and behavior are neuro-imaging
techniques such as functional magnetic resonance
imaging (fMRI). Although first only available for use
in humans, technology has now reached a stage where
it can also be applied to experimental animals [8].
Outlook
Molecular techniques like the creation of transgenic
animals (e.g., knock-out or knock-in mice) are regarded
by some as a panacea for a range of human diseases,
and the advent of molecular biology was already
considered by some as the end of behavioral neuropharmacology. However, it is becoming increasingly
clear that the important genotypes that are created by
molecular techniques can only be fully exploited for
the benefit of human therapeutics when their phenotype, and in particular, their behavioral phenotype is
thoroughly characterized [9]. On the other hand, behavioral neuropharmacology can profit from the generation
of transgenic animals, in particular in cases where highly
specific pharmacological tools for certain receptors are
lacking. Deleting or overexpressing a particular receptor
can offer valuable insights into the relevance of this
receptor for a certain disease, and can facilitate the
establishment of new animal models [4]. Furthermore,
the discovery of new receptor subtypes or subunits
provides an opportunity for improved pharmacological
selectivity of drug tools. Thus, despite (or because of)
the advances in molecular neurobiology, it is to be
expected that behavioral neuropharmacology will remain
an indispensable discipline of the neurosciences.
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Behavioral Plasticity
Definition
Changes in a behavior or behaviors as a result of some
experience the organism undergoes. Included under the
heading of behavioral plasticity are adaptation,
learning, memory and changes in adult behavior as a
result of experience during development.

Behavioral State Control
Definition
Vertebrates exist in three different behavioral states –
waking, slow wave sleep and rapid eye movement

sleep. Behavioral state control refers to the mechanisms
that enable transition between these.
▶Mesopontine Tegmentum

Behaviorism, Logical
M ICHAEL S CHÜTTE
Otto-von Guericke Universität Magdeburg, Institut für
Philosophie, Universität Magdeburg, Magdeburg,
Germany

Synonyms
Analytical behaviorism; Semantical behaviorism

Definition
Logical Behaviorism is the view that every statement
about mental phenomena can be translated without loss
of meaning into a statement about behavioral dispositions [1]. Thereby it could be conceived as a version of
▶Semantical physicalism which is the view that every
statement containing mental terms can be translated
without loss of meaning into a statement containing only
non-mental (broadly physical) terms [2,3]. There also
is a definition of Logical Behaviorism available in
the material mode. Logical Behaviorism, then, is the
view that beliefs, desires, thoughts, feelings and all other
mental phenomena are basically behavioral dispositions.
Logical Behaviorism is accurately called “behaviorism”
because, according to it, mental phenomena are reducible
to mere dispositions to behave. And it is correctly called
“logical” because, according to it, this reduction is not
an empirical matter, but results from the meanings (the
“logic”) of mental expressions alone.

Description of the Theory
Behaviorism comes in many varieties, the most
important of which are Methodological (or Psychological) Behaviorism, Eliminative Behaviorism, and
Logical Behaviorism. In psychology, behaviorism
became increasingly dominant in the 1930s by the
influence of Watson [4] and Skinner [5]. Their
approach, aptly called Methodological Behaviorism,
can be characterized by two main claims. The first is the
claim that psychology is at its core a discipline about
the explanation, prediction and control of behavior.
The second is the claim that the only scientifically
acceptable data in psychology are behavioral data,
i.e. data which concern patterns of observable responses
to physical stimuli. Watson and Skinner, though, were
less clear about the ▶ontological status of mental
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phenomena. Despite their view that inner states are not
objects adequate for psychological explanations, they
were not clear about whether inner mental states do exist
but are irrelevant to psychology or simply do not exist at
all. The latter thesis is known as Eliminative Behaviorism, a forerunner of Eliminative Materialism [6].
In philosophy, behaviorism became popular as
Logical Behaviorism. This view is one of the classical
materialist positions towards the mind-body problem
and, as such, is an account of how mental phenomena
fit into the natural order. Often it is said that Ryle [1] and
Wittgenstein [7] are proponents of Logical Behaviorism. This may not be exactly true, but there can be no
doubt that Ryle’s and Wittgenstein’s analyses of many
mental concepts inspired philosophers to go forward in
trying to understand mental phenomena as behavioral dispositions. Logical Behaviorism does not entail
either Eliminative Behaviorism, nor Methodological
Behaviorism: It does not eliminate mental phenomena,
but says that they are nothing but certain behavioral
dispositions; and it is a claim about the nature of
mentality which is not tied to any particular scientific
methodology.
The Semantical Physicalists (Carnap [2], Hempel
[3]) were mainly concerned with the question of how
psychology as a special science relates to physics. As
part of their unity-of-science agenda, they aimed to
show that “psychology is an integral part of physics”
(Hempel [3]:18). And they tried to demonstrate this by
trying to show that every bit of mentalistic discourse
can be translated into synonymous bits of physicalistic
discourse. If this were true, it would be obvious how
every psychological explanation also would be a kind
of physicalistic explanation. In their argument for this
rather strong view, the so called ▶Verification theory
of meaning played an essential role. This theory of
meaning, popular in the Vienna Circle, is basically the
view that the meaning of every non-analytic statement
“is established by the conditions of its verification”
(Hempel [3]:17). Two empirical statements have the
same meaning, according to this view, if and only if
they can be verified under exactly the same conditions.
The Semantical Physicalists used this theory in order
to make plausible their reductive view on mentalistic statements. Hempel’s example is the mentalistic
sentence “Paul has a toothache.” He claims that all
circumstances which verify this sentence are expressed
by a very long list of physical test sentences which
includes “Paul weeps and makes gestures of such and
such kinds”; “At the question “What is the matter?”,
Paul utters the words “I have a toothache”; but also
“Such and such processes occur in Paul’s central
nervous system” (Hempel [3]:17). Therefore, Hempel
argues, given the Verification theory of meaning, this
mentalistic sentence is synonymous with the conjunction of all the relevant physical test sentences.
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Motives for Logical Behaviorism
Logical Behaviorism could be seen as a special version
of Semantical physicalism, because it implies that
every mental sentence is translatable into a synonymous
sentence which does not include mental expressions.
But it is important to note that the Logical Behaviorists
neither shared the motives of Carnap and Hempel,
nor are committed to their ideas of the ▶unity of
science thesis and the Verification theory of meaning
in particular. Instead, one important motive behind
Logical Behaviorism was to avoid Cartesian Dualism
with its “dogma of the Ghost in the Machine” (Ryle [1]:
17). According to the view which Ryle attacks, an
action is, e.g. intelligent (or clever, prudent, wise etc.)
if and only if it is caused by a piece of intelligent
reasoning, and an action is voluntary if and only if it
is the effect of a volition or act of the will. What makes
an action intelligent or voluntary, therefore, are certain
“ghostly” inner processes which cannot be observed by
people other than the actor itself. Ryle thinks that this
picture of the mind is due to a deep misunderstanding
of our mental concepts. These concepts, he argues,
do not refer to private inner processes in the mind,
but are correctly analyzed as dispositional concepts.
Expressions like “intelligent,” “critical,” “logical,” “witty”
are, as Ryle tries to show, semantically closer to “fragile,”
water-soluble, or “inflammable” than to expressions
which denote objects or processes. (Although, unlike
“water-soluble,” mental concepts are what Ryle calls
“determinable concepts,” i.e. refer to ▶multi-track
dispositions whose manifestations can widely vary.)
Another important motive is the Logical Behaviorist’s elegant dissolution of the problem of mindbody interaction. How do mental and physical events
interact? How can we understand that events in the
physical world like Mary’s walk to the office are the
effects of mental events like Mary’s thought that going
to the office would be the best thing to do? According to the Logical Behaviorists, the assumption that
there are such causal relations between the mental and
the physical is just a misunderstanding. They think that
mental concepts denote behavioral dispositions and
these dispositions are not the causes of behavior, but
rather a piece of behavior is a manifestation of a
disposition.
But perhaps the most important motive behind
Logical Behaviorism is its solution to an epistemological worry: How can we know what other people
think, believe, desire, hope, intend, etc.? If these are
essentially events in other people’s minds, and we can
not literally look into these minds, it seems that we are
precluded in principle from knowing what other people
think and feel or even whether they think and feel at
all. Maybe they are like robots without an inner mental
life. According to Logical Behaviorism, this is not a
real problem because mental states are no mysterious
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inner episodes in people’s minds, but are behavioral
dispositions whose manifestations are as observable
as any other public manifestations are.
Objections to Logical Behaviorism
Logical Behaviorism faces several strong objections.
The first is that it raises a worry concerning ▶firstperson authority. Logical Behaviorism explains our
knowledge of other people’s mental states by viewing
these as behavioral dispositions. But this third-person
account of knowledge of minds leads to a related
difficulty: How do we know our own mental states? If
these were really behavioral dispositions, then we
should know our own minds primarily by observing
our own behavior. But this seems to be plainly false.
Instead, there seems to be a kind of privileged access
to our own mental states.
There is a second objection saying that Logical
Behaviorism ignores the essential ▶phenomenal character of many mental phenomena. Is it credible that
mental phenomena like pains or sensations of warmth
are mere dispositions to behave? Most laymen and
many philosophers do not think so. Instead, there is a
nagging intuition that there is definitely more to a
pain than just being disposed to whine and groan, say
that one is in pain, go to the doctor, and take some
pills, etc. This objection naturally leads to a view (e.g.
the Identity Theory as defended in [8]) that understands
sensations as manifest inner states which cause things
like my whining and groaning.
A third objection is perhaps the strongest one. It
emphasizes the conceptual interdependence of many
intentional expressions as a fundamental obstacle to
analyzing mental states solely in terms of behavioral
dispositions. Take beliefs. To believe that there is a
bottle of Bordeaux in the basement, according to
Logical Behaviorism, just means to be disposed to go
down the stairs when certain circumstances occur. But,
as Chisholm [9] demonstrated, a substantial reference to
a desire is hidden here behind the phrase “when certain
circumstances occur”: Believing that there is a bottle
of Bordeaux in the basement, I will go down the stairs
for the bottle only if I desire to drink it. Unless I indeed
have such a desire, the bottle will remain in the
basement. The upshot is that you cannot understand
what it is to believe something, unless you know what it
is to desire something. And the converse is also true:
You cannot understand what it is to desire something,
unless you have the concept of belief. Desiring to drink
a bottle of Bordeaux, I will go down the stairs for the
bottle only if I believe that there is a bottle of Bordeaux
in the basement. Unless I do believe this, the bottle,
again, will remain in the basement. Such conceptual
relations make it clear that belief sentences and desire
sentences cannot be translated without loss of meaning
into sentences about mere behavioral dispositions.

And this kind of reasoning generalizes to many other
ascriptions of mental states.
This last objection naturally leads to ▶Analytical
functionalism which is another classical materialist
position concerning the mind-body problem. What
seems to have gone wrong in analyzing mental phenomena as mere behavioral dispositions is the Logical
Behaviorist’s ignorance of conceptual relations between
mental concepts themselves. They overlook that relations between individual mental states and actual or
possible behavior are not the only ones relevant to our
mental concepts. This is fixed in the Analytical
Functionalist’s picture (see [10]). Analytical functionalism is the theory that, by conceptual necessity, every
mental state of an organism can be characterized by its
causal relations to perceptual input, other internal states,
and the behavioral output of the organism. Because
according to Analytical functionalism, mental states
are explicitly defined by reference to input and other
internal states of the organism, they are not mere
behavioral dispositions. But nevertheless mental states
are conceptually tied to behavior, because they are
defined by reference to behavioral output as well.
Analytical functionalism therefore can preserve one
important feature of Logical Behaviorism without
being vulnerable to the objection that it ignores certain
essential conceptual relations.
These objections are rather strong. As a reductive
account of the mental Logical Behaviorism is an almost
philosophically dead position. That does not mean that
it is wrong about every mental phenomenon. Textbook
wisdom nowadays has it that there are two features of
the mind which are basic, namely intentionality and
phenomenal content, and that every mental state has
either one of these basic features or both in some
combination. And although as it seems to many that
Functionalism is a quite good account of the former, and
the Identity Theory a quite good account of the latter
basic feature, there are some non-basic kinds of mental
states that Logical Behaviorism seems to be a quite
good account of, e.g. talents or traits of character and
personality like honesty, ambitiousness, and shorttemperedness.
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predicted by the minimum-jerk model, is symmetric in
time relative to peak velocity. This profile is bellshaped.
▶Motor Control Models

Benedikt Syndrome
Belief
Definition
A belief is either a person’s state of believing something
or a propositional content that is believed. Belief states
are long-term mental attitudes rather than mental events
like thoughts.
They play a typical causal role : they are changed by
perceptual input and influence our behavior. Beliefs
come in different degrees. It is a controversial matter
whether beliefs are representational states.

Definition
The Benedikt syndrome results from lesion (infarction)
of the ▶midbrain peduncle and ▶tegmentum and
characterized by oculomotor paresis, weakness and
ataxia.

Benign Essential Tremor
▶Essential Tremor

▶Argument
▶Logic

Benign Familial Tremor
Bell’s Palsy

▶Essential Tremor

Definition
Bell's palsy results from injury of the VIIth cranial
nerve, commonly after viral infections, e.g. a herpes
zoster infection of the ▶geniculate ganglion, leading to
blisters in the external ear canal, loss of ▶taste
sensation, distortion of the face (pull to the contralateral
side because of ipsilateral weakness of facial muscles).
Aberrant subsequent nerve regeneration may lead to
▶synkinesias, such as jaw winking, in which movements of the lower face coincide with, e.g., eye closure.

Benign Paroxysmal Positional Vertigo
(BPPV)
Definition

Definition

Disorder of the labyrinth that occurs when otoconial
crystals become dislodged from the otoconial membrane and pass into one or more semicircular canals.
The posterior semicircular canal is most commonly
affected because it is in the most dependent position of
the labyrinth. Head movements in the plane of the
affected canal result in motion of the crystals, which
leads to abnormal deflection of the cupula. Vertigo and
nystagmus then follow. Repositioning maneuvers can
be very effective in the treatment of BPPV.

The velocity profile for a movement between two points
in space with velocity zero at the begin and end, as

▶Disorders of the Vestibular Periphery

Bell-shaped Speed Profile

B
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Bergmann Glia

Bergmann Glia

Beta Sheet

Definition

Definition

Bergmann glia are specialized astrocyte glia cells in the
cerebellar cortex. Their cell bodies are in the Purkinje
cell layer and their processes extend upward through the
molecular layer to the pial surface of the cerebellum.

A secondary protein structure in which two or more
extended strands of the polypeptide chain lie side by
side (running either parallel or antiparallel), held
together by a regular array of hydrogen bonds between
backbone NH and C = O groups, to form a ridged planar
surface.

Bernstein Problem

▶Alpha-Synuclein: From Neurological Disorders to
▶Molecular Pathways

Definition
The problem of elimination of redundant degreesoffreedom during natural movements.
▶Coordination

Beta-motoneuron
Definition

Best Disease

A motoneuron that innervates both extra- and intrafusal
muscle fibers.
▶Motor Units

Definition
▶Chloride Channels and Transporters

Bestrophin

Betz Cells
Definition

Definition
A Ca2+-activated Cl- channel predominantly expressed
in the basolateral membrane of the retinal pigment
epithelium. Mutations in Bestrophin result in Best
disease, an inherited form of macular degeneration.

Betz cells, discovered by and named for a nineteenth
century Russian anatomist, are large pyramidal-shaped
neurons found in primary motor cortex. Some Betz cells
have cell bodies of over 100 µm across.

▶Best Disease
▶Chloride Channels and Transporters

Bezold-Jarisch Reflex
Beta Rhythm
Definition
A neocortical pattern of 13–35 Hz EEG activity
characteristic of alert wakefulness in humans.
▶Brain Rhythms

Definition
The Bezold-Jarisch reflex is a cardiovascular response
consisting of a decrease in heart rate and arterial blood
pressure automatically evoked as a direct consequence
of chemical or pharmacological stimulation of receptors
in the heart or lungs. The decrease in blood pressure is
due both to the slowing of the heart and a vasodilation
caused by inhibition of sympathetic vasomotor activity.

Bickerstaff’s Brainstem Encephalitis

This reflex was first described by von Bezold and
Hirt in 1867, who observed that intravenous injection of
veratrum alkaloids caused a profound fall in blood
pressure and heart rate. Other chemical agents, such as
phenylbiguanide, also trigger the response. The receptors for the reflex are located on the terminals of sensory
unmyelinated fibers in the vagus nerve (CN X). The
functional significance of the Bezold-Jarisch reflex in
circulatory regulation is not understood, although it has
been suggested that the reflex may contribute to the
severe hypotension associated with vasovagal syncope.

B-FABP
Definition
B-FABP is a member of the fatty acid binding protein
family. It is highly related to the peripheral myelin
protein P2. B-FABP is expressed by radial glial cells in
the developing CNS, and also expressed by satellite
cells in DRGs in embryonic and adult mice and by glial
cells in embryonic nerve trunks but not by adult.
Schwann cells. B-FABP is not expressed by
migrating crest cells or by developing neurons.
Therefore, it likely labels cells that are common
precursors of Schwann cells and satellite cells.
▶Schwann Cell
▶Schwann Cell Precursor
▶Schwann Cells in Nerve Regeneration

377

visual information (sensory and motor, cortical and
subcortical), most are competitive. Within each system,
a gain of representation for a visual object will be at the
expense of other objects’ representations. Competitive
interactions among multiple objects (such as the faces in
a crowd) occur automatically and operate in parallel
across the visual field. Second, the competition between
systems is integrated. As a visual object gains
dominance in representation within one system (e.g.
visual cortex), it will tend to gain similar dominance in
other systems (e.g. higher-order frontal and parietal
areas). And third, competition is controlled within and
across brain systems. If one looks for a particular object
(e.g. a friend’s face), units matching the internal
“template” of that object will be pre-activated and
therefore gain an advantage by receiving an increased
processing weight. Thus, such top-down attention
mechanisms introduce bias signals that help resolve
the ongoing competition. The competition among
multiple objects can also be biased by bottom-up
mechanisms that separate figures, or constitute objects,
from their background by principles of perceptual
organization (see Visual attention).
▶Visual Attention

Bickerstaff’s Brainstem Encephalitis
T OMASZ B ERKOWICZ , K RZYSZTOF S ELMAJ
Department of Neurology, Medical University of Lodz,
Lodz, Poland

Synonyms
Bickerstaff’s encephalitis; Bickerstaff’s syndrome

Biased Competition Theory
of Attention
Definition
Biased competition theory was originally proposed by
John Duncan and colleagues in order to explain two
basic phenomena that occur while processing a
crowded visual scene. First, not all objects in a scene
can be processed at the same time, that is, there is
limited processing capacity. Second, while processing a
particular object, one is able to filter out the unwanted
information in the scene, that is, there is selectivity.
Biased competition theory rests on three general
principles that conceptualize these basic observations
further. First, of the many brain systems that represent

Definition
▶Bickerstaff’s brainstem encephalitis (BBE) is an
uncommon central nervous system (CNS) disease
characterized by acute external opthtalmoplegia, cerebellar ataxia with disturbances of consciousness and
pyramidal signs. Its etiology remains unknown but it is
postulated that BBE has an autoimmune origin because
of an antecedent illness and frequently the presence of
anti-GQ1b antibodies. BBE is usually a monophasic
disease with a generally good outcome.

Characteristics
Clinical Presentation
The first cases of descending brainstem syndrome were
described in 1951 by Bickerstaff and Cloake under
the title “Mesencephalitis and rhombencephalitis” [1].
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In 1957 Bickerstaff defined the disease as “brainstem encephalitis” [2]. The condition has been called
Bickerstaff’s brainstem encephalitis since 1978 when
Bickerstaff wrote a review for the Handbook of Clinical
Neurology under the title “Brain stem encephalitis
(Bickerstaff’s encephalitis)” [3]. The largest cohorts of
BBE patients were published by Al-Din et al. (18 cases) in
1982 [4] and Odaka et al. (62 cases) in 2003 [5]. Most of
the BBE patients described in the literature had signs
of infection before the onset of neurological disease.
They usually had upper respiratory infection symptoms,
fever, headache or diarrhoea. In the antecedent infections
many pathogenic microorganisms were identified. They
include Campylobacter jejuni, herpes simplex virus,
cytomegalovirus, Epstein-Barr virus, varicella zoster
virus, Salmonella typhi and Mycoplasma pneumoniae
[6]. Cases of BBE were also reported during pregnancy,
after generalized trauma, head trauma and after otological
operation (mastoidectomy for a cholesteatoma).
The most common initial symptoms are diplopia, gait
disturbances and drowsiness. During the course of the
illness almost all the patients develop external opthalmoplegia, ataxia and most of them have disturbances of
consciousness (drowsiness, stupor, semicoma or coma).
Opthalmoplegia has characteristic features, progressing
frequently from symmetrical impairment of conjugate
upward and lateral gaze to complete opthalmoplegia.
Disturbances of consciousness tend to be a reflection
of involvement of the rostral part of the reticular
formation. Extensor plantar response (Babinki’s sign),
papillary abnormalities, nystagmus, facial weakness
and bulbar palsy are also frequently found. The progression of cranial palsies is usually rostral-caudal. If
ataxia is the primary demonstration of BBE, it involves
gait instability, upper and lower extremities dysmetria,
dysdiadochokinesis, past-pointing and truncal instability. Development of neurological symptoms of BBE is
relatively fast, within 1–2 days. Deep tendon reflexes
are usually brisk, but can be normal or decreased.
There are cases of BBE with symmetric flaccid limb
weakness and with dysesthesias occurring as typical
initial symptoms. These cases are classified as BBE
with overlapping/coexisting ▶Guillain-Barré syndrome
(GBS), an acute demyelinating neuropathy. Two atypical
cases of BBE with severe muscle rigidity were observed.
One of them was misdiagnosed in the beginning as
tetanus. Some of the BBE patients develop respiratory
failure in the period of maximal disability. They need
intubation followed by mechanical ventilation in a critical
care unit. When prolonged mechanical ventilation is
necessary sometimes a tracheostomy is performed. BBE
progresses from 1 to 8 weeks in a steady and unremitting
way. The period of most severe neurological symptoms is
variable, from 5 days to 4 weeks. The main signs typically
improve within 2–3 weeks but full recovery can take as
long as 3–18 months. BBE usually has a monophasic

course but there are also reports of remitting cases. We
observed two remitting cases, one of them with overlapping GBS. The final outcome is generally good but
occasionally the disease can be fatal. From the largest
group of 62 patients only three died. Some patients
have residual symptoms: dysesthesias, limb weakness,
diplopia, gait disturbances, dementia, dysfagia and
psychotic changes (emotional liability, violent behavior). Bickerstaff also described a case of BBE with
development of typical Parkinsonism during the
recovery phase. For a diagnosis of BBE, it is necessary
to exclude the following conditions: vascular lesions of
the brainstem, Wernicke’s encephalopathy, central
pontine myelinolysis botulism, myasthenia gravis,
neoplasm of the brainstem (glioma, lymphoma), pituitary apoplexy, acute disseminated encephalomyelitis,
multiple sclerosis, neuro-Behcet disease, Lyme disease,
neurosarcoidosis, Whipple’s disease and toxic effects
of alcohol and drugs, especially anticonvulsant drugs.
In this regard it is worth remembering that sometimes
cerebral tumors, for example brainstem glioma, may
relapse and remit.
Laboratory Findings
In BBE no abnormalities are usually discovered in
routine blood investigations and urinary tests.
The cerebrospinal fluid (CSF) pressure is usually
normal. CSF examination shows mild lymphocytic
pleocytosis (usually not more than 100 cells/μl) with or
without a moderate rise of protein. Albuminocytological
dissociation (protein ≥45 mg/l, cellularity ≤5cells/μl)
can also be observed.
About two-thirds of BBE patients have high titers of
immunoglobulin G (IgG) antibodies against ganglioside
NeuAcα2–8NeuAcα2–3Galβ1–3GalNacβ1–4(NeuAcα2–8NeuAcα2–3) Galβ1–4Glcβ1–1’Cer (GQ1b).
▶Anti-GQ1b antibody titres decrease with clinical
improvement of the disease. The potential role of this
antibody in the pathogenesis of BBE supports the fact
that the third, fourth and sixth cranial nerves contain
GQ1b ganglioside. The paranodal regions of the
extramedullary portion of human oculomotor, trochlear and abducens nerve can be strongly stained using
mouse anti-GQ1b monoclonal antibody. It is also
probable that anti-GQ1b antibody is closely associated
with impairment of these cranial nerves involved in
ocular movement. This antibody also weakly stains
deep cerebellar nuclei, the gray matter in the
brainstem, spinal cord, some cells of large dorsal root
ganglion and muscle spindles. Anti-GQ1b antibodies
cross react with lipopolysaccharide present in the
bacterial coat of Campylobacter jejuni and in fact
serological evidence of recent Campylobacter jejuni
infection was found in many of the BBE patients.
Additionally, an absorption done with anti-GQ1b
antibody showed that human fibroblasts express the

Bickerstaff’s Brainstem Encephalitis

GQ1b epitope after herpes simplex virus (HSV)
infection was also detected in patients with BBE. In
some patients, therefore, anti-GQ1b antibodies may be
induced after Campylobacter jejuni or HSV infection.
Antibody to GQ1b ganglioside can also be detected in
the sera of patients with ▶Miller Fisher’s syndrome
(MFS), GBS with opthalmoplegia and acute opthalmoparesis positive for anti-GQ1b antibodies. Due to
the possibility of common autoimmune mechanisms
of these four illnesses and the fact that they are similar
clinically a term “Anti-GQ1b antibody syndrome” was
created [7]. Anti-GM1b and anti-Ga1Nac-GD1a IgM
antibodies were also detected in the sera of BBE
patients. These antibodies are much less frequent than
the antiGQ1b antibody, but they may, however, also
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be useful serological markers for identifying BBE
patients.
Electroencephalography (EEG) in BBE shows widespread diffuse slow-wave activity in the teta and delta
range. Features of sleep with K complexes and vertex
sharp waves are also seen. Pathological activity is
normalized with clinical improvement.
Electrophysiological examination shows that even in
the BBE patients without overlapping GBS almost half
of the patients have abnormal nerve conduction study
findings. Predominantly BBE patients have features
of axonal degeneration with reduced amplitudes of
CMAPs and relatively normal motor conduction
velocities in peripheral nerves. Findings characteristic
for frank demyelination are much more frequent.

Bickerstaff’s Brainstem Encephalitis. Figure 1 MRI of the patient during the course of BBE – T2-weighted
images (a, b), T1-weighted images enhanced with gadolinium (c, d).
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Imaging
Computed tomography (CT) was used for the imaging
of brains of patients suspected of suffering with BBE
before the magnetic resonance imaging (▶MRI) era.
CT scans showed no abnormalities or low density
areas with various degrees of enhancement localized
in brainstem, particularly in the pons and sometimes in
the thalamus.
MRI is the most helpful tool in establishing diagnosis
of BBE. In the majority of BBE cases MRI shows
typical changes localized within brainstem [8]. On
T1-weighted images, brainstem swelling is usually seen
as well as widespread hypointense lesions within the
pons, medulla oblongata and sometimes in the upper
midbrain These hypointense lesions showed various
degree of gadolinium enhancement (Fig. 1) on most
occasions. The enhancement lasts for several days. On
T2-weighted sequences large lesions of hyperintesity
can be easily spotted in the brainstem and sometimes

outside it, within cerebellum, thalamus or even in white
matter of the cerebrum. Frequently these lesions were
nearly symmetrical and combined large portions of
brainstem. These changes can migrate or regress with
the clinical course of the disease. Caudal migration of
these changes was described during the course of the
disease. BBE lesions usually vanish after several
months (Fig. 2). Occasionally MRI can be normal in
BBE despite of typical clinical presentation. In the
absence of any abnormality on brain MRI, involvement
of brainstem and cerebellum can be visualized with (18)
F-FDG positron emission tomography (PET).
Pathology
Due to the good prognosis of BBE, neuropathological
findings in this disease are relatively scarce but consistent
with clinical signs. On the section of the brainstem
numerous focal lesions with large areas of central necrosis
were described. Perivascular lymphocytic infiltrations

Bickerstaff’s Brainstem Encephalitis. Figure 2 Control MRI of the same BBE patient
after 4 years – T2-weighted images (a, b), T1-weighted images enhanced with gadolinium (c, d).

Bilateral Labyrinthectomy

with perivascular oedema were also found, and sometimes with very large numbers of macrophages. There
was astrocytic proliferation present, sometimes forming
“glial stars”. In the cerebellum, loss of Purkinje cells and
degenerative changes in the dentate nucleus were found.
Lymphocytic infiltration was also seen in the dorsal root
ganglia. Chromatolytic changes of neuronal cytoplasm
were described in the trigeminal motor nucleus and in the
spinal anterior horn. Outside the central nervous system
lymphocytic infiltrations were also described in bronchial
mucosa of the lungs and peri-portal areas in the liver,
which might indicate the appearance of systemic infective
processes.
Diagnosis
Early diagnosis of BBE could be difficult based on clinical
findings, because characteristic symptoms do not always
come together during the early phase of the disease. In
our opinion the diagnosis of BBE should not only be
based on symptomatology. Odaka et al. proposed very
strict, purely clinical criteria. Based on them, “Progressive, relatively symmetric external ophtalmoplegia and
ataxia by 4 weeks” and “disturbance of consciousness or
hyperreflexia” are required for the diagnosis. We think
that if clinical criteria are not complete, typical MRI
pictures with a high signal lesion on T-2 weighted images
localized in the brainstem confirms the diagnosis of BBE.
The high titers of anti-GQ1b antibody may contribute to
diagnosis of BBE. A good recovery from clinical
symptoms helps to diagnose BBE.
Therapy
There is no established therapy for BBE. Most patients
are given immunotherapy such as steroids, plasmapheresis and intravenous immunoglobulins (IVIg). There
are various types of plasmapheresis used, such as plasma
exchange, double filtration plasmapheresis (DFPP) or
immunoadsorption with a tryptophan-conjugated column, which highly absorbs anti-GQ1b IgG antibody [9].
In some BBE patients treatment with IVIg leads to rapid
clinical recovery. IVIg may be an alternative treatment in
BBE if plasma exchange is not available or contraindicated. Also, combination of these therapies was very
often used, for example, steroids followed by plasmapheresis, steroids and plasmapheresis followed by IVIg
etc. Some patients are treated additionally with antbiotics and antiviral drugs. We also observed BBE cases
misdiagnosed as pontine glioma. Brainstem lesions were
irradiated with good outcome, although this could not of
course be considered as a potential therapy for BBE.
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Bickerstaff’s Encephalitis
▶Bickerstaff’s Brainstem Encephalitis

Bickerstaff’s Syndrome
▶Bickerstaff’s Brainstem Encephalitis

Bilateral Labyrinthectomy
Definition

References

The surgical or chemical ablation of the sensory
receptors of both inner ears.

1. Bickerstaff ER, Cloake PCP (1951) Mesencephalitis and
rhombencephalitis. Br Med J 2:77–81

▶Vestibular Compensation and Plasticity
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Bilaterian Animals (Bilateria)

Bilaterian Animals (Bilateria)
Definition
The animals that have bilateral symmetry and whose
bodies develop from three germ layers, the ectoderm,
mesoderm and mesoderm. Comprises all groups of
multicellular animals except sponges, cnidarians (jellyfishes, sea pens, hydras, etc.) and ctenophores (comb
jellies). Consists of the deuterostomes (chordates,
hemichordates, echinoderms, and xenoturbellid worms)
and the protostomes (arthropods, nematodes, flatworms, annelid worms, brachiopods, molluscs, etc.).

site where the timing of sounds from the left and
right ears are compared, such as the nucleus
laminaris in birds or the medial superior olivary
nucleus in mammals, the slight difference in frequency causes a slight difference in phase between
the left and right ears inputs. This interaural phase
difference varies as a function of time, leading to a
sensation of motion.
▶Neuroethology of Sound Localization in Barn
Owls

▶Evolution and Phylogeny: Chordates

Binaural Cross-Correlation
Bilirubin
Definition
A byproduct of hemoglobin degradation, which is
involved with neuronal and glial activation in neurotoxicity.
▶Glial and Neuronal Reactivity to Unconjugated
Bilirubin

Binaural
Definition
Having, or relating to, two ears. Sensitivity to binaural
localization cues, including differences in the time of
arrival or intensity of the sound at the ears, enable
humans and other animals to determine the direction of
a sound source.

Binaural Beats

Definition
A process that approximates the computation of the
delay between the signals in the two ears. In ordinary
cross-correlation, a signal is multiplied by a delayed
version of another signal in a point-by-point fashion,
and the products are summed. The delay, called the
“argument,” is changed and the multiplication and
addition are repeated. The sum of the products is plotted
as a function of argument. The cross correlation r(J) is
computed thus:
rð#Þ ¼ lðtÞrðtþ#Þ
where l(t) and r(t) are the two signals and J is the
argument. The argument J is equivalent to the
interaural time difference. Mathematically, the result
is a graph of the sum of products as a function of J,
with a major peak at the J that equals the delay between
l(t) and r(t). In the brain, typically in the nucleus
laminaris of birds or the medial superior olive of
mammals, a neuron tuned to a particular ITD (J) is
maximally activated.
▶Neuroethology of Sound Localization in Barn Owls

Binaural Interactions

Definition

Definition

A stimulus paradigm in which tones of slightly
differing frequencies are presented to each ear. At the

The neural process of combining the input from the two
ears in some way.

Binaural Pathways and Processing

Binaural Pathways and Processing
DAVID M C A LPINE
UCL Ear Institute and Department of Physiology,
University College London, London, UK

Synonyms
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olive (MSO) of the brainstem shows a relative overrepresentation of neurons tuned to low ▶characteristicfrequencies (CFs) and, in many mammals, appears to be
specialized for the processing of ITD information, whilst
the lateral superior olive (LSO), with a relative overrepresentation of high (>2 kHz) CF neurons, processes IID
information. The tonotopic (sound frequency) organization at subsequent centers in the auditory pathway
maintains this separation.

Auditory processing; Sound localisation pathways

Definition
Binaural hearing refers to the ability to extract
information about the acoustic environment using two
ears, which would not be possible using one ear only.
Most commonly, binaural hearing is considered in
terms of sound localisation cues, interaural time and
interaural intensity differences. Specialized brainstem
pathways exist that converge input from each ear onto
individual neurons, rendering them sensitive to one or
other of the binaural cues. The means by which binaural
information is processed in the brain has been of
considerable interest for some time, in large part due to
the exquisite temporal capabilities of neurons that
process interaural time differences.

Characteristics
Spatial and Binaural Hearing
In the visual system a relatively complete understanding
of spatial processing has been achieved, at least with
respect to the two-dimensional representation of visual
space projected on the back of the retina. In contrast,
the study of neural coding of auditory space constitutes
an altogether more complex problem – the primary
representation of the ▶cochlea, the sensory end organ
in hearing, is sound frequency, rather than the location
of the source. Nevertheless, the percept of a sound
as originating from a distinct source is a fundamental
property of normal hearing. Most ecologically-relevant
sounds have a distinct quality that renders them
spatially extant, and this attribute is provided for by a
combination of the acoustic spatial cues, namely sensitivity to binaural cues for sounds in the horizontal
plane, and sensitivity to spectral changes that occur as a
sound source shifts in the vertical dimension.
According to Rayleigh’s ▶duplex theory [1], human
▶binaural hearing is subserved by two mechanisms: at
low frequencies (<1,500 Hz), sources of sounds are
localized using ▶interaural time differences (ITDs),
whereas at high frequencies ▶interaural intensity differences (IIDs, also called interaural level differences, ILDs)
mediate localization. The dichotomy suggested by the
duplex theory is, to a first approximation, reflected in the
anatomy and physiology underlying sensitivity to ITDs
and IIDs in the mammal brainstem. The medial superior

Functional Anatomy of Pathways Sub-serving
Binaural Hearing
Brainstem pathways underpinning binaural hearing
(Fig. 1) mainly those contributing to ITD sensitivity, are
highly specialized, comprising the most temporallyprecise neural elements in the brain. An absolute
requirement for ITD sensitivity is the ability to generate
and retain information concerning the fine-structure
waveform of the sound arriving at each ear independently,
at least until the primary stage of binaural integration in
the brainstem. Primary ▶auditory nerve fibers (ANFs)
synapsing at the base of the inner hair cells (IHCs) of the
cochlea respond to the cycle-by-cycle changes in the IHC
membrane potential (itself reflecting the back-and-forth
deflections of the stereocilia) with action potentials that
are “phase-locked” to the stimulus waveform (see Fig. 1).
The ability of ANFs to phase-lock their action
potentials degrades with increasing frequency, such that
for frequencies above approximately 4-kHz, ▶phaselocking is absent in mammals, providing an upper limit
for which temporal information is accessible. This upper
limit is reduced at each synaptic stage, so that by the level
of binaural integration the upper limit lies around 2 kHz.
Certainly most mammals are insensitive to ITDs in the
fine-structure of a sound above this frequency. However,
although the upper limit of phase-locking is reduced in the
ascending auditory pathway, both the synchronization
(quality of phase-locking) and entrainment (whether or
not an action potential is generated during each stimulus
cycle) improves between the ANFs and the first synaptic
stage in the ▶cochlear nucleus (CN). ANFs entering the
CN bifurcate, innervating both the ventral and dorsal
aspects of the CN (VCN and DCN, respectively).
Neurons of the VCN, particular the ▶spherical bushy
cells (SBCs) of the anterior division (AVCN) and the
▶globular bushy cells (GBCs), appear specialized for
temporal processing, with large synaptic contacts and
fast membrane kinetics. Recordings made from the
axons of SBCs indicate improved synchrony entrainment
of phase-locking relative to ANFs, particularly for
frequencies up to 1 kHz. As well as projecting
ipsilaterally to the MSO, SBCs innervate the MSO on
the opposite side via the fibers of the trapezoid body. The
MSO in most mammals with well-developed lowfrequency hearing is a laminar structure several cells
thick located medially to the more prominent LSO.
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Binaural Pathways and Processing. Figure 1 Traditional dichotomy of binaural brainstem pathways:- Top:
Presumed pathway involved in processing ITDs. Phase-locked action potentials are transmitted from the auditory
nerve fibers to the spherical bushy cells of each AVCN. Outputs of these neurons converge onto individual MSO
neurons. Bottom: Projections from the cochlear nucleus innervate the principal cells of the MNTB on the opposite
side. LSO neurons receive excitatory inputs from ipsilateral AVCN, and a glycinergic inhibitory projection from the
MNTB. This pathway underpins sensitivity to IIDs. It is now know that the MNTB also provides the MSO with inhibitory
input, and that this input is also important in the processing of ITDs (see text).

It is organized such that CFs are highest towards the
ventrolateral pole of the nucleus, and lowest towards
the dorso-medial. Individual MSO neurons typically
show bipolar morphology, with two major dendrites
emerging from the soma 180° to each other extending
orthogonally with respect to the dorsoventral axis of the
nucleus. Spherical bushy cells from the CN on each side
of the brain converge onto single MSO neurons, with
ipsilateral inputs synapsing on the lateral dendrites and
contralateral inputs on the medial dendrites. MSO
neurons also receive bilateral inhibitory inputs via some
of the largest and most reliable synapses in brain,
including the ▶calyx of Held in the ▶medial nucleus of
the trapezoid body (MNTB). Recent studies indicate that
for mammals such as gerbils with well-developed lowfrequency hearing, these inhibitory inputs are largely
restricted to the soma of MSO neurons following a period
of developmental refinement [2]. Species in which lowfrequency ITD processing is absent do not show this
refinement. The major output of the MSO is primarily to
the ipsilateral ▶inferior colliculus (the major auditory
nucleus of the midbrain).
LSO neurons receive their major inputs from the
SBCs of the ipsilateral AVCN and the principal neurons of the ipsilateral MNTB. In turn, the principal
neurons of the MNTB receive their main input from the
GBCs of the contralateral AVCN via the fibers of the

▶trapezoid body. It is interesting to note that although
the LSO is associated primarily with the processing of
interaural intensity, rather than temporal, cues, its
neurons are innervated by neurons possessing exquisite
temporal capabilities. Several reasons can be posited for
this. First, as in the MSO neurons, low-CF neurons in
the lateral limb of the LSO show sensitivity to finestructure ITDs. Second, sensitivity to ITDs in the
envelope structure of high-frequency modulated sounds
is widely-reported to exist in the LSO [3]. Third, the
fast-temporal capabilities of SBCs and neurons of the
MNTB likely also support extraction of temporal cues
other than binaural temporal cues, albeit cues requiring
lower temporal fidelity. The largest excitatory projection from the LSO is to the contralateral IC, although
the low-frequency lateral limb projects largely ipsilaterally. This ipsilateral projection contains both excitatory and inhibitory (glycinergic) neurons.
Binaural Coincidence Detection
It is well established that neural sensitivity to ITDs arises
first in the MSO, although the reported difficulties in
recording from the MSO mean that relatively few
successful recordings of ITD-sensitive MSO neurons
have been made compared with other auditory centers.
From those studies that have been successful, the
consensus is that MSO neurons act as ▶binaural
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coincidence detectors [4], responding maximally to
sounds at favorable ITDs; i.e. when phase-locked input
from each ear arrives in temporal coincidence, and submaximally at other ITDs (Fig. 2).
Neural discharge rates are highest (and modulation of
those rates generally greatest) for tones near to the CF.
Other frequencies elicit fewer spikes and lower depths of
response modulation. Consistent with the Jeffress model
of coincidence detection [4], neurons show a characteristic delay (CD) an ITD for which the relative discharge rate

is identical for different stimulus frequencies. When a
range of static ITDs is imposed on the stimulus
waveform, a cyclic pattern of responses is evoked;
response maxima occur at intervals separated by the
period of the stimulus waveform (See Fig. 2a). This
reflects the underlying binaural coincidence detection,
presumably at the level of the MSO. Theoretically, for
neurons with a fixed axonal conduction delay from one or
either ear, the CD corresponds to the ITD at which
response peaks are aligned for all stimulus frequencies
to which the neuron is sensitive. The CD is often evident
in responses to different tonal frequencies (or by
presenting interaurally-delayed broad-band noise as a
stimulus – Fig. 2b), and can be quantified by plotting the
response phase (with respect to the period of a pure tone)
as a function of the stimulating frequency (Fig. 2c).
However, although MSO neurons satisfy the basic
requirement of coincidence detectors, evidence for
any systematic arrangement of preferred ITDs that would
indicate an ordered arrangement of delay lines in
mammals is, at best, equivocal (in contrast to the wellestablished anatomical arrangements reported for birds).
Further, recent evidence indicates that the preference
of individual MSO neurons to respond maximally to a
particular ITD is mediated by the inhibitory neurotransmitter ▶glycine, most likely derived from MNTB and/
or LNTB inputs. Blocking glycinergic inhibition in vivo
shifts a neuron’s preferred tuning for ITD towards
zero [5], suggesting axonal conduction delays between
the ears are essentially matched.
Despite the MSO being the site of primary binaural
integration, the majority of studies examining ITD
sensitivity in mammals have been investigated in the
IC. Chief amongst these is the series of reports throughout the 1980s by Yin and Kuwada [6], documenting
responses of IC neurons to a range of binaural stimuli
containing ITDs, including interaurally-delayed tones,
▶binaural beats noise and clicks. To a first approximation, IC neurons were reported to respond to ITD cues in a
similar manner to (the relatively few) MSO neurons
previously recorded at that time, an observation confirmed by later, more extensive MSO recordings in
several laboratories.

Binaural Pathways and Processing. Figure 2 [Fig. 10
from: Yin TC, Chan JC. (1990) Interaural time sensitivity
in medial superior olive of cat. J Neurophysiol. 64
(2):465–488] Response of MSO neuron to
interaurally-delayed sounds. (a) Response to tones of
different frequencies. (b) Summed responses to tones
compared with response to interaurally-delayed
broadband noise. (c) Function plotting best interaural
phase difference (IPD) as a function of stimulus
frequency, to derive the characteristic delay (CD). The
characteristic phase (CP), which is close to zero,
indicates that the CD occurs close to the peak of the
response function.

The Neural Code for Interaural Time Difference
A common assumption of most models of ITD
processing is that individual neurons signal the location
of a sound source by virtue of their peak firing rate;
neurons are selectively tuned to a specific ITD, and
therefore to a unique spatial location in the horizontal
plane. One consequence of such behavior would be the
requirement that at some level of the brain, neurons
be sufficiently sharply tuned for ITD to account for
the observed behavioral sensitivity (a few tens in
human listeners). Skottun and colleagues [7], argued
that, as in many other neural systems, the slopes of ITD
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functions are likely to be the most sensitive region in
terms of neural discrimination of ITDs. Such an
eventuality answers a long-standing puzzle concerning
the distribution of preferred ITDs across populations of
neurons, many of which lie outside the range of natural
ITDs, defined by the head-size of most small mammals.
Related to this is recent evidence indicating that the
arrangement of preferred ITDs in the IC runs parallel
with, rather than orthogonal to, the main frequency
gradient [8]; Figure 3a plots the distribution of peak
ITDs as a function of neuronal CF. Surprisingly, given
that sound frequency is the primary feature represented
in the cochlea, and that this mapping is maintained
at least to the level of primary cortex in the form of
tonotopically-organized auditory centers, the relationship
between neural CF and preferred ITD has been
overlooked. The demonstration that peak ITD tuning
is CF dependent marked the beginning of a significant
departure from the view that ITD is represented in the
brain in form of a “local code.” The outstanding
question as to whether this relationship represents
specific processing in the IC or reflects processing at the
level of the MSO appears to have been answered by
reports of a similar relationship in MSO of the gerbil
[5]. The functional importance of this relationship
appears indeed to be related to the need to position the
slopes of ITD functions through the range of ecologically-relevant ITDs. In response to interaurally-delayed
noise, neurons with the lowest CFs, and consequently
the broadest ITD functions, show peak responses at
relatively long ITDs – beyond the ecologically-relevant
range – placing the sensitive slope of the function where

greatest ITD discrimination is required. As CF
increases, peak ITDs shift closer to zero, maintaining
the position of a function’s slope through the range of
ecologically-relevant ITDs (Fig. 3b).
Neural Sensitivity to Interaural Intensity Differences
In contrast to ITDs, the magnitude of IIDs depends on
sound frequency as well as head-size (higher frequencies, with their shorter wavelengths, evoke a larger
▶head-shadow). One way of overcoming the limitations in localisation performance this would bring is by
exploiting ITDs at low-frequencies (e.g. gerbils,
kangaroo rats), or by extending the hearing to the
ultra-sound range (e.g. bats, mice). Species in which the
latter strategy has been adopted have contributed to a
significant number of studies of IID sensitivity,
particularly echo-locating bats, in which spatial hearing
extends beyond the assessment of interaural differences. Significantly more reports of LSO recordings
exist than is the case for the MSO, and many LSO
neurons, particularly those in the high-frequency limb,
are excited by the ipsilateral ear and inhibited by the
contralateral in a manner dependent on the relative
intensity of the sound at each ear (see Fig. 4).
Nevertheless, despite the relative ease with which
LSO responses can be recorded compared with the
MSO, it is equally the case that the IC provides a
substantial number of reported studies of IID sensitivity. As with ITD cues, the largest single factor
determining the sensitivity of IC neurons to IIDs is
presumed to be the synaptic input they receive from
binaural brainstem neurons, almost certainly the LSO.

Binaural Pathways and Processing. Figure 3 (a) Distribution of peak ITDs for inferior colliculus neurons as a
function of neuronal CF. The shaded area indicates the ecologically-relevant range of ITDs for the guinea pig
(±180 μs). Note the CF dependence of the distribution and that many neurons are tuned to ITDs beyond the
ecologically-relevant range. (b) Representative ITD functions for six neurons (color-coded from part a).
As CF increases, the peak ITD shifts closer to zero, maintaining the steep slope of the function through the
ecologically-relevant range (shaded area).

Binaural Pathways and Processing

Binaural Pathways and Processing.
Figure 4 [Fig. 1 of [9]] Plots of discharge rate as a
function of IID for a typical IID-sensitive in the inferior
colliculus (IC; top) and a typical IID-sensitive neuron in
the lateral superior olive (LSO; bottom). Raster plots are
shown to the right of each function. Positive IIDs indicate
a greater intensity at the excitatory ear (opposite ears for
IID sensitive neurons in the LSO and IC). Inset: rate-level
functions for each neuron.

The decussating projection pattern of the LSO renders
IC neurons excited by contralateral, and inhibited by
ipsilateral, stimulation. However, this sign reversal
aside, a major difference between neural coding for
ITDs and IIDs exists in the possibility that neural
sensitivity to IIDs can be created de novo at multiple
stages in the auditory pathway. Unlike the requirements
of exquisite temporal sensitivity in ITD processing,
which is supported by specialized anatomical structures
in the auditory nuclei of the lower brainstem and
imposes limitations on the ability of neurons higher in
the auditory pathway to retain and/or extract timing
information, IID sensitivity does not require the same
degree of specialization. As such, there is no reason a
priori why neurons in the IC, for example, or indeed
any neurons in the auditory pathway at which inputs
from the two ears could conceivably converge, should
not constitute a site at which neural sensitivity to IIDs
is generated. Consistent with this notion, several studies
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have demonstrated, by means of blocking the action
of inhibitory neurotransmitters locally in the IC, the
modification, or even complete abolition, of IID
sensitivity in IC neurons [10]. A likely source of
▶GABA-ergic inhibition to the IC is the cross projection from the ▶dorsal nucleus of the lateral lemniscus
(DNLL) and removing this connection, either by
sectioning its projecting axons or by pharmacological
inactivation of the DNLL itself, results in a release from
binaural inhibition in IC neurons. Nevertheless, given
the sufficiency of the LSO in producing neural sensitivity to IIDs, it seems likely that IID sensitivity in
the majority of IC neurons reflects LSO input, with
modifications provided by mechanisms local to the IC.
Indeed, several studies have reported a transformation
in the coding of IID cues between the LSO and the IC.
In particularly, Park [9] reported that IID sensitivity
(in Mexican free-tail bats) was relatively more biased
toward the inhibitory ear in the IC than in the LSO,
with neurons requiring a more intense signal at the
inhibitory ear to achieve the same degree of suppression. Further, a greater proportion of IC than LSO
neurons show IID functions that are stable with absolute
sound intensity. Whereas IID sensitivity in LSO
neurons was characterized by IID functions that shifted
in a systematic manner with increasing intensity to the
excitatory ear, those in IC were less affected by absolute
intensity, suggesting that at one function of hierarchical
processing of IIDs is to provide for a stable representation of IIDs across a wide range of absolute sound
intensities.
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Definition
Information processing in the human brain is highly
parallel. This means that different features of an object
are processed in different parts of the brain. For
example, the color and the shape of a red square are
coded by different neurons in the visual system
(▶visual field). However, we do not perceive “red”
and “square shaped” separately but a “red square.” The
binding problem deals with the question of how features
that are processed in parallel are bound to the one
unique percept.
The term “binding problem” usually refers to the
binding of features such as color and shape in contrast
to, for example, binding the visual experience of one
square to general concepts about squares such as
equiangularity. Feature binding is often implicitly
thought to occur in an epoch of 50–200 ms.

Characteristics
Information Processing
A picture is presented. Recognizing an object in this
picture cannot simply be accomplished by comparing
this object with some mental “images” stored in
memory. Such a strategy would require an abundantly
huge memory capacity. Think about a square. Even a
slight rotation or translation of the square changes its
projection on the retina dramatically. Moreover, views
of an object from different perspectives would not be
recognized as the same object if neural representations
of these different views were not be related to each
other.
For this and other reasons, information processing
is thought to be parallel in higher animals. The brain
contains many areas that analyze certain features of a
visual picture separately. For example, there are

different brain areas dedicated to different tasks such
as analyzing motion, faces, or simple visual features.
Moreover, different regions within one brain area
analyze different features, e.g., the orientation of a line
is coded by different neurons than its color in the
▶primary visual cortex of macaque monkeys.
If a red square is presented, different neurons are
active than if a green disc is displayed. In the first case,
some neurons fire for vertical and horizontal contours
while others for red, analogously for the green disc.
A problem arises when the red square and the green
disc are presented simultaneously (Fig. 1). How
does the brain know that the square was red and
not green? This problem was called the superposition
catastrophe [1].
There are three major approaches to solve the binding
problem.
Convergent Hierarchical Coding
It is assumed that information processing proceeds from
the analysis of low level to high-level feature detectors
in a feedforward manner (▶Feedforward processing).
For example, a visual image is first analyzed in terms
of the orientations of the single elements in the image.
In a second step, this information is combined. On
further stages, more and more complex features are
added (Fig. 1a). In convergent coding, recognition of an
object occurs if one metaphorical “grandmother”
neuron or a designated “sparse” population of neurons
is activated by neurons converging to this neuron or
the population of neurons (e.g., [2]). The activity of
this population is thought to be sufficient for perception,
i.e., no other aspects such as the temporal firing pattern
of neurons are of interest.
Converging coding models may quickly run into
abundant memory problems, since not only for each
object but also for each view of an object neurons
are required. Current architectures avoid this problem
by assuming that, for example, not every color has to be
coded but only a few basic ones [3]. Other colors can be
represented by a combination of neuronal activities. For
example, “red” and “green” may be coded by the full
activity of one dedicated neuron, respectively, whereas
half activity of these two neurons may represent
“yellow” (Fig. 1a).
Evidence
In physiological experiments, it was shown that,
indeed, some neurons were vigorously activated for a
certain view of an object whereas other views seemed
to be presented by combinations of such neurons.
Moreover, neurons responding to highly specialized
feature combinations were found (e.g., [4]). In
accordance with feedforward object recognition, it
was shown that animals in a visual scene could be
ultrarapidly detected.
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Binding Problem. Figure 1 Three approaches to solve the binding problem. In all theories, basic feature detectors
analyze a scene of the outer world, indicated by the red square and the green disc. In each basic feature map, there
are detectors for all basic features at one retinotopic position. In the above figure, only the most active detectors are
shown. (a) In convergent coding, basic feature detectors, makes neural connections to specialized feature indicating
the presence or absence of combined features. On a higher stage, the activation of a “red square” neuron occurs
when both the basic “red” and “square” neurons are active. Not all objects have to be coded by one neuron. A “yellow
disc” neuron may be activated by the “disc” neuron and both the “red” and “green” coding neurons. (b) In feature
integration theory, attention binds the information of basic-feature maps into a master map. (c) In temporal coding, the
presence of combined features is indicated, for example, by a synchronous firing of basic feature detectors. In the
figure, temporal patterns are indicated by the black strokes. In temporal coding, there is no explicit need for combined
feature detectors.

Discussion
One question is whether convergent coding can account for the recognition of entire visual scenes. It is
unlikely that for each novel object and scene a prewired
representation exists. For this reason, learning plays
an important role in recent approaches of convergent
coding. However, many novel objects and scenes can
be recognized without prior experience. Just think about
a red square with bird wings. It remains to be shown
whether convergent coding and learning are sufficient
to account for novel real-world scene recognition.
Feature Integration Theory
It is assumed that there are distinct maps coding
for basic features such as the different colors and
shapes (Fig. 1b). A red square elicits responses in
the “color” and the “shape” map in a retinotopic manner (▶Retinotopic organization), i.e., for each spatial
location of the visual field, there is a bundle of basic
feature detectors in each map. For example, at each
spatial position, there are neurons coding for each basic
color. A retinotopic master map determines to which
location attention is paid. At this attended location, the
various features in the different maps are integrated.
The superposition catastrophe is avoided since attention
focuses only on the features at one spatial position at
one point of time. No memory capacity problem occurs
since only basic, single features are coded and not
conjunctions of features such as a “red square.”

Evidence
Feature integration theory implies that binding errors
occur if attention is not deployed to a certain location.
Exactly this was found in illusory conjunctions [5].
For example, a red square might be perceived as
green when also a green disc is in the display but
less likely as a yellow square if no yellow element is
in the display. Hence, illusory conjunctions do not
result from “hallucinations.” Patients with deficits
in certain brain regions, related to attention, show
such illusory conjunctions also if attention is not
distracted. Moreover, it was shown that attention
could change the responses of neurons and possibly
the shape of their ▶receptive fields. A narrowing of
receptive fields may contribute to avoiding illusory
conjunctions.

Discussion
Although there is strong evidence for the involvement
of attention in many object recognition processes, it
is an open question whether attention is necessary
for the binding of features. For example, it may be
that illusory conjunctions do not result from a faulty
“perceptual” feature binding but are caused by a
faulty combination of features during the recall when
giving the response. Moreover, fast object recognition
can also occur if attention is deployed in dual-task
paradigms.
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Temporal Coding
To gain a higher flexibility of coding, it was proposed to
add the timing of neuronal responses as an independent
dimension to information processing (Fig. 1c). In this
theory, basic feature detectors analyze the visual scene
as described before [6,7]. The existence of a combination of features is indicated with a unique temporal
pattern. For example, if a red square is presented
“square neurons” fire in synchrony with “red neurons.”
If in addition, a green disc is contained in the scene,
“disc” and “green” neurons fire synchronously with
each other but in asynchrony with the “square” and
“red” neurons. If a red disc and a green square are
presented in the next scene, the same neurons will fire,
only the synchrony of firing changes. Hence, no
superposition catastrophe occurs. Temporal coding is
very flexible without a need for combined feature
detectors. If, for example, m types, such as shape and
color, have to be coded of which each compromises n
features, such as the particular colors, then, m × n
neurons are required for temporal coding. If each
conjunction of features has to be coded explicitly, nm
neurons are required.
Evidence
It could, indeed, be shown that two neurons fire
in synchrony if they code for features belonging to
the same object, but neural firing is out of synchrony
if the features belong to different objects. In psychophysical experiments, if elements are flickered with
the same frequency but with different phase, these
elements appear as distinct objects even though the
flicker itself is barely visible. Hence, it may be that
presenting visual elements with different phases
induces asynchronous firing rates. Amplitudes in the
electroencephalogram (EEG) (▶Electroencephalogram
(EEG)) arise when many neurons fire synchronously.

Changes in the recognition of objects usually change
the EEG.
Discussion
Athough there are no doubts about the existence of
temporal patterns in neural firing, it remains unclear
whether these patterns are causal for object recognition
and are not epiphenomenal. For technical reasons, there
are, up to date, almost no studies that investigated whether
changing the temporal pattern of neural responses
induces a change of binding states. Moreover, the
biological plausibility of synchrony coding was doubted
(e.g., [8]). Another question is how the synchronous
firing is detected in the brain. Are special neurons needed
that detect whether primary neurons fire in synchrony to
indicate the binding of certain features?
General Discussion
The binding problem is at the very heart of neuroscience
because it addresses questions about how neurons code
the stimuli of the external world, how these stimuli are
represented in the brain, and how neurons communicate
in general with each other. The binding problem
touches also the problem of consciousness since it is
about how distributed neural activity (a physiological
concept) gives rise to the unity of conscious experience
(a psychological concept).
A solution of the binding problem is, moreover, of
primary interest for the experimentation itself. For
example, if binding is mediated by temporal mechanisms data obtained by an averaging of neural responses
in a certain time window may overlook some important
aspects of neural coding and must be considered
inadequate.
An important distinction has to be made between
the mechanisms of binding and the representation
of combined features (see also [4,8]). In Fig. 2, single

Binding Problem. Figure 2 Perceptual grouping. (a, b) Dependent on the spatial layout of elements and following
so-called Gestalt rules, elements are bound into different entities. Changes in the spatial layout of the elements can
change perceptual grouping. For example, rotating the second and forth row from the top by 45° yields a clear
grouping of all elements into lines (b). (c) The picture contains the image of a Dalmatian dog. To perceive the dog,
some of the black dots have to be bound to the background whereas others to the Dalmatian dog.
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elements are displayed. Depending on their spatial
arrangement and so-called Gestalt laws, these elements
are grouped differently together. This perceptual
grouping can be regarded as evidence of binding of
features within the spatial domain. It is not different
from binding, for example, one color to one shape since
in both cases different neurons at different positions in
the brain are responding. In displays analogous to
Fig. 2, it was shown that neurons fire synchronously
when elements are grouped. Hence, a temporal pattern
of neural firing may represent whether or not two
features belong together. However, the temporal coding
hypothesis does not specify explicitly when two dots in
Fig. 2b belong to the Dalmatian dog and when not.
However, this seems to be the first important step to
solve the binding problem.
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Binocular Deprivation
B
Definition
A condition in which normal visual experience is
prevented for varying periods by a natural or artificial
condition.
▶Binocular Vision

Binocular Disparity
Definition
Each eye sees an object in space from a slightly
different view. The difference in images constitutes
binocular disparity, which is the necessary and
sufficient condition for stereopsis.
▶Binocular Vision

Binocular Fusion
Definition
Images from left and right eyes are physically and
perceptually fused so as to constitute a single percept.
▶Binocular Vision

Binocular Rivalry
A LEXANDER M AIER , DAVID A. L EOPOLD
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Synonyms
Definition

Interocular Rivalry; Dichoptic Rivalry

A condition in which images from left and right eyes
occupy identical positions on the two retinae.

Definition

▶Binocular Vision

In normal vision, the two eyes receive largely matching
views of the world from slightly different perspectives,
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and perception is stable. Yet under certain circumstances, which are typically exploited in the laboratory
by showing different images to each eye, the eyes may
face irresolvable conflict.
The term binocular rivalry (BR) is commonly used to
describe the perceptual phenomenon that occurs under
these conditions. During BR, the brain proves incapable
of arriving at a single, stable visual ▶percept for an
extended period of time. The percept is not a transparent
superposition of the dissimilar images as one might
expect. An observer rather experiences an unstable and
wavering series of perceptual snapshots, with one eye’s
view dominating for a few seconds before being replaced
by its rival from the other eye. With continued viewing
of such binocular conflict, one inevitably experiences a
sequence of subjective perceptual reversals, separated by

random time intervals, that proceeds as long as the
sensory conflict is present.
The study of the geometry of binocular vision dates
back to the classical world and it is very likely that
BR was already known to the ancient Greeks. From
the nineteenth century on, when Charles Wheatstone
introduced an apparatus to show different images to
each eye (the mirror stereoscope; see Fig. 1), to the
present day, the very essence of BR has been a topic of
debate, with modern neuroscientific theories of rivalry
ranging from concrete hypothetical neuronal models
to more abstract cognitive models.

Characteristics
While the experience during BR is often described as a
simple alternation process between the right- and left

Binocular Rivalry. Figure 1 Depiction of a common way how binocular rivalry is brought about in the laboratory. The
upper panel depicts a drawing by Sir Charles Wheatstone of his invention, the mirror stereoscope, accompanied by a
set of stimuli with the potential to instigate binocular rivalry. The lower panel schematically demonstrates the optical
geometry that allows to separately stimulate the two eyes. Note that a person using this setup would be unaware of
either the leftward or the rightward titled stimulus at any point in time.
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eye’s views (not unlike opening and closing each eye
successively), this is a considerable oversimplification
of what subjects observe under most rivalry conditions.
Particularly with larger stimuli, perception during BR
can proceed as a much more complex sequence of everchanging mosaics (so-called piecemeal percepts), each
consisting of an interleaved patchwork of the two eyes’
views. Several other features of rivalry further speak
against the assumption of a simple alternation process
between each eye’s view. First, the perceived structure
of this patchwork is influenced and sometimes even
determined by ▶Gestalt- or even semantically driven
grouping principles (such as to complete geometric
patterns or photographs that appear to be split between
the two eyes). Second, perceptual switches often entail
wave-like transitions between the left- and right- eye’s
view that may reflect the spatial spread of neuronal
activity in the ▶visual cortex. Third, competing rivalry
patterns which are very low in their ▶visual contrast
and poor in detail can sometimes be seen in superposition. Finally, very short presentations of conflicting
binocular stimuli are frequently perceived as stably
fused, suggesting that the conflict must be present for
several hundred milliseconds for the brain to lapse into
a bistable perceptual state.
Nonetheless, for a circumscribed conflict of a few
visual degrees or less, rivalry suppression is generally
“complete,” with the non-dominant pattern rendered
wholly invisible. At the same time, and somewhat
paradoxically, perceptual suppression is very superficial
when measured psychophysically. The threshold for
detecting test probes presented in the perceptually nondominant eye is only minimally elevated during this
period of time. In other words, even minimal changes
to the suppressed stimulus will instantly return this eye
to perceptual dominance. As information presented to
the perceptually suppressed eye is not completely lost,
neither is information about the unperceived stimulus,
which continues to impact the brain. In fact, careful
measurements show that the temporal dynamics of BR
alternation processes is largely determined by the
suppressed, rather than the dominant, stimulus. This
counterintuitive finding is in agreement with neurophysiological studies demonstrating that most neurons in the
▶primary visual cortex (V1) continue to respond to a
suppressed stimulus during BR. Perceptual suppression,
it appears, does not significantly affect the responses of
most neurons in this major area of the visual cortex.
As discussed below, however, neuroimaging results in
humans have reached a nearly opposite conclusion, and
this puzzle is presently a topic of active research.
Interocular rivalry can be considered, more generally, a
form of bistable perception, owing to the temporal
alternation between two mutually exclusive perceptual
solutions. While BR may seem unrelated to ambiguous
geometric patterns that give rise to two competing
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perceptual interpretations (e.g., the famous ▶Necker
cube and the ▶Rubin’s Face vs. Vase, Visual Illusions),
the shared temporal dynamics of their reversals are nearly
identical. In fact, virtually all bistable visual phenomena
share the same temporal dynamics, often characterized
as a memory-less process that results in a long-tailed
probability distribution of reversal times. In other words,
the perceptual alternations during BR are for the most part
completely unpredictable and spontaneous (although
some limited voluntary control can be achieved with
training).
Interestingly, it has been shown that the temporal
dynamics of BR and other bistable visual phenomena are
linked to several cognitive variables that seem to be
unrelated at first sight. Switching frequency can vary
by an order of magnitude between observers while
remaining consistent within an observer over multiple
testing sessions that are separated by weeks or even
months (the perceptual reversal rate does seem to decline
slowly with age). A large number of studies have
attempted to link IQ and personality type to alternation
rate with bistable figures and binocular rivalry, albeit with
limited success. Although observers can improve their
ability to control perceptual reversals with practice, it
seems impossible for normal observers to inhibit
reversals altogether. Neurostimulants, mood disorders,
and certain meditative states can all impact the rate of
reversal. Brain damage to the right frontal cortex has been
shown to slow the reversal rate down, and in some cases
even abolish perceptual switching. The connection
between the diverse variables affecting the temporal
dynamics, and processing of sensory stimuli, is by no
means clear, but the general influence of these variables
may hint at the possibility that perceptual alternation is
initiated outside the sensory domain. This hypothesis is
strongly supported by neuroimaging data showing
activation in the frontal and parietal cortex associated
with spontaneous perceptual reversals.
The vanishing of salient patterns in BR is closely
related to that in phenomena that do not require local
conflict between the two eyes, such as the inappropriately termed monocular rivalry and other illusions (i.e.,
“Motion induced Blindness,” “Generalized Flash
Suppression” and “Induced Perceptual Fading”). All
of these similarly involve complete perceptual suppression of an otherwise easily visible stimulus that is
shown to both eyes or against a blank background in the
other eye. While not yet fully understood, these
illusions seem to rely on other, more global types of
visual conflict and are generally limited to a very
specific set of stimuli.
It is the fact that BR is the only paradigm that permits
the suppression of virtually any visual pattern that has
made it the centerpiece for the study of perceptual
suppression. It is possible that this unique quality is
related to its relevance in natural vision, as binocular
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vision in a cluttered 3-D environment involves zones of
interocular discrepancy, including a vast zone outside of
so-called ▶Panum’s fusional area where there is no
interocular correspondence at all. Under these conditions, the brain is often forced to choose one eye’s view
while completely suppressing the other’s. However,
remarkably little is known about the role of BR in
natural vision, and this real-world account of the origins
of binocular rivalry remains speculative.
The neural mechanism underlying both the alternation
and maintenance of a perceptually dominant rivalry state
have been explored using functional imaging and
electroencephalography techniques in humans, as well
as single neuron and local field potential recordings in
laboratory animals and epileptic patients. The importance
of these studies lies in the fact that understanding BR
has direct implications for our understanding of how a
percept gets established and supported in the brain. The
only factor that is changing over time during rivalry is the
perceptual experience itself. Thus, any neuronal mechanisms that co-fluctuates with the changing visual impressions are likely to be linked to the perceptual level rather
than to sensory processing. It follows that by gaining
insight into the neuronal mechanisms of BR, we will also
learn about the brain processes underlying visual
perception in general. All studies unanimously agree
upon the fact that there are widespread activity changes
throughout the brain at the moment of a spontaneous
perceptual reversal. Disagreement exists, however,
between imaging and single-unit data on the role of the
earliest stages of cortical processing. In particular, it has
been shown that single neurons in the first stages of visual
processing such as the ▶lateral geniculate nucleus (LGN)
in the thalamus or the primary visual cortex (V1) show
none or minimal correspondence with the perceptual
state. This is at odds with several human neuroimaging
studies that have reported hemodynamic responses in the
LGN and V1, which are closely coupled to the visibility
of a pattern during rivalry. Recent data hints at a
resolution of this apparent conflict by demonstrating
electrical signal changes in V1 that are likely to be caused
by recurrent activity from other brain areas rather than
being generated by a local population of neurons. This
finding unifies theories about a limited role of V1 for
binocular rivalry with other studies that suggested its
involvement. Yet, much remains to be learned about the
distributed networks that give rise to the alternating
perceptions during binocular rivalry and vision in
general.
The phenomenon of BR has always attracted students
of diverse disciplines. It has been used as a tool to study
the human unconscious, to assess cognitive abnormalities, and to learn more about binocular vision and perception in general. Its complex temporal dynamics have
invited comparisons with earthquakes, stock prices and
mammalian sleep patterns. It has served as an unlikely but

important common ground for philosophers, biologists,
psychologists and physicists, who all seem captivated by
the implications for subjective experience. While a great
deal is known about BR, it is, perhaps surprisingly, the big
picture questions that are the most contentious. With
technical advances in neurophysiology and imaging,
passive-correlational approaches are slowly being complemented by causal manipulations (such as electrical or
pharmacological brain stimulation). Binocular rivalry has
been and continues to be a vital and fascinating paradigm
for the study of sensory processing and visual awareness
in the brain.
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Synonyms
Coordinated visual processing through both eyes,
coordinated dichoptic processing, neurophysiological
mechanisms, binocular correspondence, far and near
cells, position and phase disparity

Definition
Binocular vision is a process by which signals from
left and right eyes are combined to produce a fused
image of visual space. This is a necessary condition for
stereoscopic depth discrimination.

Characteristics
Overview
Evolution has created a variety of species with multiple
eyes. But two eye species predominate. In order to
achieve binocular vision, the visual fields of the two
eyes must overlap extensively. There is a wide range
of degrees of overlap. In general, animals such as
rabbits have widely spaced eyes with minimum overlap
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of left and right images. But their visual field range is
very wide permitting early detection of a predator. The
fusion of overlapping visual fields for animals with
frontally positioned eyes provides a basis for ▶stereopsis as illustrated in Fig. 1.
A subject views three vertical bars, two of which are in
adjacent positions at the same distance from the observer.
The third bar (red) is closer to the observer, as illustrated.
A top view of the object to image condition shows the
different image patterns on the ▶retina of each eye. Since
each eye has a slightly different view of the three vertical
bars, the image patterns on left and right eyes are
dissimilar. Specifically, the angle between the closer bar
(red) and the central distant one (blue) is larger for the
right compared to the left eye. This is depicted by the
images on the lower right in which linear distances are
represented by angular subtense. In this case, αR and αL,
are the angular distances between right and left eye
images of two of the three bars. This difference is called
retinal or ▶binocular disparity [1]. It is the necessary and
sufficient condition for stereoscopic vision, which has
been studied in a wide range of theoretical, behavioral,
and physiological investigations.

There are six objects in visual space, depicted as
squares numbered 1–6 in Fig. 2, which may be fused
in different combinations that represent the depth planes
illustrated by the dashed lines in the figure. However,
only one depth plane, the solid line, is correct. This plane
is defined when objects 1 and 4 (yellow) are fused by the
visual system. Other combinations, 2 and 5, and 3 and 6,
will also define the correct plane. But all other combinations will produce false target planes. A theoretical
consideration of this problem was put forward to account
for how this process may occur. It involves a trade-off
between disparity range and resolution. The theoretical
solution to the correct fusion problem is a four-step
process. First there is a match in image coarseness for left
and right eyes. Second, the coarse channels activate
▶vergence eye movements, which guide fine channels to
correspondent positions. Third, correspondence between
left and right eye images in then fixed. Fourth, a depth
map is then embedded in ▶memory, which assists the
fusion process. The entire process means that accurate
stereopsis is a coarse-to-fine process [2]. Recent
neurophysiological experiments provide data that are
consistent with this hypothesis [3].

Theoretical
The required condition for stereopsis, binocular disparity, is problematic because the process of fusion of left
and right eye images is not straight-forward. The reason
for this is that the visual system must eliminate false
targets in order to obtain the correct depth plane for
fusion. This problem is illustrated in Fig. 2.

Behavior
Stereoscopic vision is one of the finest facilities that
the eye or any sense organ exhibits. The resolution
of ▶stereoscopic acuity is extraordinarily high. An
example of this precise function is illustrated in Fig. 3,
which shows the dimensions involved in the simple act
of threading a needle.

Binocular Vision. Figure 1 Viewing condition for binocular disparity. A person views three vertical posts, two of
which (blue) are in a single distance plane and the third (red) is closer to the viewer. Geometrical relationships from a
top view are illustrated which shows the angular subtense for left and right eyes (αR and αL) of the differences in
images for the three vertical posts. The same angular distance differences are shown in vertical depictions of the
images of the posts.
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That process is depicted on the left of the figure. On
the right side, the approximate dimensions are given.
A working distance from the head of the needle to the
eye is around 50 cm. The opening in the needle into
which the thread fits may be as small as 0.2 mm.
A standard distance between the two eyes is 6.5 cm.
For these dimensions, the angular subtense of the
opening of the needle head is 10 s of arc. This is an
exceedingly small space but the standard human
visual system is able to detect it successfully to enable
threading of a needle.
Neural System
A great deal of data have been collected on various
behavioral aspects of binocular visual performance [4].

Binocular Vision. Figure 2 Illustration of the
▶binocular correspondence problem. Five depth planes
are illustrated for binocular viewing. The correct plane is
represented by a solid line and the dashed lines depict
incorrect depth planes. The numbered squares (1–6),
are points in object space for which different
combinations yield different depth planes. In this case,
the correct combination is squares 1 and 4.

The neural basis of that performance has also been
investigated. The original study was conducted in the
cat’s visual cortex where it was determined that there
were neurons apparently tuned specifically to different
distances in visual space [5]. Later, awake behaving
monkeys were trained to respond to specific distances.
Simultaneously, neurons were studied in the ▶primary
visual cortex (striate cortex, area V1) in order to
ascertain their response properties while monkeys
viewed different distance planes [6]. The experimental
arrangement is illustrated in Fig. 4.
A fixation point is viewed via a beam splitter such
that it is superimposed on a stimulus display. The
position of the receptive field (▶Visual cortical
receptive fields) for the cell under study, that is the
territory within which a neuron is responsive to visual
stimuli, is also shown on the display. The resulting
populations of neurons studied provided categories of
response properties as shown in Fig. 5.
Four categories are shown. On the left side of the
figure are two types of responses, tuned excitatory and
tuned inhibitory. These cell types are excited or inhibited
by a narrow range of stimuli at the fixation plane. The
other two types, on the right, are excited by visual stimuli
further or closer, respectively, than the fixation plane. For
the opposite distance, these cells are suppressed. These
are termed “far” and “near” cells, which correspond to
uncrossed and crossed disparities, respectively. In the
original study, these cell types were considered to be
comprehensive [6]. In subsequent work, additional
categories were added [7]. These are based on the notion
of a discrete set of cell types rather than a continuum,
which may be more appropriate. In any case, the original
categorization was based on the idea that binocular
disparity is encoded by relative position differences
between right and left eye receptive fields.

Binocular Vision. Figure 3 Dimensions involved in the threading of a needle. A typical viewing distance of 50 cm
is used to illustrate this fine sensory task. A needle opening of 0.2 mm for an interocular distance of 65 mm
corresponds to an angular distance of 10 arc s. This is much finer than a standard visual resolution task.
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An alternative idea is that receptive field position
between the two eyes is constant but the shape of
one receptive field is different than that of the other [8].
The difference in these two schemes is depicted in
Figs. 6 and 7.
In Fig. 6, both eyes observe a target at the center of
the plane of fixation. The images are represented by

Binocular Vision. Figure 4 A behaving monkey
responds to targets at different depth planes. The
monkey fixates a target and visual stimuli are presented
at different depths. As the monkey performs
behaviorally, neurons in visual cortex are recorded.
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Gabor functions, white and yellow for left and right
eyes, respectively. Planes closer and further than the
fixation distance have conjugate images represented by
blue and red Gabor functions, respectively. In this case
all images are depicted by identical Gabor functions.
Differences in binocular disparity occur via shifts in
positions of these functions. The alternative idea is
represented in Fig. 7.
As in the previous case, distance planes are depicted
which represent near, far, and fixation plane conditions.
However, in this case, the positions of the receptive
fields are superimposed for the three conditions.
The internal shapes of the receptive fields, however,
change which can be specified as a relative difference
of phase in the Gabor functions. In this manner, the near
and far distance planes may be encoded, as illustrated in
the figure, not by position but by internal receptive
field structural differences between the two eyes.
There are thus two basic mechanisms for encoding
binocular disparity to enable depth processing. To
determine the relative roles of these two mechanisms, it
is necessary to study them both in a single investigation.
This has been done by mapping left and right eye
receptive fields in the primary visual cortex in order to
estimate disparities by both position and phase encoding. The general finding is that position disparities
are limited to small values so that large disparities are not

Binocular Vision. Figure 5 Categories of tuning curves are depicted for neurons in the primary visual cortex.
The two examples on the left are for cells that respond only when the visual target is at the plane of fixation.
The cells are excited (upper) or suppressed (lower). Examples on the right respond to visual targets further away
or closer than the fixation plane (upper and lower examples, respectively). These conditions represent uncrossed
and crossed binocular disparities in upper and lower panels, respectively.
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Binocular Vision. Figure 6 Position binocular disparity. For this situation, receptive fields are represented by
Gabor functions. Differences in far and near positions relative to the fixation plane are depicted by changes in the
positions of the Gabor functions relative to that for the fixation plane. So, far (red) and near (blue) are shifted to
the left and right, respectively.

Binocular Vision. Figure 7 Phase binocular disparity. This is the same situation as that of Fig. 6 only the Gabor
functions have different phase values. The one for the fixation plane remains as before with a phase angle of 0°
(yellow). Far and near functions have phase angles near 90° (red) and 270° (blue). The Gaussian envelope for
these conditions is centered at 0° (dashed curve).

encoded. On the other hand, phase disparities cover a
wide range of disparities. In addition, phase disparities
depend on orientation and spatial frequency of visual
stimuli in ways that are consistent with a binocular
encoding mechanism [8]. This work shows that binocular
disparity is encoded mainly via a phase disparity
mechanism. But position disparity may be important for

neurons with high spatial frequency selectivity. These
cells are constrained to small phase disparities.
The evidence that phase encoding plays a prominent
role in the binocular apparatus forms the basis of a
disparity processing system. In this model, stereoscopic
depth information is encoded and transmitted according
to a hierarchical series of transformations whereby

Biofeedback of Autonomic Function

information from both eyes is combined in the visual
cortex. In this process, the first stage of transmission
from early visual pathways is to a specific neuron
type, the simple cell. Depth information at this stage
is encoded by a process based on differences in
internal receptive field structure between the two
eyes as noted above. The next stage involves
transmission to second-order neurons, complex cells,
which determine depth information independent
of variations in the positions of visual objects
(Visual cortical receptive fields). The ideas associated with this process are considered in previous
reviews [9,10].

399

Biochronometry
B
Definition
Biochronometry is the scientific study of time measurement in living organisms. Biochronometry was the title
of a textbook edited by Michael Menaker (1971),
indicating the discipline which is now established under
the name of “chronobiology” and which studies
temporal organization, characterized by biological
rhythms and clock systems.
▶Circannual Rhythms
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Binocular Visual Field
Definition
The region of visible space seen by both eyes.
▶Binocular Vision
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Definition
Biofeedback refers to both scientific and clinical
procedures. In the former context, biofeedback is synonymous with ▶operant conditioning. When used in a
clinical context, biofeedback is often used broadly to
describe a wide range of psychological and physiological
methodologies and interventions. In this essay the term
will be limited to its scientific usage.

Characteristics
Historical Background
There has been almost 2000 years of research, theory
and speculation about the organization and regulation
of the autonomic nervous system. Of particular relevance to this essay are the notions about the extent to
which individuals are conscious of their autonomically
mediated responses, and the extent to which those
responses are subject to voluntary control. The nature
of the sympathetic ganglia intrigued investigators for
hundreds of years. At one time it was believed that the
ganglia were independent of the central nervous
system; however, as it became clearer that the ganglia
were connected to the spinal cord, ideas about its
functional role changed [1]. For example, in the
seventeenth century, Willis introduced the concepts of
voluntary and involuntary movement, and proposed
that visceral sensations were typically unconscious;
however, they could become conscious if they were
strong enough. In the eighteenh century, Johnstone
proposed that the ganglia intercepted and prevented
determinations of the will from reaching various
organs. And in the nineteenth century Bichat introduced
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the notions of organic and animal life, concepts, which
exist today in the distinctions between visceral and
somatic functions, respectively. By the end of the
nineteenth and beginning of the twentieth centuries,
autonomic function became linked to emotional behaviors through the theories of James, Lange and Cannon.
Pavlov and his colleagues introduced the question of
behavioral control of autonomic function and showed
unequivocal evidence that autonomically mediated
responses could be elicited as part of a learned pattern
of behavior. In addition, it should also be noted here that
among various Eastern religious traditions, (for example, Transcendental Meditation) it has been reported
that many practitioners are able to demonstrate
considerable skill at controlling viscero-motor behaviors. None of these studies directly address the
question of whether visceral responses can be emitted
voluntarily, or whether these responses are concomitants of somato-motor behavior. That question is at the
heart of biofeedback of autonomic responses and will
be addressed in the next section.
Basic Research
The most robust studies of autonomic biofeedback
have used animal models. In the natural environment,
many mammalian species have been observed to
mark their territories with their urine: a behavior pattern
that certainly meets the criterion of learned, emitted
behavior. In formal, laboratory studies non-human primates have been trained to emit blood pressure or cardiac
responses to avoid electric shock [1]. Monkeys have been
trained to decrease and increase their heart rates reliably,
and to maintain this control over 15 min or more. In
these experiments, the contingencies were signaled by
different colored lights; however, the feedback and
▶reinforcement was identical in both conditions.
Several studies have been carried out to show that
animals that were trained to modify their heart rates
could do so, even in the face of a stimulus that would
elicit an opposite cardiac response. In one such study,
animals that were trained to lower and raise their
heart rates to avoid tail shock were challenged by infusions of nitroglycerin or phenylephrine, which elicited
conflicting, baroreceptor-induced changes in heart
rate. These trained animals consistently attenuated
the elicited baroreflex (that is, the slope of the line
measuring the change in heart rate per unit change in
systolic pressure) [2]. In another study, it was shown
that animals that were operantly conditioned to slow
their heart rates could inhibit the tachycardia elicited
by electrical stimulation in the hypothalamus [3].
It has also been shown that the cardiac response to
exercise can be emitted independently of any reflexes.
It has been shown that dogs, which are classically
conditioned (▶Classical conditioning) to exercise by
walking on a treadmill, will increase leg blood flow in

response to the conditional stimulus – that is, prior to
the onset of the exercise, itself. Furthermore, if the
animals are trained to discriminate between two
conditional signals, one indicating a higher level of
exercise than the other does, the animal will emit a
greater blood flow response during the foreperiod of the
higher-level cue [4]. This study showed that the
anticipatory responses to exercise (both somato-motor
and cardiovascular) could be conditioned. Biofeedback
studies have extended that finding to show that operant
training can modulate the regulation of the cardiovascular responses to exercise. Monkeys were operantly
conditioned to exercise (lift weights) to avoid a tail
shock. They were then operantly conditioned to slow
their heart rate to avoid the identical shock. The two
behavioral contingencies were signaled by different sets
of cues. When the animals were performing the two
behaviors reliably, they were taught to perform both
tasks at the same time. Thus, the animals had to lift
weights to avoid tail shock, and they had to attenuate the
tachycardia of exercise to avoid tail shock. All
performed highly reliably. In fact, some of the animals
were able to attenuate the tachycardia of exercise, even
while lifting the weights, more often than during control
sessions when they were required to lift weights without
the cardiac contingency [5]. In order to identify the
autonomic mechanisms underlying this skill, these
studies were repeated with three of the animals at times
when they were receiving any of three autonomically
active drugs: (i) atenolol, which is a cardiac-specific
β-blocker; (ii) atenolol and prazosin, the latter being an
α-adrenergic blocker; or (iii) methyl-atropine, which
is a vagal blocker that does not cross the blood-brain
barrier. Thus, these drugs completely blocked one or
another efferent limb of the autonomic nervous system.
None of the drugs interfered with performance. No
matter which drug the animals received, they were able
to attenuate the tachycardia of exercise consistently and
reliably [6]. These exercise studies also address a poorly
defined concept that has existed in the exercise physiology literature for many years: the notion that some aspects
of exercise behavior are under “central command.” In an
experiment combining the exercise training procedure
just described, animals were trained to exercise while
their brains were electrically stimulated. A detailed
analysis of the brain stimulation studies identified some
areas that probably mediated central command [7].
Much of the work in biofeedback has been directed at
clinical endpoints. Thus, it should not be surprising that
many of the studies have been carried out with normal
human subjects or patients. This review will be limited
to clinical studies in which biofeedback met the operant
conditioning criterion; a more complete review can be
found in [1].
Bleecker and Engel [8] studied a group of patients
with atrial fibrillation. In these patients the normal
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cardiac rate control mechanism – modulation of the
depolarization of the atrial pacemaker – is absent. Thus,
the ability of these patients to regulate their ventricular
rates must have been expressed either at the level of
the atrio-ventricular node, or at the ventricle itself.
They also reported success in training a patient with
Wolff-Parkinson-White syndrome, a cardiac dysfunction characterized by accessory conduction pathways
that bypass the atrio-ventricular node and often by
uncontrollable tachyarrhythmia. The patient learned to
produce normally and aberrantly conducted heart
beats both in the laboratory, and subsequently in the
clinic [9]. Burgio, Whitehead and Engel [10] trained
patients with so-called, uninhibited urinary bladder
contractions, to inhibit these contractions. Since the
urinary bladder has only autonomic innervation, the
ability to emit these responses could only occur through
direct autonomic action.
Commentary
From a scientific perspective, the findings from these
studies of autonomic biofeedback are important because
they underscore the integrative function of the nervous
system. The autonomic nervous system certainly has
unique features; however, it is not isolated from the
overall regulatory conditions explicit in neural control
systems. The fact that autonomically mediated responses
can be brought under voluntary control through appropriate training conditions, is a strong testament to the
role of the nervous system in enabling organisms to
adapt to their environment. The clinical significance of
such control – for example, in the control of the urinary
bladder – is a demonstration of such adaptability. The
findings also highlight an important distinction between
anatomic and functional properties of the nervous system.
While classification based on structure is rational, one
must be careful not to equate structure with function.
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Synonyms
Computational biology; Systems biology; Biological
databasing; in silico biological analysis; Biological information processing

Definition
Bioinformatics refers to the computational analysis of
complex biological datasets. Bioinformatics is a broad
term, covering the analysis of DNA, RNA (cDNA)
and protein sequences, the management of data from
microarray (▶microarrays) and proteomics experiments, structural biology, imaging techniques, protein
binding studies and large scale mutagenesis screens, to
name but a few. Given the vast amounts of biological
data now stored in databases worldwide, the computational analysis of new data is now just as important as its
generation at the bench.

Characteristics
Bioinformatics is an essential part of the biological
revolution of the last few decades. The development of
high throughput methods for DNA and protein
sequencing, followed by the completion of various
genome projects, and, latterly, functional genomics and
proteomics, has meant that we have been literally
swamped with information. Development of sophisticated bioinformatic tools has allowed us to manage
these data [1,2].
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Sequence Analysis
DNA sequencing was first developed using chemical
methods by Maxam and Gilbert in 1973. However, the
use of dideoxynucleotide chain terminators by Fred
Sanger and colleagues allowed faster and simpler
generation of sequence data; this is the method largely
used, with modifications, today. Initial generation of
DNA sequence proceeded slowly, but technological
improvements in both the core method and in protocols
for template preparation (cloning segments of foreign
DNA into microorganisms and the development of the
polymerase chain reaction (PCR) in particular) meant
that DNA sequence data soon started to accumulate at a
logarithmic rate. For example, GenBank, the repository
for sequence data, started life in 1962 with 606
sequences (680,338bp). The same database contained
over 52 million sequences, representing over 56 billion
base pairs of DNA, by the end of 2005 (http://www.
ncbi.nlm.nih.gov/Genbank/genbankstats.html). Numerous genome sequences have been compiled in the last
few years; most notably, with respect to study of the
nervous system, the eukaryotic genomes of the yeast
(Saccharomyces cerevisiae), the worm (Caenorhabditis
elegans), the fruit fly (Drosophila melanogaster), the
mouse (Mus musculus), the rat (Rattus norvegicus), the
chicken (Gallus gallus) and humans (Homo sapiens)
are now complete. In addition to genomic sequence
data, protein sequences, both determined directly and
inferred from nucleic acid sequence, and RNA derived
cDNA sequences are also stored in various databases
such as GenBank, EMBL DDBJ, SWISSPROT and
RefSeq ([2], Table 1).
Collation of genome sequence with sequence from
▶ESTs, genes, sequence repeats and other features has
allowed the annotation of genomes, which can be
examined using genome browsers such as Ensembl or
UCSC. Sequence analysis tools (e.g. ▶BLAST), can be
used for identifying similarities between different DNA
and protein sequences. Evolutionary sequence comparisons can be carried out using ClustalW, Phylip,
MultAlign and others, which identify highly conserved
regions or domains within a gene or protein family, and
can be used to build evolutionary trees, which assess the
relationships between groups of species (see Table 1 for
further bioinformatic resources). Such studies can help
when forming hypotheses with regard to the function of
unknown proteins.
Gene Expression and Function
Curating, compiling, annotating and comparing sequence data is a challenge that is being met, thanks to
improvements in computing power, the growth of the
Internet and the development of genome databases and
browsers ([1,2], see Table 1). However, we are left with
the difficulty of interpreting function; even years after
the completion of the first human draft genome sequence,

many of the genes are still completely functionally
uncharacterized. Expressed regions can be identified via
comparisons between ESTs and the genome sequence. In
this regard, large scale EST sequencing projects have
been invaluable, as, owing to the presence of introns, the
identification of coding sequences in eukaryotes is no
simple matter [3–5]. Alignment of ESTs with the genome
sequence has allowed us to identify the intron–exon
structure and expression profiles of many previously
uncharacterized genes; this information is available using
the genome browsers. Furthermore, many large EST
libraries derived from most tissue and organs have been
sequenced and databased in recent years (UniGene,
Riken, NIA, Table 1), allowing not only the annotation of
expressed regions of the genome, but also the compiling
of estimated full length gene sequence via so-called
contigs built from contiguous ESTs. UniGene can be used
to provide estimates of gene expression patterns, based on
the tissue(s) of origin of ESTs from the same gene.
Non-coding regions can be important as well, however, as they contain regions which control gene expression, such as imprinting control centers, enhancers
and promoters. Various computational tools, such as
GRAIL and FGENES, are available that can be used
to query sequences for likely exons, splice sites, promoters, polyA sites, CpG islands and other sequences
of interest (Table 1); again, comparisons between
conserved, homologous sequences derived from closely
related species can be extremely useful.
Microarrays, Large Scale Expression Studies
The development of microarray technology has allowed
the large scale generation of expression data on an
unprecedented scale. Microarrays were initially developed using chips upon which EST derived cDNA
fragments were printed; however, the oligonucleotide
arrays developed by Affymetrix (Santa Clara, CA,
USA) have been just as widely used. Both can bind to
labeled cDNA derived from cells or tissues of interest;
the expression profiles of the genes on the array can thus
be determined. The analysis of array data, however, is
computationally intensive. Images scanned from array
experiments are first processed using an image analysis
programme that converts spot intensities into numerical
values and calculates background (e.g., Spot, ImaGene).
These raw data are then statistically analyzed; at this
stage, differentially regulated genes can be identified.
Finally, clustering analysis can be used to identify genes
with similar expression profiles. Numerous packages are
available for this purpose; lists are given on sites such
as MicroArray World or Statsci.org (see Table 1). Since
the introduction of MIAME standards (MGED site [6]),
which aim to provide the minimum information about a
microarray experiment in order to reproduce it fully,
published data are also usually databased and publicly
accessible. Results from large expression studies are
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Name

Online Bioinformatics Resources
Website

Sequence analysis tools and databases
UCSC Genome
http://genome.ucsc.edu/
Browser
Ensembl
http://www.ensembl.org/
NCBI
http://www.ncbi.nlm.nih.gov/

EBI
GenBank

http://www.ebi.ac.uk/
http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=nucleotide&cmd=
search&term=

BLAST

http://www.ncbi.nlm.nih.gov/BLAST/

Molbiol-tools

http://molbiol-tools.ca/

Clc Bio

http://www.clcbio.com/index.php?
id=502
Just Bio
http://www.justbio.com/tools.php
SoftBerry
http://www.softberry.com/berry.phtml
Scientific resources at http://www.nih.gov/science/
the NIH
NIA EST search
http://lgsun.grc.nia.nih.gov/cgi-bin/
pro1
UniGene
http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=unigene
GrailEXP
http://compbio.ornl.gov/grailexp/

Genscan
EST resources
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http://genes.mit.edu/GENSCAN.html
http://genome.gsc.riken.go.jp/

COG
http://www.ncbi.nlm.nih.gov/COG/
Microarray and SAGE resources
Microarray World
http://www.microarrayworld.com/
Omics World
http://www.omicsworld.com/
ArrayExpress
http://www.ebi.ac.uk/
Databases/microarray.html
GEO
http://www.ncbi.nlm.nih.gov/geo/

Purpose
Genome browser
Genome browser
Comprehensive collection of interlinked databases and
bioinformatic tools, including the scientific literature
database PubMed
European Bioinformatics Institute
Archive of publicly available nucleotide and amino acid
sequences, compiled from GenBank, DDBJ (DNA
databank of Japan) and EMBL (European molecular
biology laboratory)
Online tool for aligning nucleotide or amino acid
sequences
Collection of useful online bioinformatic tools, including
programs such as ClustalW for sequence alignment
Collection of online bioinformatic tools
Collection of online bioinformatic tools
Collection of online bioinformatic tools
Databases, training opportunities and bioinformatics
tools available through the NIH
Search tool for NIA ESTs
ESTs compiled with regard to the identity of the gene to
which they map
Predicts exons, genes, promoters, polyas, CpG islands,
EST similarities, and repetitive elements within DNA
sequence
Predicts coding sequence within up to 1MB of sequence
The Riken institute has been a key player in large scale
EST sequencing projects, especially in generating full
length clones
ortholougous genes
A collection of array resources
High throughput expression analysis tools
MIAME compliant public array data repository
Gene expression omnibus, searchable MIAME compliant repository for microarray data, includes SAGE
libraries
Microarray gene expression data society, emphasis on
standards and data sharing
Collated microarray literature

MGED

http://www.mged.org/

Bibliography on microarray data analysis
Statsci.org
Affymetrix
Stanford Microarray
database
SAGE

http://www.nslij-genetics.
org/microarray/
http://www.statsci.org/micrarra/
http://www.affymetrix.com/index.affx
genome-www5.stanford.edu/

Array analysis resources
A-Z of Affymetrix arrays
Array database

http://www.sagenet.org/

Sage resources

B

404

Bioinformatics

Bioinformatics. Table 1
Name
DAVID
GO
Protein analysis tools
SMART
Cath

Online Bioinformatics Resources (Continued)
Website

http://david.abcc.ncifcrf.gov/
http://www.geneontology.org

http://smart.embl-heidelberg.de
http://www.biochem.ucl.ac.uk/bsm/
cath_new/
Scop
http://scop.mrc-lmb.cam.ac.uk/scop/
BLOCKS
http://www.blocks.fhcrc.org/
PRINTS
http://www.bioinf.man.ac.
uk/dbbrowser/PRINTS/
TIGRFAMs
http://www.tigr.org/TIGRFAMs
Pfam
http://pfam.wustl.edu
PredictProtein
http://www.predictprotein.org/
Psipred
http://bioinf.cs.ucl.ac.uk/psipred/
Expasy
http://expasy.org/tools/
TMHMM
http://www.cbs.dtu.dk/services/
TMHMM-2.0
Multalin
http://bioinfo.genopole-toulouse.prd.fr/
multalin/multalin.html
PDB
http://www.rcsb.org/pdb/home/home.
do
Owl
http://www.bioinf.manchester.ac.uk/
dbbrowser/OWL/
BIMAS
http://www-bimas.cit.nih.gov/molbio/
hla_bind/
NetOGlyc
http://www.cbs.dtu.dk/
services/NetOGlyc/
NetPhos
http://www.cbs.dtu.dk/
services/NetPhos/
Human proteome or- http://www.hupo.org/resources/
ganization
related/tools.asp
Human and animal model mapping and mutation resources
OMIM: Online
http://www.ncbi.nlm.nih.gov/entrez/
Mendelian
query.fcgi?CMD=search&DB=omim
Inheritance in Man
Jackson laboratories http://www.jax.org/
Charles River
http://www.criver.com/
OMIA: Online
http://www.ncbi.nlm.nih.gov/entrez/
Mendelian
query.fcgi?db=omia&cmd=search&
Inheritance in
term=
Animals
SGD
http://www.yeastgenome.org
WormBase
http://www.wormbase.org
FlyBase
http://flybase.bio.indiana.edu
Genome Web, human http://www.cbi.pku.edu.cn/mirror/
mutation databases
GenomeWeb/human-gen-dbmutation.html
Entrez SNP
http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?CMD=search&DB=snp
MGI: Mouse genome http://www.informatics.jax.org/
informatics

Purpose
Web resource for the annotation of microarray genes
Gene ontology database
Protein function
Protein 3D folding
Protein 3D folding
Protein function
Protein function
Protein function
Protein function
Protein structure prediction
Protein structure prediction
Proteomics tools
Predicts transmembrane helices
Protein alignments
Protein tools
Composite protein sequence database
Protein binding predictions
Glycosylation predictor
Phosphorylation predictor
Collection of protein analysis tools

Database of human inherited disorders, map locations of
disorders (where known), causative genes (where
known)
Comprehensive mouse resources, mouse suppliers
Laboratory animal supplies
Database of animal mutants and phenotypes, in animals
other than human and mouse

Saccharomyces genome database
C. elegans genome database
Drosophila genome database
List of disease causing mutation databases (some
disease or organ specific)
Single nucleotide polymorphism database
Provides information on mouse mutants and genetics,
genomics and biology of the laboratory mouse
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Online Bioinformatics Resources (Continued)

Name

Website

HGMD

http://www.hgmd.cf.ac.uk/ac/index.
php
http://www.cephb.fr/
http://www.broad.mit.edu/cgi-bin/
contig/phys_map/
http://www.ncbi.nlm.nih.gov/mapview/
http://www.neuromice.org
http://rgd.mcw.edu/
http://www.mouse-genome.bcm.tmc.
edu/ENU/ENUhome.asp

Human gene mutation database

http://www.cmhd.ca/

Models created by gene trapping and ENU mutagenesis

http://www.mgu.har.mrc.ac.uk/
facilities/mutagenesis/mutabase/

MRC ENU mutagenesis webpage

CEPH
STS based human
genome map
MapViewer
Neuromice
RGD
Mouse mutagenesis
for developmental
defects
Center for modeling
human disease
MRC-Harwell
mutagenesis
database
Munich ENU
mutagenesis project
Cre-X mice
IGTC
SIGTR
MICER
German gene trap
consortium
Soriano lab
PhenoGo

Tennessee mouse
genome consortium
NIH neurogenomics
NIFTI
LONI
BIRN
BrainInfo
BrainWeb

Purpose

Human genotype and mapping data
Searchable microsatellite map of the human genome
Maps of various genomes
Developing mouse mutants for neuroscience research
Rat genome database
Developing mouse mutants for developmental research

http://www.gsf.de/ieg/groups/genome/ Munich ENU mutagenesis website
enu.html
http://nagy.mshri.on.ca/cre/
Database of Cre transgenic mice
http://www.genetrap.org/
International gene trap consortium: access to gene-trap
ES cell lines
http://www.sanger.ac.uk/
Sanger institute gene trap resource
PostGenomics/genetrap/
http://www.sanger.ac.uk/
Publicly available targeting vectors for ES cell
PostGenomics/mousegenomics/
mutagenesis
http://tikus.gsf.de/
German gene trap resource
http://www.fhcrc.org/science/labs/
soriano/trap.html
http://phenos.bsd.uchicago.edu/
mphenogo/query.jsp
http://www.tnmouse.org/

Gene trap resource
Provides a multi-organism phenotype searchable
database that relates to GO gene ontology
classifications
Mouse genome resource

http://www.genome.northwestern.edu/ Northwestern university neurogenomics initiative
neuro/
http://www.bic.mni.mcgill.ca/nifti/
Neuroimaging informatics technology initiative: brain
imaging
http://www.loni.ucla.edu/ICBM/
International consortium for brain mapping
http://www.nbirn.net/downloads/
Biomedical informatics research network: imaging
human_imaging_gui/index.shtm
informatics tools
http://braininfo.rprc.washington.edu/
Identification of brain structures
http://www.bic.mni.mcgill.ca/brainweb/ Simulated brain database

Interaction databases
BIND
http://bond.unleashedinformatics.
com/Action?
DIP
http://dip.doe-mbi.ucla.edu/
KEGG
http://www.genome.ad.jp/kegg/
BioCyc
http://www.biocyc.org/

Protein binding and interactions
Database of interacting proteins
Molecular interactions, reactions and relations
Genome and pathway databases
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Name

Online Bioinformatics Resources (Continued)
Website

The binding database http://www.bindingdb.org/bind/index.
jsp
Dpinteract
http://arep.med.harvard.
edu/dpinteract/
PPID
http://www.anc.ed.ac.uk/mscs/PPID/
MIPS
http://mips.gsf.de/proj/ppi/
HPID
http://wilab.inha.ac.kr/hpid/

often made available online in a searchable manner
(GEO and ArrayExpress, Table 1). Further methods
used to assess gene expression profiles include large
scale cDNA sequencing (see above) and serial analysis
of gene expression (SAGE), which combines DNA
based molecular tagging, cloning and sequencing to
assess gene expression profiles (SageNet [7], Table 1).
Protein Expression and Structure
RNA expression patterns, while easier to assay, do not
always tally with final protein expression levels; for
example, the control of gene expression, in many cases,
is at the level of translation. Therefore, it is often useful
to be able to assay large scale changes in protein
expression levels, as well as those for RNA. Therefore,
advances have been made, in both antibody based
protein arrays and in imaging and analyzing 2D gels.
Furthermore, the determination of protein crystal
structures has become more high-throughput; as more
structures become available, the structures of related
proteins can be estimated computationally. Comparisons of protein secondary and tertiary structure can
give valuable information with regard to likely
subcellular localizations and possible functions. A
large number of online tools are now available for the
study of protein structure and prediction of possible
function (Table 1).
Mutant and Phenotype Databases
However, expression levels, while interesting, are often
entirely uninformative with regard to gene function.
The most useful indicators of gene function have
undoubtedly been genetic mutants. Naturally occurring,
often disease causing mutations have been documented
for generations; however, the technology with which to
map them on a large scale became widely available in
the 1980s, initially using polymorphic markers,
▶RFLPs, assayed by Southern blot. These were
replaced by more informative ▶microsatellite markers,
assayed by PCR, in the early 1990s. Linkage analysis
was then used to correlate the transmission of the
mutant allele with mapped polymorphic markers.
Inheritance of the mutant phenotype with a mapped
polymorphic allele could be given a statistical score, or

Purpose
Affinities for biomolecules
Protein-DNA binding
Protein–protein interaction database
Mammalian protein–protein interaction database
Human protein interaction database

LOD score. A LOD of greater than 3 is considered
statistically significant evidence of linkage. Multiple
microsatellite markers in a given region can be
assessed, and haplotypes generated, in order to more
accurately pinpoint the location of the disease gene.
Generation of a dense “marker map” of the human
genome, the Genethon Map (CEPH site, Table 1)
preceded the actual genome sequence and allowed the
mapping and subsequent identification of thousands of
genes that, when mutated, cause disease in humans. The
Online Mendelian Inheritance in Man (OMIM) database maintains records of human phenotypes, and,
where known, the location and/or identity of disease
genes. Similar databases are maintained for animal
models (OMIA, MGI, SGD, FlyBase, WormBase).
Searchable linkage marker maps for the more widely
used model organisms are also available (Table 1).
The functional study of human mutations can be taken
further in animal models. The development of ▶gene
targeting has been invaluable in often confirming that
mutation of a given gene results in the expected
phenotype, and in modeling the mechanisms by which
a mutation causes disease. The development of ▶conditional mutagenesis has refined this process further,
allowing genes to be turned on or off in specific tissues
or at specific times in development. ▶ENU mutagenesis
is a method of introducing point mutations into the
genome in a high throughput manner and has been used
widely [8]. Plans to mutate every gene in the mouse
genome, both by targeting and ENU, are underway and
are being databased accordingly (Table 1). Similarly,
phenotype databases, catalogues of available mutant
mice, mutated ES cells, targeting vectors and phenotypes
are now available online (Table 1, [9]). Single nucleotide
▶polymorphisms (▶SNPs) are being catalogued in order
to determine the relationships between common genetic
variants, predispositions to common disorders and differing responses to therapeutic pharmaceuticals. Advances
in imaging have also taken place. An increasing number
of databases and bioinformatic resources are becoming
available with regard to virtual maps of the brain and
nervous system. However, compiling these data in a
searchable format is still an enormous challenge ([10],
Table 1).

Biological Information Processing

The Interactome and Systems Biology
The wealth of pre-existing data with respect to proteinprotein and protein-nucleic acid interactions and other
functional data are being collated to unravel metabolic
pathways. Databases such as BIND and DIP are collating
information from previously published work and building searchable databases that catalogue how a given gene
fits into previously established metabolic or signaling
pathways ([2], 2003, Table 1). Data from individual gene
studies and from large scale studies such as those
involving yeast 2 hybrid screens are collated with a view
to building models of the interactomes of various cell
types. ▶Systems biology approaches can then be used to
collate the data from individual functional experiments,
genomics, proteomics, phenomics etc. and build mathematical models that can mimic the behavior of cellular
biochemical networks. Integration of information and
training of models should allow predictions of treatment
outcome and drug associated toxicity, which would be of
great value to medicine [7].
Overview
Advances in biology have led us, in 50 years, from
the discovery of the structure of our genetic material,
to the complete decoding of our genome and beyond.
The major challenge is to interpret the structures
and functions of the genes encoded in the genome.
Fortunately, developments in information technology
have led to rapid advances in bioinformatics, allowing
the amateur bioinformatician easy access to a wide
variety of research tools online (Table 1). Bioinformatic
and systems biology approaches to analysis of currently
available data will be essential to further progress,
given the increasing complexity of the knowledge base.
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Biological Clocks
Definition
Basis for periodic behavior under stationary environmental conditions. A genetic basis of biological clocks
was discovered in the first halve of the twentieth
century. Currently the molecular bases are studied. The
most important clocks have periods of about a day
(circadian), a lunar cycle (circalunar) or a year
(circannual).

Biological Databasing
▶Bioinformatics

Biological Information Processing
▶Bioinformatics
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Biological Motion Processing

Biological Motion Processing
Definition
This term is used in the literature in two distinct ways.
(i) “Biological” refers to the stimulus, specifically to
patterns of motion characteristic of biological systems
such as a walking human figure. There is evidence that
in the human brain a region of the superior temporal
sulcus is specialized to process such biological motion.
(ii) “Biological” refers to the processing, so as to draw a
distinction between the way in which visual motion is
processed in animal brains and schemes for processing
image motion in artificial computational or robotic
systems.
▶Visual Motion Processing

Biological Psychiatry
▶Forensic Neuropsychiatry

Biological Rhythms and Sleep
M ARTHA U. G ILLETTE
Departments of Cell and Developmental Biology,
Molecular and Integrative Physiology, and
Neuroscience Program, University of Illinois at
Urbana-Champaign, Urbana, IL, USA

Introduction
The processes of life are dynamic, varying in response
to both internal and external conditions. These dynamic
variations may be arrhythmic, without regular occurrence, or rhythmic, marked by regular, cyclic changes
(see ▶arrhythmicity/rhythmicity). Rhythmic changes vary
over a range of natural environmental ▶cycles. Regular,
predictable changes in day and night, the tides, the
moon and the annual cycle of seasons over the course
of evolution have shaped the temporal organization of
life on Earth. ▶Chronobiology, the study of these biological rhythms, has revealed that the timing of the
rhythms of life is woven into the genetic fabric. Timekeeping is endogenous, marked by internal biological
▶clocks, whose cycles are shaped, but not driven, by

environmental signals. The regular, repeated nature of
biological rhythms provides a time base upon which
other internal processes become entrained. This enables
organisms to anticipate predictable environmental
features with which to align appropriately their physiology and behavior.
The most thoroughly studied biological rhythm is the
▶circadian cycle (from the Latin circa, around + diem,
a day), which is about 24 h in length. Circadian cycles
that repeat with daily regularity are characteristic of
all eukaryotic organisms, and some prokaryotes (e.g.,
Cyanobacteria, a blue-green algae that is a major
component of Pacific Ocean plankton). In the absence
of environmental cues, circadian rhythms repeat over a
▶period that is about, but not exactly, 24 h. This small,
but significant, mismatch between the internal circadian and external solar cycles is evidence that circadian
rhythms are endogenous, and not driven by periodic
external cues. Circadian rhythms characterize virtually
every biological process: changes in the transcription
of digestive enzymes in the liver, the release of growth
hormone from the pituitary, the strength in large muscles of the forearm, and in global brain state and
behavior that characterize the ▶sleep-wake cycle.
This synopsis first will review circadian rhythms:
basic timekeeping processes, ▶cellular clocks and
▶clock genes, temporal orchestration of the body clocks,
regulatory signals, circadian systems in seasonal adaptation to the changing world, and ▶circadian sleep phase
syndromes. Next, it will consider sleep and wakefulness:
sleep-wake states, sleep regulation, mechanisms that
generate sleep and waking states in the brain, and the
effects of sleep-wake states on body systems. Lastly,
future directions and opportunities of these highly active
research areas will be highlighted.

Circadian Rhythms
Circadian Fundamentals
We know from casual observation of the natural world
that organisms perform different behaviors at different
times in the day–night cycle. The wolf hunts for prey in
daytime, searching for food while the owl sleeps. When
night comes, their behaviors reverse: the wolf is sleeping while the owl hunts. These ▶nocturnal/diurnal
differences in the timing of behaviors enable animals
to compete effectively in different niches for the basic
necessities of life, e.g., acquisition of nutrients, mates
and shelter, and to partition restorative processes and
growth to the alternate phase of the cycle. When these
behaviors are quantified over time, they are observed
to recur each day in a rhythmic pattern, with peak
and trough occurring over the day–night cycle at
roughly the same time every 24 h. For crepuscular,
twilight-active animals, two activity peaks, proposed
to be driven by ▶morning (M) and evening (E)
oscillators, are evident [1].

Biological Rhythms and Sleep

Chronobiology has identified a core set of fundamental characteristics that are hallmarks of circadian
rhythms. (i) Despite the tendency to think that daily
rhythmic patterns are governed by the environmental
cycle of light and darkness, these rhythms persist with
regularity under constant conditions, or ▶free-run,
in the absence of timing cues from the environment. (ii)
The period of the ▶free-running rhythms, ▶tau (▶τ),
is significantly different from the solar cycle, which
is invariantly 24.0 h. This period length is endogenous
and bears a predictable relationship to diurnality or
nocturnality. These relationships follow ▶Aschoff’s
Rules under various constant lighting conditions [2].
For example, the free-running period in constant
darkness is generally >24 h for diurnal animals and
<24 h for nocturnal species. (iii) Circadian rhythms are
precise in period and robust in amplitude. (iv) Circadian
clocks show independency in the speed of circadian clock processes (compensation) for environmental variations, such as nutrients or temperature
(see ▶Circadian pacemakers – temperature compensation). Although the mechanism is unknown, contemporary models predict that temperature compensation
emerges from two opposing and counterbalancing
effects on the periodicity of the clock system [3].
(v) Circadian rhythms can be synchronized by appropriate extrinsic and intrinsic signals through a process
termed ▶entrainment.
Cellular Clocks and Clock Genes
Circadian rhythms are expressed at the molecular,
cellular, tissue, organ, organ systems and behavioral
levels of organization. What is the basic autonomous
timekeeping unit? Isolated single cells possess the
intrinsic cellular mechanisms to generate regular, repeating circadian oscillations [4]. All cells within the body
possess circadian clocks that tune the functions of
the various differentiated types of cell to organismic state
over the day–night cycle. However, tissue-level phenomena and communication among cellular clocks within
and between tissues are necessary for organismic
physiology and behavior to function in integrative,
time-of-day appropriate ways [5].
Within the cell, timekeeping is governed by clock
genes, whose action is necessary to generate the circadian cycle. Clock genes are any of a number of genes
that interact with each other to form dynamic, autoregulatory ▶feedback loops with a circadian period [6].
Both transcriptional activation and repression of clock
genes cycle over a period of about a day. The first
clock genes were identified by mutagenesis screens of
Drosophila for flies with altered behavioral rhythms
[7]. They were named Period, ▶Timeless and Cycle,
reflecting their effect on circadian behavioral rhythms.
Homologous genes (Period, Timeless and CLOCK)
were found in mammals, some of which could
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substitute functionally for fly homologs. Clock genes
discovered initially encode transcription factors, a class
of proteins that can either positively or negatively alter
transcription of other clock genes. In addition, clock
gene transcription factors can alter expression of
▶clock-controlled genes, such that their transcription
varies in a time-of-day-dependent manner. Clock genes
have been identified that encode other types of proteins,
as well. A major class of proteins encoded by clock
genes cause critical post-translational modifications
(PTMs), such as phosphorylation or ubiquitination, of
the clock gene transcription factors and other substrate
proteins [8]. Remarkably, a cyanobacterial protein, Kai,
a tripartite protein kinase complex, oscillates with a
period in the circadian range when provided with
exogenous ATP in a cell-free system [9]. This finding
suggests that, indeed, timekeeping may be invested in
post-translational modifications of a few clock proteins.
Very recently, small molecules, such as cADP ribose,
which can regulate intracellular Ca2+, also have been
found to be key clock regulators [10]. Genes encoding
proteins that regulate cADP ribose levels also would
likely fulfill the criteria for clock genes. No doubt
the classes of proteins encoded by clock genes will
continue to increase as understanding of timekeeping
mechanisms continues to expand.
Orchestration of Body Clocks
In organisms with complex behaviors, circadian rhythms are orchestrated by discrete areas in the nervous
system. With increased cephalization, regulation of
circadian clocks throughout the body became centralized in the brain. In higher vertebrates and mammals,
the ▶suprachiasmatic nucleus (SCN) is key to circadian
regulation. The SCN orchestrates the symphony of
▶peripheral oscillators, the body clocks of mammals.
Positioned at the base of the hypothalamus and directly above the optic chiasm, the SCN is central to other
hypothalamic regions involved in regulating systemslevel circadian rhythms in the sleep-wake cycle, feeding, drinking, body temperature, sexual functions and
multiple hormones systems. The SCN comprises
roughly 10,000 neurons that are among the smallest
cells in the body (8–12 μm in diameter) and 3,000 glial
cells [11]. The SCN is characterized by many intrinsic
connections, but the functions of only a few are known.
The SCN is highly peptidergic. Some SCN peptides
contribute to synchronization among the SCN neurons
(e.g., ▶VIP), some are output signals to nearby hypothalamic regions (e.g., ▶VP) and some contribute to
▶gating responsiveness to input signals (e.g., ▶GRP)
[12]. Lesion and transplantation studies demonstrate
that the SCN is necessary and sufficient to impart
coordinated rhythms both to the brain and to circadian
clocks of other cells and organs throughout the body.
With the insight that the circadian rhythms of behavior,
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physiology and metabolism are governed as ▶multioscillator systems [13] that rely on the SCN for global
synchronization, the search is on for ▶clock-coupling
factors. When discovered, these clock-coupling factors
may have therapeutic potential for alleviating the
adverse effects of ▶internal desynchronization, the loss
of synchrony between two or more circadian rhythms,
which is caused by ▶jet lag and ▶shift work.
Regulation of the Circadian System by Zeitgebers
A consequence of the circadian period being significantly different from 24 h is that, under constant
environmental conditions, circadian rhythms drift away
from the 24-h solar cycle over the course of days
and weeks. This condition is called “free-running,” and
is found in some blind individuals, who pass in- and
out-of-phase with day and night. Virtually all organisms
▶entrain to the cyclic environmental conditions in
the natural world. The circadian system relies on
▶zeitgebers, time-giving cues, for adjustment to the
solar cycle and other significant variables.
The most salient zeitgeber is environmental light.
Special ▶photoreceptor systems inform the circadian
system of the presence of light in the environment.
In organisms with translucent bodies, like Drosophila,
light can be sensed directly by all cells with photoreceptive molecules. One such photosensor is ▶cryptochrome, a molecular clock element. In higher vertebrates
with large brains, a specialized ▶photopigment, ▶melanopsin, is localized in intrinsically photoreceptive
▶retinal ganglion cells of the eye [14]. These photoreceptors are photon-counters, sensing the presence and
intensity of light. Axons of the melanopsin-bearing
retinal ganglion cells project directly to the SCN,
forming the ▶retinohypothalamic tract (RHT) [11]. This
is the primary pathway by which light information
reaches the SCN. The presence of light during the night is
perceived by the melanopsin retinal ganglion cells and
communicated to the SCN by neurochemical signals,
glutamate and the peptide PACAP [15]. The input from
these retinal ganglion cells changes the phase of the
SCN, correcting for deviations of internal time with
respect to day and night. The relation between the timing
of the light signal and its effect on SCN phase is described
by a ▶phase response curve (PRC). This relationship is
stereotypic: for all organisms, whether diurnal or nocturnal, it is characterized by a delay of clock phase when
light is experienced in early night (correcting for a failure
to reckon day as long enough) and an advance of clock
phase in late night (correcting for an early dawn). ▶Type
1 and Type 0 resetting describe the dependency of the
response on when during the cycle the stimulus is
received and the effect of stimulus strength on the rate of
the phase-change in the circadian system.
Whereas light is the primary determinant of the phasing of circadian rhythms, including the timing of the

sleep-wake cycle, many stimuli can entrain or modulate
circadian rhythms. Beyond light, regularly occurring extrinsic stimuli can act as zeitgebers. Temperature cycles
are effective entrainment signals for poikilothermic invertebrates. Social stimulation can entrain, especially when
light is absent as in some blind subjects. Nutrient
availability is a strong entraining stimulus when food is
limited, either during the dry season of equatorial birds or
experimentally induced in mammals (▶food entrainment). Because the SCN drives circadian rhythms of
feeding, the fact that under restricted conditions food can
entrain indicates that that feedback loops communicate
the timing of food availability to the SCN. Some retinal
melanopsin cells also project to the ▶intergeniculate
leaflet (IGL) of the thalamus, which in turn projects
back to the SCN via the ▶geniculohypothalamic tract
(▶GHT) [16]. The IGL integrates information from
>100 brain regions and transmits information regarding
non-photic zeitgebers to the SCN via the GHT. A novel
running wheel or the drug triazolam, a short-acting
benzodiazepine derivative used as a sedative to treat
▶insomnia, act on the SCN via this GHT projection.
The IGL communicates with the SCN via ▶neuropeptide
Y (NPY) and enkephalins.
Intrinsic signals also can alter phasing of the
circadian system. Emerging evidence indicates that
the sleep-wake state is communicated to the SCN.
▶Cholinergic brainstem signals from the sleep-wake
system and the pineal hormone, ▶melatonin, can feed
back on the SCN to alter its phasing when sleep patterns
are disturbed [17]. Eating more fat can shift the
circadian rhythms, as well [18]. Furthermore, clockcontrolled variables such as effects on locomotor
activity by light and on core body temperature by
posture and sleep, can enhance or attenuate a clockcontrolled variable, phenomena termed ▶masking
(▶positive, negative). Overall, the circadian system is
finely tuned to align circadian rhythms appropriately
with external and internal states.
Circadian Regulation in a Changing World
In addition to night-to-day variations, the Earth undergoes long-term cyclic changes over the course of
the year. Regardless of the latitude, seasonal changes in
ambient temperature and/or rainfall restrict the availability of food. Animals anticipate the annual waning
and waxing of nutrient poor or rich conditions by
remodeling hormonal, physiological and behavioral
systems. ▶Seasonality occurs in systems that control
energy balance and reproduction, as well as behavioral
aggression and immune function. ▶Hibernation, adaptive behaviors that allow animals to survive winter
by minimizing exposure to the harsh conditions, is
widespread in the animal kingdom [19]. Seasonal
changes include ▶circannual rhythms, which cycle over
the course of the year and have a component that allows

Biological Rhythms and Sleep

animals to initiate preparative changes in body state in
anticipation of the forthcoming fall and spring [20].
The progressive change in ▶photoperiod, the relative
length of day vs. night, is the most reliable predictor
of seasonal change. This dynamic signal cues a range of
seasonal changes in physiology and behavior and may
modulate circannual rhythms driven by an endogenous
clock with a stable period of about a year [21].
Photoperiod is encoded in the duration of the nightly
signal of the pineal hormone, melatonin. Melatonin is
the internal signal of darkness in the environment. It is
synthesized and secreted at night in a circadian rhythm
under the control a neural pathway from the SCN
to the ▶pineal gland, and nocturnal light rapidly and
acutely suppresses melatonin. The melatonin signal
is transduced by ▶melatonin receptors, which have
restricted distribution in brain and peripheral tissues.
Where and how the melatonin signal of changing
photoperiod is interpreted to induce the range of
seasonal changes in multiple systems is under study.
Circadian Sleep Phase Syndromes
Certain classes of sleep disorders are embedded in the
circadian system (▶Process C). These include ▶Advanced Sleep Phase Syndrome (ASPS), ▶Delayed
Sleep Phase Syndrome (DSPS) and free-running
circadian rhythms [22]. Advanced sleep phase syndrome (ASPS) has been reported in human families
with an altered form of Period 2, in which a posttranslational site is missing. This inherited disorder
results in a life-long, fast-running circadian clock.
ASPS is also seen in the elderly, where the melatonin profile is advanced. Sleep maintenance insomnia
may be related. Circadian sleep phase syndromes can
be assessed using sleep times and the ▶dim light
melatonin onset (▶DLMO), which are early in ASPS
and late in DSPS. They can be treated by exposure
to bright light (2,000–10,000 lux) at appropriate lightsensitive points in the phase response curve (PRC)
and low-dose melatonin upon night-time awakening.
The phase angle difference between DLMO and midsleep reports the degree of circadian misalignment.
Circadian misalignment of the melatonin profile is high
in ▶seasonal affective disorder (▶SAD, seasonal depression), and may contribute to other circadian sleep
phase and psychiatric disorders.

Sleep and Wakefulness
Sleep-Wake States
The primary behavioral states of organisms alternate
rhythmically over the circadian cycle between wakefulness and sleep. Active behaviors necessary for sustaining
life, such as acquisition of nutritional resources and
reproduction, are accomplished during the waking state
and require a net expenditure of energy. Sleep, which
also is necessary for life, suppresses active behaviors
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while facilitating anabolic activities that restore energy
levels and process experiences of the waking state [23].
Sleep behavior is marked by distinct species-specific
postures, reduced sensitivity to external stimuli and
rebound after deprivation. These traits define sleep in
diverse species from flies to man. Sleep in birds
and mammals can be subdivided into two distinct
▶sleep states: ▶non-rapid-eye movement (NREM) and
▶rapid-eye movement (REM) sleep. ▶Electroencephalography (EEG) in sleep states reveals distinct ▶brain
rhythms. EEG patterns during NREM sleep can be
divided into four stages, with increasing amounts of
▶slow wave activity (SWA). During REM or ▶paradoxical sleep, EEG patterns resemble those of quiet
wakefulness, but are associated with ▶rapid eye movements (REM) and lack of tone in skeletal muscles. These
changes in EEGs during sleep states are thought to
report changes in synchronized cortical activity, although
subcortical actions can modify these cortical activity
states. In wakefulness, EEGs reveal distinct patterns
of massed neuronal activity associated with the specific
behaviors and the fully activated brain.
Why do we sleep? The answer to this most
fundamental question remains elusive [24]. Studies of
▶sleep phylogeny in mammals indicate that sleep
stages are conserved, but show wide variations in sleep
duration that correlate with body size and the energetics
of food intake. Body mass is inversely related to massspecific metabolic rate, such that metabolic rate is high
in small animals and low in large. Carnivores and
omnivores sleep more than predicted based on relative
body weight. The strong correlation between high
metabolic rate and longer sleep time suggests that
“sleep need” may be based in metabolism. If this were
the case, sleep could serve to reverse oxidative stress.
Additionally, brain protein synthesis and neurogenesis
increase during sleep. ▶Dreaming, an altered state
of awareness familiar to us all, is characterized by
accurate simulation of experiential flow and contents
and occurs during ▶REM sleep. Possible functions
that would increase adaptive fitness have been tied
to this simulation process. During certain brain rhythms
exhibited in ▶slow wave sleep (SWS), neuronal patterns appear to repeat those observed during specific
training sessions in the previous period of wakefulness.
These observations together with ▶microarray studies
of gene expression suggest cellular and molecular
associations between sleep and processes underlying
memory formation [25].
Sleep Regulation
Regulation of the complex set of state changes underlying sleep can be distilled into two fundamentals that
your mother first told you: sleep when you are tired
and nighttime is for sleeping. In other words, sleep
regulation has a homeostatic restorative component and
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a time of day component. These fundamentals were
formalized in Borbély’s ▶two-process model of sleep
regulation [23]. One process, ▶sleep homeostasis
(▶Process S), is based on the observation that the need
for sleep accumulates during wakefulness and requires
sleep to be alleviated. The greater the sleep need,
beyond a threshold, the greater the cognitive deficit
and negative health consequences, and the more sleep it
takes to restore the waking state. The circadian process
(Process C) defines the thresholds between which
Process S oscillates, and thus determines what times
within the circadian cycle are permissive for sleep
and waking. Superimposed upon these processes is
the alternation between the two main sub-states of
sleep, NREM and REM sleep, both of which show
homeostatic and circadian features. These processes
work in concert to maintain the temporal occurrence
and duration of sleep and wakefulness within a range
that enhances health and evolutionary fitness.
Mechanisms of Wake and Sleep States
▶Sleep-wake mechanisms are complex, emerging from
actions and interactions of the many neural and neurotransmitter systems that generate wake, NREM (slow
wave sleep, SWS) and rapid eye movement (REM), or
paradoxical sleep states [26]. The waking state is
defined by ▶alertness level [27]. The ability to direct
and sustain attention is enabled by cortical activation.
Alertness levels vary over the course of the waking
period and are affected negatively by ▶sleep deprivation. Individuals exhibiting reduced alertness experience sleepiness and fatigue, negative effects on mood,
cognitive impairment and decreased attention, which
may reflect sleep processes intruding into wakefulness.
Many brain ▶arousal systems contribute to the waking
state: monoaminergic neurons of the rostral pons,
midbrain and posterior hypothalamus, neurons of the
cholinergic brainstem and basal forebrain, dopaminergic neurons in the ventral tegmentum, and ▶hypocretin/
orexin neurons of the lateral hypothalamus. Neuronal
activity in these arousal systems is characterized by
low-voltage, fast-frequency cortical EEG patterns,
providing a tonic level of brain activation that is
manifest as behavioral alertness.
▶Sleep generating mechanisms cause coordinated
inhibition of these arousal systems, so that their level of
activity decreases rapidly with the onset of sleep. This is
accomplished through the action of three interrelated
systems: (i) activation of neurons in the ▶preoptic area
(▶POA) of the hypothalamus – sleep-active neurons of
the ▶ventrolateral preoptic nucleus (VLPO) and
median preoptic nucleus (MnPN) that impose GABAand ▶galanin-mediated inhibition of arousal systems;
(ii) modulatory effects of endogenous sleep-promoting
factors, such as ▶adenosine, cytokines, prostaglandins
and growth hormone-releasing hormone; and (iii) SCN

efferent signals, which may be both neural and hormonal, that control the timing of sleep generation via
circadian changes in excitatory modulation of hypothalamic arousal systems and inhibition of the VLPO
[28]. Activity in the monoaminergic arousal system
during waking inhibits neurons of the VLPO, thereby
preventing inappropriate activation of the sleepgenerating neurons during the active period. Mutually
inhibitory interactions between monoaminergic arousal
systems and sleep-generating neurons of the VLPO act
coordinately as a “flip-flop switch,” facilitating rapid,
stable sleep-wake transitions [29]. Deficits in one
element of the arousal system, hypocretin/orexin signaling, result in ▶narcolepsy, a hereditary neurological
disorder marked by excessive daytime sleepiness.
Effects of Sleep-Wake State on Brain and Body Systems
So profound are the changes in brain state between
waking and sleep, that the transition into sleep is
marked by significant shifts in activation state of the
major neural systems. ▶Sleep–sensory changes diminish sensitivity in all sensory systems via alterations in
the ascending arousal systems and activation of sleepgenerating systems [30]. ▶Sleep–motor changes affect
motoneuron pools that innervate skeletal and respiratory muscle fibers. Motoneurons are hyperpolarized
during NREM sleep relative to waking, and even more
so during REM states. This accounts for muscle atonia
during REM. Sleep movement disorders, including
▶periodic limb movements of sleep (PLMS), sleep
bruxisms (e.g., tooth grinding, jaw clenching), REM
sleep behavior disorder, sleep waking, sleep-related
eating disorder and obstructive sleep apnea, may arise
from neurological defects in accomplishing sleepappropriate motor changes. ▶Sleep–Wake Autonomic
Regulation support the shift from catabolic activities
during waking to anabolic physiology during SWS
[31]. Somatic inactivity and parasympathetic activity
cause respiration, heart rate, blood pressure, core body
temperature and basal metabolism to be low, commensurate with rest. Mobilization of amino acid uptake and
protein synthesis enables repair, growth and replenishment of energy stores throughout the body. During
excursions into REM sleep, antigravity skeletal muscles
remain anabolic, but brain activity is catabolic. Surges
in sympathetic outflow during REM sleep raise
respiration, heart rate, and blood pressure, which may
reflect dreaming activity.
▶Sleep–endocrine changes are significant. Many
hormones are rhythmically released over a circadian
period, with specific phase-relationships to day and
night (e.g., melatonin), or with a shorter ultradian
period but strongly influenced by the sleep-wake
cycle (e.g., thyroid stimulating hormone), or with a
longer than 24-h infradian period, but possibly still
gated within the sleep-wake cycle, as for reproductive
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hormones [32]. High glucose levels and insulin
secretion are characteristic of the anabolic processes
that dominate during sleep. Sleep deprivation or
curtailment impacts the profiles of many hormones,
including growth hormone, cortisol and thyroid-stimulating hormone. Sleep debt-induced hormonal imbalances also occur in rhythms in ghrelin, the appetitestimulating hormone, with concomitant decrease in
leptin, the counter-balancing satiety-stimulating hormone. This may account for the observation that
lifestyles that are short in sleep (≤6 h) correlate strongly
with extreme weight gain and metabolic syndrome [33].
▶Sleep–developmental changes start shortly after
birth, as all parents know, and span the life cycle. These
changes affect total sleep time, the proportion and
timing of sleep states, and electrophysiological features
of sleep. ▶EEGs in sleep states emerge by the third
prenatal trimester. Neonates sleep >16/24 h, largely in
daytime. This shifts to nighttime as the ▶circadian
pacemaker matures. Early in life, NREM and REM
sleep oscillate over 60 min, whereas in adults this cycle
is 90 min. REM occupies 50% of sleep at birth, then
declines to 15–20% at the end of puberty when slow
wave activity (SWA) during NREM sleep also declines.
Thus, sleep patterns reflect maturational changes in
brain structure and function, and sleep doubtlessly
contributes importantly to normal development of the
nervous system [24]. It follows that abnormal sleep
patterns in early life may have profound cognitive and
emotional consequences.

Conclusions and Future Directions
Biological rhythms and sleep are fundamental organizers of behavior, physiology and metabolic state. Over
the course of evolution, they have been shaped by daily
oscillations of day/night, food availability, temperature,
predation and the need for counter-balanced catabolic/
anabolic states within brain and body that enhance
adaptive fitness. Thus, not surprisingly, they are based
in evolutionarily conserved mechanisms and processes
and shaped by the needs of adaptation to specialized
niches. Recognition of the fundamental nature of
biological rhythms and sleep and their underlying
general mechanisms poises them for remarkable
discovery that is both broad and deep. Important
advances will be forthcoming in basic science as well
as in applications to health and disease. Significant
opportunities are highlighted here.
Advances in understanding biological rhythms will
yield basic discoveries regarding novel timekeeping
elements, how clocks impinge on the range of life
functions of eukaryotic organisms, clock-to-clock
coupling and SCN organization.
. Circadian clock elements have been thought to be
transcriptional regulators, but the types of cellular
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elements necessary to timekeeping is growing and
extends well beyond nuclear processes. Small molecule and metabolic regulators have emerged as
potential timing elements. Studying roles of these
novel forms of potential clock elements surely will
generate new insights as to biological-clock gears.
. Discovery that circadian clocks orchestrate all
cellular states over a near 24-h timebase demands
that we re-evaluate the myriad processes in the range
of cell and tissue types in the context of dynamic
circadian regulation. New insights on rheostasis,
the range of fluctuating homeostatic states, will
emerge [34].
. Although each and every cell in multicellular organisms appears to function as a circadian clock, all
cells rely on the SCN for global synchronization. We
know little about how the SCN conducts the cellular
orchestra to play in synchrony. Opportunities abound
for identifying and understanding clock-coupling
factors that function within the SCN, communicate to
brain, transmit entraining signals to peripheral clocks
and coordinate clocks within each tissue [35].
. Complex brains have a specialized clock tissue that
is required to orchestrate the cellular rhythms. How
do SCN cells and tissue process light information?
What are the special SCN coupling properties? What
is the range of zeitgebers, and how and when do they
interact? How are seasonal signals transduced into
changes in multiple tissue and organ systems?
Knowledge that sleep is an active and necessary state
together with new methods of analysis positions this
field for remarkable discoveries. Advances in understanding will be possible regarding the most fundamental nature of sleep and its processes, and their molecular,
cellular and systems substrates.
. Why do we sleep? Why is sleep necessary?
Understanding the “why” of sleep from molecular
to systems levels and in brain and periphery will
be possible. The relation of brain states reported by
EEG and brain imaging to the functions of sleep and
the molecular, cellular and brain circuits will emerge.
. What is the array of conserved molecular and cellular
substrates of sleep, and how and why are they necessary to sleep processes in various brain regions?
. If fundamental features and molecules of sleep
are conserved, why do sleep states differ so markedly
in phylogenetically different organisms?
. How do Process S and Process C intersect in waking
and sleep?
. How and why does sleep deprivation negatively
impact the brain and body?
. Why do we dream? How does the process of
dreaming access circuits encoding prior experience?
. What is the relationship between sleep and learning
and memory?
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Both biological rhythms and sleep are subject to
dysregulation by lifestyle pressures and by acquired
or inherited disorders. Determining the mechanisms
of the real-life consequences for these systems in the
“24-7” global business enterprise are major challenges
before us. Understanding how these fundamental
processes function in health and disease is a primary
goal that will yield tremendous practical benefit.
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Biomarker
Definition
A characteristic that is objectively measured and
evaluated as an indicator of normal biologic processes,
pathogenic processes, or pharmacological responses to
therapeutic intervention.
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Introduction
Biomechanics is the science that deals with explaining
the ▶mechanics of living things and life itself [1].
Living involves movement, growing, aging, adaptation,
degeneration, reproduction. Living requires metabolic
▶energy (▶energy/energetics), and energy requirements change with movement demands. Living processes occur on the molecular, cellular, organ, system,
and organism level and all these processes must obey
the laws of mechanics.
Biomechanics is a composite term containing the
words biology and mechanics ▶Classical Mechanics,
▶Coutiunum Mechanics, ▶Constitutive Theory,
▶Continuous growth and Remodeling, ▶Principle of
Virtual Work, ▶Statics. It is defined as the science that
deals with the mechanics of biological systems.
Mechanics can be divided into ▶kinematics of
Deformation and kinetics, and may deal with rigid
and deformable bodies. The most frequently considered
system in biomechanics research is the human body,
however animal and plant biomechanics are firmly
established disciplines. Biomechanics is an umbrella
term for many associated sub-disciplines such as
biophysics which deals primarily with biological systems
at the cell level and smaller, or biomedical engineering
which is primarily concerned with advances in human
health through mechanical approaches.

Historical Background
Biomechanics is a relatively new science that emerged
in an organized manner in the 1960s, although its
origins may be seen in the dynamic drawings of athletes
and working people in the ancient Greek culture, and
the rendering of anatomically correct surface anatomies
in antiquity. The Italian Renaissance also saw a revival
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of the ancient Greek philosophy and its associated
interest in human movement and the workings of the
body. Leonardo da Vinci (1452–1519) contributed substantially to the understanding of biomechanical problems such as the flight of birds, and made careful
analyses of human movements by considering the
actions of muscles around ▶joints. Giovanni Borelli
(1608–1679) is often considered the father of biomechanics. Borelli, like many of his contemporaries, was a
“multi-disciplinary” scientist: a mathematician, physicist, and physiologist, who wrote treatises on the Jupiter
moons, on fever and blood, but made his impact on the
world of biomechanics with his book “De Motu
Animalium” published after his death.
Modern biomechanics was first introduced in the
early twentieth century in Faculties of Physical Education and was aimed at improving the efficiency of
sports movements and performance. The first International seminar on biomechanics was organized by
E. Jokl and J. Wartenweiler and was held in Zurich,
Switzerland in late August of 1967. This seminar series
proceeded with an international gathering of scientists
every 2 years, and in 1973, at the meeting held at Penn
State University, the International Society of Biomechanics (ISB – (http://isbweb.org/)) was founded and
J. Wartenweiler became its first president. The Congress of the International Society of Biomechanics has
continued in a 2 year cycle and presently attracts
approximately 1,000 scientists from all continents.
Other “international societies of biomechanics” have
emerged successfully: for example the World Council of
Biomechanics organizes a scientific conference every
4 years that attracted almost 3,000 scientists at its latest
gathering in Munich, Germany in 2006 (http://www.
wcb2006.org/worldcouncil.htm. Sub-groups, such as
the International Society of Biomechanics in Sports
(ISBS – (http://www.twu.edu/biom/isbs/) also make
important contributions to furthering the field in
specialized areas. Many countries in Europe, North
America, and Austral-Asia have a national biomechanics organization, and efforts of establishing national
biomechanics chapters in South America and Africa
have been initiated, some of them with great success.
Biomechanics was defined above generically as the
science that deals with the mechanics of living, biological
systems. More specifically, it is the science that deals with
the ▶forces acting on and within biological systems and
the effects that are produced by these forces [2]. These
effects include movements of biological systems, be it
locomotion in humans and animals, the bending of trees
and plants exposed to air, fluid flow in ▶cardiovascular
mechanics, or the random displacements of molecular
motor proteins exposed to ▶Brownian motion. Movement is one of the primary outcomes of biomechanical
analyses, and has provided many problems and spurred
numerous scientific investigations.
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Kinematics
The part of biomechanics that deals with movement is
called kinematics. ▶Kinematics of Deformation is
formally defined as that part of mechanics that deals
with the geometric description of motion and deformation. Movement involves locomotion of humans and
animals; locomotion may occur in the air, in water or on
land and the specific environment places different
mechanical demands on the system. Locomotion may
occur on the molecular (▶molecular and cellular
biomechanics) level, for example the “walking” of
processive myosin proteins on actin tracks, a situation
where gravitational forces have little significance,
viscosity dominates the mechanics, and thermal noise
provides randomness.
Human and animal movements are under voluntary control. Muscle coordination patterns that produce
smooth movements for such actions as writing or playing
the piano, are finely tuned and precisely executed.
Muscle forces producing these movements are controlled by voluntary commands from the brain, by
spinal feedback loops from a variety of proprioceptive
organs in skin, joints, muscles and other tissues, and by
pattern generators intrinsic to the spinal cord. Musculoskeletal systems are typically redundant with respect
to the number of muscles available to produce movements and those strictly required from a mechanical
point of view [3]. Therefore, movements, such as
walking could be produced theoretically with an
infinite number of muscle coordination strategies, but
they are not. Repeat steps are associated with similar,
albeit not identical coordination patterns, and coordination patterns across individuals are similar as well,
although anatomical and structural variations in the
neuro-musculoskeletal system are thought to account
for individual differences. This redundancy has the
advantage that loss of isolated muscle function can
typically be compensated for with little functional
reduction in performance [4].
Movement is associated with energy consumption.
The generic metabolic fuel for muscle contraction is
adenosinetriphosphate (ATP) which becomes hydrolyzed (ADP + P) and so provides the energy for
movement, breathing, beating of the heart and many
other vital functions in living systems. Typically, more
vigorous movement or exercise is associated with a
greater rate of energy demand. When a person changes
from walking to running to sprinting, the rate of
breathing increases and so does the pumping of blood,
all aimed at providing more oxygen to the working
muscles and thereby increasing the rate of energy supply.
Exceptions seem to exist in the animal world. For
example, it has been observed that increasing the
hopping speed of kangaroos is not necessarily associated
with an increase in metabolic energy demand as one
would expect, presumably because of the extraordinary

ability of these animals to store (and release) elastic
energy in their hind limb musculature and ▶tendons [5].
The precise measurement of movements of biological systems has produced great developments in
commercially available ▶motion analysis systems.
Movements have been depicted in the drawings of the
ancient Greeks and the paintings and sculptures of
Renaissance artists. However, sophisticated motion
capture devices became available with the invention
of photography. E. J. Marey (1838–1904) is associated
with transforming the study of locomotion from an
observational, qualitative science to an objective,
quantitative description of movement (▶Measurement
Techniques, Optical Techniques). With support from
the federal government, Marey established a scientific
facility devoted to biomechanical analysis of human
and animal movement. His studies of locomotion remain
exceptional to this day. A contemporary of Marey’s,
E. Muybridge (1830–1904) was an avid photographer
with interest in human and animal locomotion. He
introduced sequential photography as the primary tool
for movement analyses, and is probably best known for
his discovery that there was a brief phase in a horse’s trot
where all four hooves were off the ground.
With the advent of modern biomechanics in the early
1970s, sequential photography and single exposure
photography, such as chronophotography or stroboscopy were replaced by high-speed cinematography [6].
Pin registered high-speed cameras could produce up to
500 frames/s while rotating prism cameras provided
sampling frequencies of up to 10 kHz. However, the
costs associated with “conventional” cinematography,
the delay from filming to viewing (associated with processing film), and the problems associated with filming
in low or changing light conditions favored the development and use of high-speed video for biomechanical
analysis. Today, video motion analysis systems with
sophisticated software for three-dimensional analysis of
movements are commercially available, and motion
analysis tasks that took days to complete just three
decades ago, can now be accomplished virtually instantaneously, thereby providing unique opportunities for
instantaneous movement feedback as required in the
training of athletes or rehabilitation of patients.

Kinetics
The part of biomechanics that deals with the effects of
forces (▶Measurement Techniques (forces)) on systems is called kinetics. Forces in biomechanical
investigations have been obtained principally in two
ways: by theory or direct experimental measurement.
Although foundations for force measurements had been
made in the nineteenth century, commercial “force
measuring devices” for biomechanical applications
started to emerge in the 1970s. One of these devices,
the force platform, is used to measure the ground reaction
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forces exerted by humans (or animals) during locomotion. From its humble beginnings as an instrument built
for specific applications by individual investigators,
force platforms can now be obtained from various
manufacturers, and they have become a standard tool in
biomechanical analysis, not only in scientific laboratories, but also in hospitals, rehabilitation centers, and
sport shoe stores where they are used to characterize gait
abnormalities in patient populations, assess rehabilitation
programs, and identify individual foot ▶pressure
patterns for fitting optimal recreational shoe ware.
Specialized force measurement devices have also
been invented to determine the forces inside the human
or animal body. One such example is the tendon force
transducer aimed at measuring muscle forces continuously in a freely moving subject. Conceptually, two
devices have been used for this purpose: one that is
attached to the outside of the tendon (Fig. 1); another
that is implanted within the tendon. The action principle
is the same in both. The transducers are shaped such
that they deform when a muscle produces force and
stretches the corresponding tendon. This deformation is
sensed by a set of strain ▶Measurement Techniques
(strain) gauges which emit a voltage signal in
proportion to the deformation, and this signal can then
be translated into tendon (muscle) force by appropriate
calibration [7]. Measurements of this kind in several
muscles crossing a given joint have provided novel
insight into the control of muscle coordination during
voluntary movements and have served to estimate
forces acting on musculoskeletal structures, such as
diarthrodial joints, ▶ligaments, tendons, and ▶bones.
Force measurements in biomechanics are made
across all structural levels of a system, and the two
devices mentioned above suffice to measure relatively
large forces with technology that is generally available
and can be built in any scientific laboratory. Recent
advances in technology have opened the doors to
measure pico-Newton (10−12 N) forces which are forces
that occur at the interactions of single proteins of
molecular motors. Jim Spudich and collaborators [8]

Biomechanics. Figure 1 Schematic illustration of a
buckle tendon force transducer (left) and a possible
arrangement on an Achilles tendon (right) (from
Salmons, 1969, with permission).
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were the first to measure the forces of a single crossbridge of a skeletal muscle attaching to an isolated actin
protein. Thus, the elementary force of skeletal muscle
contraction could be quantified. The forces were
measured using a so-called laser trap (Fig. 2). Measurements of cross-bridge forces were achieved by attaching
micron-sized beads to either end of the actin protein,
capturing the beads with two independent laser beams,
and focusing the beams in such a manner that the beads
were held in the focal plane like in a potential energy
well. Upon attachment of the cross-bridge to actin and
force production, the actin protein is pulled away from
the center of the laser beam and knowing the displacement of the bead and the stiffness of the laser trap,
the force exerted by the cross-bridge on actin could
be determined. This system was copied quickly, and
commercial laser trap systems are now available.
There are many situations in biomechanical research
when forces cannot be readily measured. For example,
in vivo human muscle forces cannot be determined
directly, and although tendon force transducers (as
discussed above) have been used in humans (e.g. [9]),
proper calibration is difficult in these situations because
tendons cannot be detached for independent and known
force application required in the calibration process.
Similarly, forces and stresses in biological tissues
typically cannot be measured but are thought to be of
great importance. For example, ▶articular cartilage
degeneration, leading to osteoarthritis in joints is
thought to be mechanically mediated. However, the
pathways linking ▶pressure (▶measurement techniques (pressure)) on articular cartilage surfaces, to the
corresponding stress within the tissue and cartilage
cells, is not known for in vivo dynamic situations, and
the corresponding effects of these stresses on adaptive
and degenerative processes within the tissue remain a
mystery. In order to address these types of problems,
theoretical approaches are used, as illustrated with
examples below.
One of the basic questions that have eluded satisfactory explanation in biomechanics research is the so-called
▶distribution problem. The distribution problem deals
with the determination of the forces across joints. A
human diarthrodial joint is typically crossed by many
muscles (tendons), ligaments and contains bony contact
areas. For example, the knee has four major extensor
muscles, three major flexor muscles, four ligaments and
at least three distinct and separate bony contact areas.
Thus, a complete understanding of knee mechanics
requires that all these forces (seven muscle + four
ligamentous + three bony contact forces) are known at
each instant in time. However, only the resultant joint
forces and moments can be readily obtained through the
so-called inverse dynamics approach [10]. These
resultants, by definition, are equivalent to the sum of
all forces across the joint; that is:

B

418

Biomechanics

Biomechanics. Figure 2 Schematic illustration of single Heavy Meromyosin (HMM) cross-bridge interaction with an
actin filament. The silica bead on the cover slip is coated with skeletal muscle heavy meromyosin cross-bridges.
Coated polystyrene beads are attached to the ends of actin. The actin filament with its two beads is caught and
suspended in laser traps. The suspended actin filament is lowered to the silica bead, and single HMM interactions
with the actin filament are now possible (reprinted by permission from Nature, Finer et al., 1994. Copyright 1994
Macmillan Magazines Ltd.).
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where
F = variable resultant external joint force
Mo = variable resultant external joint moment
F m = internal muscular forces
F l = internal ligamentous forces
F c = internal bony contact forces
ri/0 = location vector for muscular force i
rj/0 = location vector for ligamentous force j
rk/0 = location vector for bony contact force k
N = integer indicating the number of muscular forces
P = integer indicating the number of ligamentous forces
Q = integer indicating the number of bony contact
forces
Equations (1) and (2) are two vector (or equivalently
six scalar) equations, and therefore can be solved for
a maximum of two vector or six scalar unknowns.
However, for the example of the human knee, there are
at least 14 vector unknowns, and although the direction
of the muscle and ligamentous forces may be assumed
to coincide with the long axis of the tendons and
ligaments, respectively, this would still leave 11 force
magnitudes (muscles and ligament forces) and three
force vectors (bony contacts) to be determined. Most
diarthrodial joints have this redundancy; that is less

system equations than unknowns. In order to obtain the
internal forces of interest, biomechanics researchers
have adopted various strategies. The most frequently
used approach to solve the ▶distribution problem in
biomechanics is optimization theory. In this situation,
muscles are assumed to be recruited during normal
movement in such a way as to minimize, maximize or
optimize a specific physiologic criterion, for example,
the minimization of metabolic energy [3]. With such a
criterion, muscle forces can be determined in a unique
way, but the accuracy of such predictions are the topic
of intense scientific debate, and the distribution
problem remains one of the foremost challenges in
biomechanics research. Experimental approaches,
such as electromyographical, ▶EMG (Wavelet analysis
of Electromy grains), ▶measurements of muscle
excitation and relating these to muscle forces, are
fraught with problems.
When determining forces and stresses inside a tissue,
such as skeletal muscle, theoretical models describing
these tissues are required. Representing biological tissues can take two basic forms: either phenomenological
or structural [11]. Phenomenological models of muscle
contraction typically treat muscle as an assembly of
rheological components (▶Rheological Models) that
provide the appropriate force output for given contractile conditions. Such models are collectively referred to
as “Hill-type” models in reference to AV Hill, a Nobel
Prize winner in 1922 for his work on oxygen
consumption in muscle. Hill models of muscle function
have the advantage that they are simple to describe,
require little mathematical knowledge for implementation and provide force output as a function of the
contractile conditions. However, they provide little
insight into the molecular mechanisms underlying
contraction.
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Structural models of muscles either have focused on
the molecular mechanisms of contraction or the
description of anatomically accurate muscles. Muscle
contraction, as we know it today, is based on the sliding
filament and the cross-bridge theory [12–14]. The
▶sliding filament theory suggests that muscle contraction is achieved through the relative sliding of two sets
of filaments, the actin or thin, and the myosin or thick
filament. The cross-bridge theory proposes that the relative movement of these two filaments, and its associated
muscle shortening and force production, are produced
by cross-bridges arising from the myosin filament that
attach and detach cyclically at specific binding sites on
the actin filament, and when attached pull actin past
myosin through a configurational change of the crossbridge (Fig. 3). Each cross-bridge cycle is associated
with the hydrolysis of one ATP. Alternative theories of
muscle contraction, such as molecular ▶ratchet theories, (▶brownian ratchet), myosin shortening, and
electrostatic considerations [15] have received limited
attention, but are driven by observations, such as

Biomechanics. Figure 3 Diagram illustrating a
cross-bridge attachment-detachment cycle based on
x-ray crystallography (reprinted with permission from
Rayment et al., 1993, Copyright 1993 American
Association for the Advancement of Science).
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▶force depression/enhancemence in skeletal muscles,
that cannot be explained within the framework of the
classic cross-bridge theory.
Structural models of non-contractile biological
tissues, such as articular cartilage, bone or tendon, are
aimed at simulating the mechanical and biological
(adaptive) behavior of these tissues by appropriate
representation of the important structural features. In
articular cartilage, for example, collagen fibrils, the
proteoglycan matrix and the fluid phase are thought to
play important roles in the transmission of forces across
the tissue, and the regulation of cell volume and the
associated stresses and strains experienced by the cells.
These structural components can be captured using
▶continuum mechanics approaches in which the
various phases of the tissue (e.g. matrix and fluid
phase) can be represented, and structural components
that are essential for the understanding of the tissue
biomechanics can be added [16,17].

Applications
The initial applications in modern biomechanics were
focused on human movement and human performance.
This bias reflected the background and interests of the
founders of modern biomechanics. However, animal
and plant biomechanics and areas other than human
performance have become increasingly strong in the
past three decades.
Biomechanical applications in the field of orthopedics, medical imaging and blood flow resulted in a
strong emergence of the field of biomedical engineering. This evolution was helped by private foundation
sponsors, such as the Whitaker Foundation in North
America (http://www.whitaker.org/home.html) which
provided financial support between 1975 and 2006 for
the development of biomedical engineering scholars and
research centers in Canada and the USA. From an
unknown discipline in the mid 1970s, biomedical
engineering has evolved into a driving research force at
many academic institutions.
From its humble beginnings in the 1960s, biomechanics has become a scientific discipline with
specialized journals, organizations and conferences.
The field has grown exponentially and the future looks
bright with nano-biomechanics applications in the
health and wellness field, and an ever growing
population that wants to be active and mobile into old
age. As in the renaissance, when science was a single
person venture and required multi-disciplinary talents
to address the problems of the time, biomechanists of
the twenty-first century need to be multi-disciplinary,
equally conversant in the laws of physics and
evolutionary or molecular biology. Only such people,
organized in cross-disciplinary teams, will be able to
successfully address the problems facing biomechanics
research today and in the future.
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dissociation constant (Kd = 10−15) to the avidin protein
and is one of the strongest known noncovalent
interactions. Therefore when linking of two macromolecules is desired without the use of conditions to
create covalent linkages, one macro-molecule is first
linked to biotin while the other is linked to avidin. When
the two macromolecules are mixed in solution they
form a very stable complex.
▶Serial Analysis of Gene Expression

Bipartite GAL4/UAS Expression
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Bipolar Affective Disorder
H EINZ B OEKER
University Hospital of Psychiatry Zurich, Hospital for
Affective Disorders and General Psychiatry Zurich
East, Zurich, Switzerland

Synonyms
Bipolar disorder; Manic-depressive illness (MDI);
Bipolar depression; Mania

Definition

Biotinylation (Biotinylated)
Definition
Biotinylation involves covalent linking of biotin to
another molecule. Biotin binds with an extremely high

Bipolar affective disorder is one of the most common,
severe and persistent mental illnesses. Bipolar disorder
is characterized by periods of deep, prolonged and
profound depression, alternating with periods of
excessively elevated and/or irritable mood (mania).
The symptoms of mania include a need for less sleep,
pressured speech, increased libido, reckless behavior
with no regard for the consequences, grandiosity and
severe thought disturbances, which may or may not
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include psychosis. Between depressive and manic
episodes, patients usually experience periods of greater
functionality and are able to lead a productive life.
Bipolar disorder is a lifelong challenge.

Characteristics
History/Background
Bipolar affective disorder or manic depressive illness
has been recognized since at least the time of
Hippocrates who described such persons as “amic”
and “melancholic.” In 1899 the German psychiatrist
Emil Kraepelin defined manic-depressive illness and
noted that sufferers lacked deterioration and dementia,
normally associated with schizophrenia.
Both modern classification systems (ICD and DSM)
contain categories for both single episodes and
recurrent episodes of mood disorder, and repeatedly
alternating high and low mood is described as
cyclothymia. ▶Hypomania is distinguished from mania
because of the difference in the degree of severity of
symptoms and social incapacity.
Diagnostic Considerations
Bipolar affective disorder is a recurrent and disabling
mental illness, typically beginning early in life. It
constitutes one pole of a spectrum of mood disorders
including bipolar I (BP I), bipolar II (BP II), cyclothymia (oscillating high and low mood) and major
depression [1]. BP I is also referred to as classic manic
depression and is characterized by distinct episodes of
major depression contrasting vividly with episodes
of mania which lead to a severe impairment in function.
In comparison, BP II is a milder disorder consisting of
depression alternating with periods of hypomania [2].
Although bipolar affective disorder is defined by
manic and hypomanic episodes, in most cases the
depressive episodes constitute the more virulent aspect of
the illness. The depressive episodes are usually more
frequent, of longer duration, and are more difficult to
treat than the manic episodes. Moreover, depression is
the principle cause of the illness’s high suicide rate [3,4].
Epidemiology
Findings from recent studies generally report an overall
lifetime prevalence of bipolar I disorder of around
1–1.5%. This percentage range hardly varies from
country to country. In the United States, Europe,
Scandinavia, the South Pacific, South America and
the United Kingdom the lifetime prevalence of bipolar I
disorder ranges from 0.2% (Iceland) to 2.0% (The
Netherlands and Hungary). Exceptionally low prevalence rates can be found in Iceland (0.2%) and three
Asian countries (0.015–0.3%). The reasons for the
particularly low rates in Asian countries are unclear
(e.g. genetic, cultural or diagnostic factors) [5].

421

The two types of disorder differ in adult populations,
BP I occurring in approximately 0.8% and BP II in
approximately 0.5%. Studies involving a broad bipolar
spectrum produce much higher lifetime prevalence
rates of 3.0–8.3%. The validity of such studies,
however, may be questionable in view of the fact that
it is difficult to distinguish between normal mood and
mild hypomania.
Most studies have not shown large differences in
bipolar disorder rates with regard to gender. The illness
is more prevalent in divorced or separated than in
married persons. Differences concerning social class
and ethnic group are less well documented. Pregnancy
and the menopause represent periods of greater
vulnerability for the development of manic episodes
in females. A family history of bipolar disorder in a
first-degree relative remains the strongest predictor.
The WHO has ranked bipolar disorder among the top
ten disabling disorders in both developed and developing countries.
Course and Outcome
The age of onset of bipolar disorders varies greatly. It
ranges for both BP I and BP II from childhood to
50 years, with a mean age of approximately 21 years.
Most cases commence at the age of 15–19 years, the
second most frequent age range is 20–24 years. Some
patients diagnosed with recurrent major depression may
indeed have bipolar disorder and develop their first
manic episode after the age of 50 [6]. They may have a
family history of bipolar disorder. However, if manic
episodes develop after the age of 50, it is advisable
to examine the patient for medical or neurological
disorders such as cerebro-vascular disease. Almost
all bipolar patients experience relapse, given adequate
observation time. Cycle length does not change predictably over time, although it may shorten progressively in the initial stages of the illness in a sub-group
of individuals.
A significant proportion of bipolar patients develop
▶rapid cycling [7]. Manic episodes are briefer than
depressive or ▶mixed episodes. The average episode
duration remains stable throughout the illness.
About 1–2% of unipolar depressive patients per year
experience a first manic or hypomanic episode,
suggesting that over a long follow-up period a
significant minority of patients previously diagnosed
with unipolar depression will subsequently have
their diagnosis changed to bipolar disorder. Initial
episodes of depression are commonly misdiagnosed
and this not only often delays starting appropriate
therapy but also increases the likelihood of the illness
being treated with antidepressants alone. Unfortunately, the correct diagnosis is often only arrived
at after a treatment-emergent affective switch has
occurred [4].
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Psychosocial and physical stress situations still
appear to be strong predictors for relapse, although
such severe life events most likely interact with the
patients’ underlying vulnerability in a complex
manner. Life events appear to be more strongly
associated with relapse in earlier than in later phases
of bipolar illness.
Long-term data suggest that up to one third of bipolar
patients achieve complete remission, and a similar
number achieve complete functional recovery. Although
syndromal recovery is at least twice as frequent, fewer
patients ultimately recover pre-morbid levels of functioning. Chronic persistence of symptoms can be expected
in about 20% of cases, and social incapacity in about
30% [5].
Early age of onset, depression, mixed episodes,
psychosis, substance abuse, medication non-compliance
and probably the long-term use of antidepressants are
all associated with poor outcome. Mortality and suicide
rates are higher in bipolar illness, but can be substantially reduced by adequate lithium treatment.
Pathophysiology
Up to now, no objective biological markers have been
found that correspond definitively with the illness state.
However, twin, family and adoption studies all indicate
strongly that bipolar disorder has a genetic component.
In fact, first-degree relatives of bipolar patients are
approximately seven times more likely to develop the
disorder than the rest of the population.
Findings from gene expression studies of postmortem brain tissue from bipolar disorder patients have
stressed that levels of expression of oligodendrocytemyelin-related genes appear to be decreased in brain tissue
from bipolar disorder patients [8]. Oligodendrocytes
produce myelin membranes that wrap themselves
around axons, insulating them and permitting the
efficient conduction of nerve impulses in the brain.
Therefore, loss of myelin is thought to disrupt
communication between neurons, leading to some of
the thought disturbances observed in bipolar disorder
and related illnesses.
Brain imaging studies in patients with bipolar
disorder also show abnormal myelination in several
brain regions associated with the illness [9]. Interestingly, gene expression and neuroimaging studies in
persons with schizophrenia and major depression also
demonstrate similar findings, indicating that mood
disorders and schizophrenia may share some biological
underpinning.
Another approach to investigating the pathophysiology of bipolar disorder involves studying changes in
gene expression induced in rodent brains after administration of pharmacological agents used to treat bipolar
disorder. For example, two chemically unrelated drugs

used to treat bipolar disorder, lithium and valproate,
both up-regulate the expression of the cytoprotective
protein Bcl-2 in the frontal cortex and the hippocampus
of rat brains. Neuroimaging studies of individuals with
bipolar disorder or other mood disorders also suggest
evidence of cell loss or atrophy in these same brain
regions. Thus, another suggested cause of bipolar
disorder is damage to cells in the critical brain circuit
that regulates emotion. According to this hypothesis,
mood stabilizers and antidepressants are thought to alter
mood by stimulating cell survival pathways and
increasing levels of neurotrophic factors to improve
cellular resiliency.
Post and Weiss [10] proposed a mechanism involving
electrophysiological ▶kindling and behavioral sensitization processes, a method also seen in previous
hypotheses based on neuronal injury. Post asserts that
an individual susceptible to bipolar disorder experiences an increasing number of minor neurological
assaults, perhaps caused by drug-abuse, and excessive
glucocorticoid stimulation, resulting from acute or
chronic stress or other factors, which eventually results
in mania. Subsequently, sufficient brain damage might
persist causing mania to recur even with no or only
minor environmental or behavioral stress (see Fig. 1).
This type of formulation helps explain the effective
role of anticonvulsant medications, e.g. carbamazapine and valproate, in the prevention of highs or lows
in bipolar disorder. It also suggests that the more
episodes a person experiences, the more he or she will
have in the future, underlining the need for long-term
treatment.
Psychopharmacotherapy
There are no specifically approved treatments for
bipolar disorder in youth and, among antidepressants,
only the selective serotonin-reuptake inhibitor fluoxetine has received approval.
When bipolarity is suspected, treatment with mood
stabilizers, both conventional (lithium) and the anticonvulsant medications (valproate and carbamazapine) and
those more recently classified (lamotrigine), and
atypical antipsychotics should be prioritized. When
antidepressants are indicated in combination with mood
stabilizers, first-choice options include bupropion and
the selective serotonin-reuptake inhibitors.
The manic patient presents multiple clinical challenges beyond the choice of medication, such as dealing
with law enforcement and deciding when to hospitalize
the patient against his/her will, how best to involve the
family and how to enhance adherence to the treatment
regimen. For those patients whose manic episodes are
heralded by a hypomanic period, the clinician may have
the opportunity to prevent escalation by prescribing
drugs to restore normal sleep. An on-going relationship
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Bipolar Affective Disorder. Figure 1 Behavioral sensitization paradigm of progressive course of illness leading to
rapid cycles [10].

with the family and the patient is the best way of
assuring that the clinician is alerted in time.
Psychotherapy and Psychosocial Interventions
While in most cases drug treatment is effective in
eliminating the severe disruptions of manic and
depressive episodes, the best treatment results for
bipolar affective illness are achieved by combining
mood stabilizers or other medications with psychotherapy. Psychotherapy can help the patient come to terms
with the repercussions of past episodes and to comprehend the practical and existential implications of
the illness.
Educating patients and their families is essential as
it helps them recognize the symptoms of emerging
episodes. The charting of moods appears to be useful to
provide an objective record of mood patterns and
treatment response and to give the patient a sense of
control and collaboration.
Various forms of psychosocial intervention have
been found effective as adjunctive treatments for bipolar
disorder. These include family-focused therapy, interpersonal and social rhythm therapy, cognitive-behavioral
therapy and individual or group psycho-education. When
used in conjunction with pharmacotherapy, these interventions may prolong the time up to relapse, reduce
symptom severity and increase medication adherence.
Family-focused therapy aims at reducing the high
levels of stress and conflict in the families of bipolar
patients, thereby improving the course of the illness.
Interpersonal and social rhythm therapy focuses on
stabilizing the patient’s day and night routines and
resolving key interpersonal problems. Cognitivebehavioral therapy helps patients to modify dysfunctional

cognition and behavior that may aggravate the course
of the disorder. Group psycho-education provides a
supportive, interactive setting in which patients learn
about their illness and how to cope with it. Participation
in a self-help group can also supplement, or in some
cases, replace formal psychotherapy.
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Bipolar Cells

Bipolar Cells

Birdsong

Definition

Definition

Interneurons in the retina that transfer visual information from photoreceptors to amacrine and ganglion
cells.

Partly learned, partly innate singing behavior of
Passerine birds. For more information see essay on
“Song learning in songbirds.”

▶Photoreceptors
▶Retinal Bipolar Cells
▶Retinal Ganglion Cells

Birds-Own-Song
Bipolar Depression
▶Bipolar Affective Disorder

Bipolar Disorder
▶Bipolar Affective Disorder

Bipolar Neuron

Definition
The song produced by an individual.
▶Song Learning of Songbirds

Bistability (Neuron)
Definition
The ability of a neuron, in isolation, to have two stable
states of activity at different voltages. Typically one is
below threshold and is silent, while the other is above
threshold and the neuron fires tonically. Brief synaptic
excitation or inhibition can switch the neuron between
the two states.

Definition
A nerve cell that has anatomical processes located on
opposite sides of the cell body (perikaryon): dendrite(s)
carrying information toward the soma, and a single
axon carrying information toward other targets.

Bistable Neuronal Network
Definition

Recording of an electrical potential difference between
two active regions of an excitable tissue (e.g., nerve or
muscle).

A neuronal network that can switch between two
distinct states, e.g. silent and active. The switch can
either be caused by an external trigger, e.g. one stimulus
switches the network from its silent state to an active
state, whilst a second stimulus switches the network
from its active to a silent state. Alternatively, intrinsic
network properties can cause rhythmic alternations
between the two network states resulting in a two phasic
activity pattern.

▶Extracellular Recording

▶Central Pattern Generator

Bipolar Recording
Definition

Bladder Control (Neural)

Bitemporal Hemianopsia
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BK Channels
B

Definition

Definition

▶Hemianopsia

Large-conductance Ca2+-activated K+ channels.
▶Neuronal Potassium Channels
▶Action Potential

Bithermal Tests of Inner Ear
▶Vestibular Tests Caloric Test

BKCa Channel
Bitter Taste
Definition

Definition
A BK K+ channels with a large conductance, controlled
by the membrane potential and the submembrane Ca2+
concentration.

▶Taste - Bitter

Biventer Lobule
Synonyms
▶Lobulus biventer; ▶Biventral lobule

Bladder
▶Visceral Afferents

Definition
The biventer lobule belongs to the posterior lobe and is
part of the cerebellar hemispheres. Apart from the areas
in proximity to the vermis (intermediate part), the
hemispheres belong to the phylogenetically young
neocerebellum and receive their afferents via the mossy
fibers of the pontocerebellar tract from the pontine
nuclei. All hemisphere segments are hence also
assigned to the pontocerebellum.
▶Cerebellum

BK
Definition
BK refers to large conductance Ca-activated K+
channels present in autonomic neurones and sometimes
involved in repolarization of the action potential.

Bladder Control (Neural)
Definition
The nervous system regulates the storage and release of
urine by coordinating the activity of the urinary bladder
and the urethral outlet. In infants and young children the
elimination of urine (also known as voiding, urination
or micturition) is purely involuntary and is mediated by
reflexes triggered by bladder afferent nerves in response
to bladder distension. In adults, micturition is voluntary
and is dependent upon neural circuitry located in the
brain, spinal cord and peripheral nervous system that
regulates autonomic and somatic nerve inputs to the
lower urinary tract. Micturition is one of the few
visceral functions under voluntary control.
▶Micturitionn, Neurogenic Control
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BLAST

BLAST
Definition
Basic Local Alignment Search Tool. BLAST is used to
align high scoring, short stretches of sequence identity
at speed. BLAST replaced FASTA, a previous method
of analysing sequence similarities. Various different
types of BLAST can be used, depending on requirements.
Discontinuous megablast, blastn, or megablast can
be used to assess the similarity of nucleotide sequences.
Protein sequences can be tested from DNA sequence
using tblastx (which uses a translated database to match
a translated query) or blastx, (which uses a protein
sequence database to match a translated query). Peptide
or protein sequences can be matched using standard
protein BLAST (blastp), or more sophisticated analysis
of domains within a protein query can be carried out
using PSI-BLAST, PHI-BLAST or RPS-BLAST.
Protein sequences can also be used to query translated
nucleotide databases (tblastn).
▶Bioinformatics

Blepharospasm

the human eye, located at approximately 15 degrees
nasally from the fovea of the retina, or temporally in the
visual field.
▶Retinal Ganglion Cells
▶Visual Field

Blindness
Definition
Blindness is, of course, loss of the ability to see and may
be caused by damage to the eye, the retina of the eye,
areas of the brain involved in processing visual stimuli
or the nerve tracts connecting these. Blindness can be
subtotal in that vision is only lost in particular regions of
the visual field either in one or both eyes. Blindness
affecting one entire side of vision (e.g. everything to the
left of the direction of gaze) is known as hemianopia.
▶Hemianopia

Blindsight

Definition

R OBERT W. K ENTRIDGE

Dystonia of eyelid closing and frowning muscles
(orbicularis oculi, corrugator, and procerus muscles)
characterized by usually symmetric forceful eyelid
closure for a few seconds at a time. Meige symdrome is
a combination of blepharospasm and dystonia of lower
facial, oromandibular, or cervical muscles.

Synonyms

▶Dystonia

Blind Spot
Definition
A light-insensitive area in the visual field for each eye
corresponding to the photoreceptor-free region in the
eyeball called the optic disc where the ganglion cell
axons go out and the central retinal artery comes in. An
oval-shaped area of approximately 5 degrees wide in

Psychology Department, University of Durham,
Durham, UK

Residual vision following loss of striate cortex.

Definition
“Blindsight” is a term coined by Weiskrantz (ref?) to
describe a condition found in patients who have
suffered brain damage to the rearmost area of the cortex
of the brain or to the nerve fibers leading immediately
to it. This area, known as ▶primary visual cortex, is,
as its name suggests, involved in the initial stages of
processing visual information in the cerebral cortex. It
has been known for over a century that damage to this
area can render patients blind (or blind within a specific
portion of the ▶visual field if the damage does not
destroy the primary visual cortex in its entirety). In 1973
Pöppel et al. (see [1] for an account) discovered that
although patients with damage to this area reported that
they were blind, they could nevertheless perform well in
simple visual tasks such as indicating the location of a

Blindsight

spot of light. The patients denied that they saw the spots
of light and thought that they were just guessing at the
spots’ locations. Their “guesses” were, however,
consistently related to the positions of the spots.
Subsequent studies have revealed that visual abilities
other than location of simple targets are also spared in
blindsight. Blindsight can therefore be defined as
residual visual abilities remaining despite lack of
acknowledged awareness of visual stimuli following
damage to primary visual cortex or its immediate
afferents.

Characteristics
Most visual information reaches the brain through a
pathway in which neurons in the ▶retina of the eye send
their signals to the ▶lateral geniculate nucleus (LGN)
(a part of the ▶thalamus), the LGN, in turn, projects to
primary visual cortex which then sends signals to other
parts of the cortex. Spared visual function in blindsight
is likely to depend upon other pathways which also
convey information from the eyes to the brain but do
not pass through primary visual cortex. The nature
of the information that can be carried over these
alternative visual pathways determines the extent of
visual functions spared in blindsight. It has, however,
also been suggested that the brain damage in patients
with blindsight might have left sufficient primary visual cortex functioning to mediate their residual visual
abilities. If this suggestion is correct then blindsight
becomes less interesting as an example of an anatomical
dissociation between conscious and unconscious processes. In order to characterize blindsight we therefore
need to consider its anatomical basis, the extent of the
functions that are spared and the strength of evidence
for and against sparing of primary visual cortex as an
explanation for blindsight.
Anatomy
Information from the eyes is used for many things
other than vision – the control of ▶eye-movements, coordination of head and eyes, setting ▶circadian
rhythms, to name but a few. These functions are
controlled by a range of subcortical structures which
receive signals from the retina. Some of these structures also send signals to areas of the cortex beyond
primary visual cortex. In particular the ▶superior
colliculus, which is involved in eye-movement control,
receives substantial input from the retina in which
the relative spatial positions of signals are retained.
These projections could therefore, in principle, mediate
▶spatial vision (information about the structure of the
visual scene as opposed to unstructured information
like overall light levels). The superior colliculus sends
dense projections to the ▶pulvinar (a major division
of the thalamus, rather larger than the LGN). The
pulvinar sends and receives connections from many

427

areas of cortex and is implicated in a range of visual
functions. For example, it contains cells that are
sensitive to visual motion (▶Visual motion processing)
and even cells whose activity is modulated by visual
attention (▶Visual attention). It is conceivable that
information conveyed through retino-collicular inputs
to the pulvinar (together with a smaller number of
direct retinal inputs) could be forwarded to the cortex
and mediate some aspects of blindsight (this depends,
however, on the specific relationship between the destinations of collicular projections within the pulvinar
and the origins of pulvinar projections to the cortex
which are not fully understood). In addition to projecting to cortex the pulvinar also sends signals to the
▶amygdala, a forebrain structure centrally involved in
the control of emotion. It has been suggested that these
connections mediate responses to unseen emotionally
significant stimuli in blindsight. Again, the plausibility
of this suggestion relies upon there being a correspondence between cells receiving visual signals in the
pulvinar and those projecting to the amygdala. Finally,
the LGN itself does not send all of its projections to
primary visual cortex, it is also known to project
directly to a number of ▶extra-striate cortical areas (i.e.
areas other than primary visual cortex, which is also
often referred to a striate cortex or, in the monkey,
area V1), including ▶areas V2, ▶V4 and ▶MT. The
projections to area MT in particular may mediate
residual discrimination of visual motion (Visual motion
processing) in blindsight. There are, therefore, a range
of pathways via which visual abilities might be retained
in the absence of primary visual cortex.
Visual Abilities in Blindsight
Blindsight has been studied in a relatively small number
of patients, although estimates of its frequency vary, it
may occur undetected in many patients who have
suffered damage to primary visual cortex. The patients
in which it has been studied have almost all had damage
which did not destroy all of primary visual cortex.
These patients lost conscious vision in the part of their
visual field subserved by the damaged visual cortex.
So, for example, if primary visual cortex is lost only in
the left cerebral hemisphere then conscious vision
will be lost in the right visual field (the patient will
have ▶homonymous hemianopia). Such patients may
exhibit blindsight in their ▶scotomata (regions of visual
loss). In these regions the patients deny experiencing
visual stimuli yet may still respond systematically to
stimuli they do not see. This type of subtotal loss must
not be confused with the notion that tissue within
an area of damage might be spared. This possibility
will be considered when criticisms of blindsight are
discussed later.
The earliest studies of blindsight revealed patients’
ability to localize spots of light presented within their
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scotomata using either eye-movements or pointing as a
behavioral measure. It is conceivable that this ability
might be mediated entirely by the collicular eyemovement system. Even pointing responses might be
guided by patients monitoring incipient eye-movements
whose final execution is suppressed. It was, however,
soon shown that blindsight patients could also make a
range of simple visual discriminations including discriminating straight from curved lines, discriminating
stimuli differing in color, discriminating the orientation
of lines or gratings (patterns of bright and dark bars) and
the spatial frequency of gratings (the fineness of these
patterns) [1]. These abilities could not plausibly be
explained in terms of eye-movement monitoring. It is,
however, also important to stress that spatial vision in
blindsight is very limited compared to normal vision.
Although blindsight patients can discriminate properties
of the components from which objects are constructed
they do not appear to be able to integrate this information
into representations of objects. For example, blindsight
patients cannot discriminate between an equilateral
triangle with its apex oriented upwards and one with its
apex pointing down. Both triangles are constructed of the
same three line segments, it is the spatial relationship
between these components that defines their difference
and, apparently, residual visual function in blindsight
does not extend to extraction of such relationships.
Blindsight patients can, however, determine whether a
pair of targets presented in their scotomata match or
differ in terms of the simple properties just discussed.
There is one probable exception to the rule that complex
shape discrimination is absent in blindsight. There is
recent evidence that blindsight patients can discriminate
the emotional expression of faces [2]. It has been
suggested that this ability is mediated by projections to
the amygdala. As the amygdala has a specialized role in
processing social signals and emotion this might explain
why discrimination of facial expressions, but not other
complex shapes, is spared in blindsight.
When blindsight patients are asked to grasp objects
in their blind fields they do not, in general, shape
their hands to match the size and shape of the objects.
There is, however, an exception. If part of the object
is visible (i.e. falls in the undamaged part of the
visual field) then the unseen part can influence grasp
[3]. It is possible that there are weak residual inputs
to the visual control of action (▶Visual space representation of action) which are normally insufficient to
guide action in blindsight but which can be brought into
play when actions are at least partially shaped by
conscious vision.
It has been known since the early twentieth century
that motion perception survives damage to primary
visual cortex. Residual vision of motion can be (but is
not always) conscious. Conscious perception of motion

by cortically blind patients is known as the ▶Riddoch
phenomenon. Blindsight patients also often report
conscious experience of rapidly moving stimuli or ones
which change brightness very quickly. Again, it would
be a mistake to assume that residual motion perception
in blindsight, be it conscious or otherwise, resembles
normal perception of motion. Blindsight patients can
detect the onset of motion and can discriminate the
direction and velocity of motion of isolated individual
targets. They cannot, however, discriminate the direction of motion when that motion is made up of the
average trend of many small movements (in what is
known as a random dot kinematogram) despite the fact
that such tasks are trivial for a normal person [4].
Finally, it has been shown that blindsight patients can
orient spatial attention (Visual attention) within their
blind fields – that is, if they are cued to the likely
location of a stimulus within their blind field patients
are quicker and more accurate at discriminating its
properties than if the stimulus is presented at an
unattended location [5]. It is noteworthy that stimuli
which can be shown to be attended by virtue of
advantages in the speed or accuracy of their discrimination nevertheless still remain unseen. This demonstrates
dissociation between visual attention and ▶visual
consciousness (often thought to be closely related).
We have noted that some stimuli can elicit conscious
experience in blindsight patients. The nature of that
experience is the subject of considerable controversy. It
has been argued that it is in some sense a non-visual
experience, for example a “feeling of knowing” that a
stimulus has been presented rather than an experience
of seeing the stimulus. Attempts to establish the quality
of such experiences are fraught with difficulty. It is,
however, clear that there are differences in the pattern of
activity in the brain elicited by stimuli which do or do
not give rise to experience in blindsight patients [6].
Objections
As the phenomenon of blindsight has such great
implications beyond neuropsychology for our understanding of consciousness it is not surprising that it has
been the focus of intense scrutiny [7]. The first class of
objection revolves around anatomy. It is common in
brain damage caused by ▶stroke, for example, for some
tissue to survive within an area of damage. It has been
argued that blindsight is, in fact, mediated by spared
primary visual cortex rather than the non-striate routes
described earlier. Patients can indeed be found who
retain small patches (or “islands”) of viable tissue
within a larger area of damaged primary visual cortex.
These patients can detect stimuli presented in the tiny
regions of their visual fields corresponding to these
islands of sparing [8]. Moreover, they deny awareness
of such stimuli. It is, however, unlikely that islands of
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sparing can account for all cases of blindsight. Experiments in which stimuli in many locations are tested
using equipment which tracks eye-position and hence
prevents eye-movements from allowing the stimuli to
activate anything but a very small region of the retina
(and hence cortex) suggest that blindsight is too
spatially extensive to be accounted for by undetected
islands of sparing. High-resolution neuroimaging has
also failed to detect islands of activity within the
primary visual cortex of blindsight patients even when
it is sufficiently powerful to detect activity elicited in
extrastriate areas.
As nearly all blindsight patients retain undamaged
regions of vision it is also possible that what appear to
be residual abilities are in fact based on response to light
that has scattered so as to fall within these regions of
normal vision. Although scatter in the environment can
be controlled for it is much harder to ensure that light
is not scattered within the eye itself. Elegant experiments suggest, however, that intraocular scatter cannot
account for residual vision in blindsight. In the normal
retina we all have a region called the ▶blind-spot where
the ▶optic nerve leaves the eye and hence where there
are no ▶photoreceptors. Although we do not notice it,
we are all completely blind within this region. A
stimulus presented in the ▶blindspot of a blindsight
patient cannot directly elicit any neural signals, it
should, however, scatter just as well as a stimulus presented outside the blindspot. If blindsight is mediated
by light scatter then stimuli should be detected just as
well whether they fall in or out of the blindspot.
Blindsight subjects fail to detect targets presented at
their blindspots although they do detect adjacent stimuli
outside the blindspot – good evidence that blindsight
cannot depend upon light scatter [9].
If blindsight is somehow mediated by an impoverished signal to the primary visual cortex (although
this seems unlikely) then it should resemble weak
normal vision. It has been suggested that blindsight
patients’ denial of visual experience is due to a bias
against reporting stimuli in what they know to be an
abnormal area of vision. Experiments using techniques
based on signal detection theory permit such biases
to be distinguished from patients’ discriminative
abilities [10]. These experiments suggest that bias in
conjunction with poor normal vision cannot explain
blindsight.
All of the objections raised against blindsight can
be addressed, so the phenomenon itself seems genuine.
It is, however, important to note that findings from
individual patients or specific experiments might nevertheless still be accounted for in terms of one or more of
these objections. Careful control of stimuli and detailed
anatomical data are essential in conducting and assessing experiments on blindsight.
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Block Diagram
Definition
A diagram of a system as blocks connected by wires.
Each block performs a function and passes the results
to all the blocks connected to it.
▶Signals and Systems

Blocking
A well-established CS presented on later conditioning
trials in compound with a new stimulus blocks the new
stimulus from associating with the US.
▶Conditioned Taste Aversion

B
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Blocking in Classical Conditioning

Blocking in Classical Conditioning

and non-neural mechanoreceptors, and by physical
factors.
▶Blood Volume Regulation

Definition
The failure of a conditioned stimulus (CS) to elicit a
conditioned response when its pairings with the
unconditioned stimulus (US) take place in the presence
of a previously established signal for that unconditioned
stimulus. Assessment of the magnitude of blocking is
made through comparison with an overshadowing
control group that receives identical pairings of the
CS and US but in the presence of a neutral stimulus.
This is one of several examples of cue competition or
stimulus selection effects that prompted development of
predictive-driven learning models.
▶Theory on Classical Conditioning

Blood Volume Regulation
H IROSHI K ANNAN
Department of Physiology, Faculty of Medicine,
University of Miyazaki, Miyazaki, Japan

Synonyms
Physiology of body fluid balance; Control of extracellular fluid (ECF) and blood volume

Definition

Blood Brain Barrier
Definition
The blood brain barrier (BBB) acts to protect the brain
extracellular fluid from fluctuations in blood composition. Because of the BBB, not all blood constituents can
pass freely into the brain extracellular space.

Blood Volume Homeostasis
Definition
The human body’s total blood volume (V) of approximately 5L is not uniformly distributed along branchings
of the cardiovascular system, from left heart to right
heart, and back to left. The blood volume can be divided
as follows: (i) the systemic circulation (where ≈85% of
blood is contained), the pulmonary circulation (≈10%),
and the heart chambers (5%); (ii) the high-pressure
system (≈15%), the low-pressure system (≈80%), and
the heart chambers (≈5%); (iii) the systemic venous
system versus the remainder of the circulation; and (iv)
the central blood volume (volumes of the right heart +
pulmonary circulation) versus the rest of the circulation.
Changes in blood volume are mostly determined by the
degree of fullness of various regions of the cardiovascular system, which includes neural mechanoreceptors

Body water is the fluid environment of the cells, and all
life depends upon the stability of this “internal sea.” The
homeostasis of body fluids is primarily maintained by
the balance between those mechanisms controlling the
intake of water and electrolytes, and those regulating
water and electrolyte loss in the kidneys.

Characteristics
Quantitative Description
Water, the largest constituent of the body, makes up
55–65% of the body weight in animals and humans.
Total body water is distributed between intracellular
fluid (ICF) and extracellular fluid (ECF) compartments,
with 55–65% in the former and 35–45% in the latter.
The ECF can be further subdivided into the interstitial
fluid (ISF) surrounding the cells and the plasma volume
within blood vessels. The intravascular fluid averages
7–8% of total body water or, approximately, one fifth of
the ECF. The body’s total blood volume (V) of
approximately 5 L is not uniformly distributed in the
body: the high-pressure arterial circuit contains 13% of
the blood volume, the capillary bed 7%, and the lowpressure venous bed 64%. The pulmonary circulation
contains 9% of the blood volume, and the heart 7%.
Total body fluid compartments differ not only in their
volumes but also in the solutes that are dissolved in them.
Specifically, membrane-bound Na+/K+ pumps maintain
Na+ primarily outside the cells, whereas K+ is largely
found inside them. However, the osmotic pressure,
which reflects the concentrations of all solutes in a fluid
compartment, is always equivalent in the ECF and ICF
because most biological membranes are freely permeable
to water. Thus, water flows across the membranes by
osmosis from a relatively dilute compartment into one
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with a higher solute concentration until a steady state
is reached in which the osmotic pressure is equalized
on both sides of the cell membrane.
Higher Level Structures
Relevant Sensing Structures
Low-Pressure Volume Sensors
A loss of blood is detected by stretch receptors in the
great veins entering the right atria/ventricle of the heart
and in the pulmonary artery (low-pressure volume
receptors), and provides an afferent vagal signal to
the ▶nucleus tractus solitarius (NTS) in the brain stem
(Fig. 1). These receptors are located at the end of
afferent axons – either A or B fibers – that join the vagus
nerve (X). The A fibers fire in synchrony with the atrial
systole and therefore monitor the heart rate. The B
fibers fire in a burst during the ventricle systole and
gradually increase their firing rate as the atria fill. Thus,
the B fibers monitor the rising atrial volume. As the
central venous pressure (CVP) – the pressure inside
large systemic veins leading to the right heart – is the
main determinant of right atrial filling, the B fibers also
detect changes in the CVP. Therefore, the B-type lowpressure stretch receptors primarily monitor the effective circulating volume and venous return. The afferent
pathways for the low-pressure receptors are similar to
those for high-pressure ▶baroreceptors along the vagus
nerve and project to the NTS and other nuclei of the
medullary cardiovascular center. To some extent, the
efferent pathways and effector organs (i.e., heart and
blood vessels) are also similar. However, whereas an
increased stretch of the high-pressure baroreceptor
decreases generalized sympathetic outflow, an increased stretch of the atrial B-type receptors decreases
sympathetic vasoconstrictor output only to the kidney.
The net effect of an increased atrial stretch (i.e., tachycardia and renal vasodilatation) is an increase in renal
blood flow and an increase in urine output. A decreased
atrial stretch has little effect on the heart rate but
increases sympathetic output to the kidney. Therefore,
as far as their direct cardiovascular effects are concerned, the high-pressure baroreceptors respond to a
stretch (i.e., increased blood pressure) by attempting to
decrease blood pressure. The low-pressure volume
receptors respond to a stretch (i.e., increased fullness)
by attempting to eliminate fluid.
High-Pressure Baroreceptors
Even larger decreases in blood volume may also lower
arterial blood pressure, which reduces the stretch of
receptors in the walls of distensible arterioles in the
carotid sinus and aortic arch (high-pressure baroreceptors). That information is similarly communicated to the
NTS and integrated there with neural messages from
the low-pressure, venous side of the circulation. The
activity of these sensors modulates both sympathetic
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nerve outflow and vasopressin (ADH) secretion.
For example, a decrease in the filling of the pulmonary vessels and cardiac atria increases sympathetic
nerve activity and stimulates vasopressin secretion.
Conversely, distention of these structures decreases
sympathetic nerve activity. In general, 5–10% changes
in the blood volume and pressure are necessary to
evoke the response.
Cardiac Sensors
The cardiac atria possess an additional mechanism
related to the control of blood volume. The myocytes of
the atria synthesize and store a peptide hormone, termed
atrial natriuretic peptide (ANP), which is released
when the atria are distended.
Renal Sensors
The kidney also contains volume/pressure sensors,
the juxtaglomerular apparatus (JGA), which respond
directly to changes in pressure. If perfusion pressure of
the afferent arterioles is reduced, renin is released
from the myocytes. Renin determines the blood levels
of angiotensin II and aldosterone, both of which play an
important role in regulating renal Na+ and water
excretion.
Hepatic Sensors
The liver contains sensors to changes in pressure and
Na+ concentration that, although not as important as the
vascular sensors in monitoring the effective circulating
volume, can modulate renal NaCl excretion. Afferent
signals from both types of sensors are carried to the
central nervous system (CNS) in the hepatic vagal
nerves. Increased pressure within the hepatic vasculature, or an increase in portal vain [Na+], results in a
decrease in renal sympathetic nerve activity [1].
Osmolality/Na+ Sensors in the CNS
The whole-body Na+ content determines the ECF
volume, whereas the whole-body water content determines the ▶osmolality. As the body generally stabilizes
the osmolality, an increase in extracellular Na+ content
will increase the ECF volume.
The osmoreceptors/Na receptors appear to be located
in two areas: the organum vasculosum lamina terminalis (OVLT) and the subfornical organ (SFO), two of
the circumventricular organs (OVLTs). Neurons in
these regions are thus able to sense changes in plasma
osmolality/Na concentration. They apparently behave
as osmometers, responding to elevated osmolality/Na
concentration by increasing the activity of mechanosensitive ▶(stretch-inactivated) cation (SIC) channels
located in their cell membranes, resulting in significant membrane depolarization that increases the
frequency of action potentials [2]. In addition, vasopressin and oxytocin secretory neurons themselves in
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the ▶paraventricular (PVN) and supraoptic (SON)
nuclei have osmo- /Na-sensitivity.
Higher Level Processes
Efferent Systems
The kidneys (output) and drinking behavior (input)
play important roles in body water fluid balance. Both
neural and hormonal regulating signals are involved
(Fig. 1).
Renal Sympathetic Nerve Activity
Renal sympathetic nerves innervate the afferent and
efferent arterioles of the glomerulus as well as the
▶nephron cell. With negative Na+ balance (i.e., volume
depletion), the Na+ sensors (especially the low- and
high-pressure vascular baroreceptors) stimulate renal
sympathetic nerve activity. Increased renal sympathetic
nerve activities produce the following: (i) decreased
hydrostatic pressure within the glomerular capillary

lumen and, thereby, a decreased ▶glomerular filtration
rate (GFR); (ii) renin secretion via activation of betaadrenergic receptors; (iii) enhanced NaCl reabsorption
along the nephron via activation of alpha-adrenergic
receptors [3,4]. The combined effects of these actions
contribute to overall decreases in NaCl and water
excretion, an adaptive response that works to restore the
euvolemia.
Renin-Angiotensin-Aldosteron System
Three factors play an important role in stimulating renin
secretion: (i) reduced perfusion pressure to the kidney
results in renin secretion; (ii) activation of the renal
sympathetic nerve results in an increase in renin
secretion; (iii) decreased NaCl delivery to the macula
densa results in an increase in GFR and an increase in
renin secretion. Renin alone does not have a physiological function; it functions solely as a proteolytic enzyme.
Its substrate is a circulating protein, angiotensinogen,

Blood Volume Regulation. Figure 1 Basic mechanisms involved in blood volume regulation. The most important
organs involved in the regulation of blood volume are shown (for explanations, see text). In these organs, a variety of
different cell types and molecular events are related to blood volume regulation. Adaptive responses are initiated by
the detection of changes in volume/pressure and osmolality/Na concentration, then the following four parallel effector
pathways that act on cardiovascular function, kidney and drinking behavior, are triggered: (a) sympathetic nerve
activity; (b) renin-angiotensin-aldosterone system; (c) natriuretic peptide; (d) vasopressin (ADH)/oxytocin (OXT).
Additional events linked to blood volume regulation involve the need to drink water and sodium appetite. GFR,
glomerular filtration rate.
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which is produced by the liver. Angiotensinogen is
cleaved by renin to yield a 10-amino acid peptide,
angiotensin I. Angiotensin I has no known physiological
function and is cleaved to an 8-amino acid peptide,
angiotensin II, by a converting enzyme (angiotensinconverting enzyme [ACE] found on the surface vascular endothelial cells (pulmonary endothelial cells
are important sites for the conversion of angiotensin I
to angiotensin II). Angiotensin II has several important
physiological functions: (i) stimulation of aldosterone
secretion; (ii) arteriolar vasoconstriction; (iii) stimulation
of vasopressin secretion; (iv) enhancement of NaCl
reabsorption; and (v) drinking behavior.
Atria Natriuretic Peptide (ANP)
ANP is released with an atrial stretch, as would occur
with positive Na+ balance and blood volume expansion.
The circulating form of ANP is 28 amino acids in
length. In general, ANP actions, as they relate to renal
NaCl and water excretion, antagonize those of the
renin-angiotensin-aldosterone system. ANP, as its name
implies, promotes natriuresis (i.e., Na+ excretion). ANP
plays a role in the diuretic response to the redistribution
of ECF and plasma volume into the thorax that occurs
during water immersion and space flight. ANP inhibits
renin secretion, aldosterone secretion, NaCl reabsorption, ADH secretion, and drinking behavior [5].
Vasopressin (ADH)
The posterior pituitary releases vasopressin primarily in
response to increases in extracellular osmolality.
Indeed, ADH mainly increases distal-nephron water
permeability, thus promoting water retention. However,
the posterior pituitary also releases ADH in response to
large reductions in circulating blood volume (hemorrhage). Vasopressin is a nonapeptide with a molecular
weight of 1,084. It is synthesized in the cell bodies of
magnocellular neurons in the paraventricular (PVN)
and supraoptic (SON) nuclei of the hypothalamus,
where it is packaged along with neurophysin into
neurosecretory vesicles. These vesicles are transported
along the axons of these neurons to the posterior lobe
of the pituitary, where they are stored. Stimuli for
vasopressin release, acting via neural inputs to the
PVN and SON, result in the depolarization of
these neurons and the release of vasopressin and its
accompanying neurophysin into the circulation via the
process of exocytosis. The primary physiological stimuli
for the release of vasopressin are an increase in the
osmotic pressure of the plasma and reductions in blood
pressure/volume. Other stimuli, such as nausea and
“stress” may also affect vasopressin release. Vasopressin
can increase reabsorption of water in the kidney by
activating V2 receptors on the distal nephron. Vasopressin is also a potent vasoconstrictor as a result of
activation of V1a receptors on vascular smooth muscles.
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Oxytocin (OXT)
The neurohypophysial hormone oxytocin has traditionally been considered to be associated with the female
reproductive functions of lactation and parturition.
However, more recent evidence suggests oxytocin may
also play a role in body ▶fluid homeostasis. Oxytocin is
a natriuretic factor that may be involved in the volume
expansion response. Blood volume expansion increases
circulating oxytocin, and oxytocin has been shown to
facilitate the release of the atrial natriuretic peptide
(ANP) from isolated atria. Thus, during volume
expansion, vasopressin is inhibited to decrease water
retention and increase vasoconstriction, while oxytocin
is secreted to increase natriuresis directly at the level of
the kidney and indirectly via the release of ANP [6].
Process Regulation
Integrative Sites in the CNS Relevant to Blood Volume
Regulation
Changes in blood volume affect a number of regions
in the CNS, including the area postrema, NTS, caudal
ventrolateral medulla (CVLM), locus coerulus (LC),
diagonal band of Broca (DBB), PVN, and SON (Fig. 2).
In regard to vasopressin release to a decrease in
blood volume/pressure, two afferent pathways are proposed: one, NTS→A1 noradrenergic neurons in the
CVLM→AVP-secreting neurons in the PVN/SON;
another, the NTS→LC→DBB→perinuclear zone in
the PVN/SON→AVP-secreting neurons in the PVN/
SON [7]. In regard to the activation of renal sympathetic
nerve activation to a decrease in blood volume, central
pathways mediating the baroreceptor reflex may be
involved and, in some part, overlapped. In addition, the
parvocellular neurons in the PVN are involved in
mediating volume-related signals directly projecting to
the intermediolateral cell column (IML) of the spinal
cord or indirectly via the ▶rostral ventrolateral medulla
(RVLM) [8,9].
Circumventricular organs (CVOs) are sites for
mediating humoral signals relevant to ▶blood volume
homeostasis to the CNS.
The small restricted areas that lack a ▶blood-brain
barrier (BBB) are called the circumventricular organs
(CVOs) because they surround the ventricle system;
these areas include the area postrema (AP), posterior
pituitary, SFO, median eminence, pineal gland, subcommisural organ, and organum vasculosum lamina
terminalis (OVLT). Neurons in the CVOs are directly
exposed to blood solutes and macromolecules; this
arrangement is believed to be part of a signal transmission system for detecting endogenous systemic
peptides. Peptide hormones, such as vasopressin,
angiotensin II (AII) and ANP, are believed to exert
their central effects primarily through actions at the
CVOs. The CVOs maintain numerous reciprocal
connections with brain regions that are intimately
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Blood Volume Regulation. Figure 2 Drawing showing how afferent (neural and humoral) information from the
internal environment relevant to body fluid balance is transmitted in the central autonomic and endocrine network of
the brain, and selected neural pathways subserving blood volume regulation in the CNS. Abbreviation: AP, area
postrema; CVLM, caudal ventrolateral medulla; DBB, diagonal band of Broca; IML, intermediolateral cell column; LC,
locus ceruleus; MnPO, median preoptic nucleus; NTS, nucleus tractus solitarius; OVLT, organum vasculosum lamina
terminalis; PBN, parabrachial nucleus; PP, posterior pituitary; PVN, paraventricular nucleus; SFO, subfornical organ;
SON, supraoptic nucleus.

involved in the regulation of blood volume/pressure and
osmolality/Na homeostasis.
Function
Homeostasis of Blood Volume
Hemorrhage, water (sodium) loss, or localized sequestration of ECF (edema) decreases the blood and
interstitial fluid (ISF) volume. The immediate response
to hypovolemia is the activation of the components
of the autonomic nervous and endocrine systems in a
manner that mitigates the consequences of reduced
cardiac output and falling blood pressure. The activation of the sympathetic nervous systems contributes to
increased vascular tone, venous return, heart rate and
contractility, and renal sodium and water reabsorption.
Elevated vasopressin (ADH) and renin-angiotensinaldosterone act directly or indirectly to retain sodium
and water or to redistribute blood and interstitial fluids
in an attempt to maintain critical regional blood flows.
In addition, drinking behavior participates in adaptive
responses. The blood volume that is necessary to
achieve adequate perfusion of key organs is sometimes
referred to as the effective circulating volume.
Pathology
Disorders of body fluid homeostasis can result either
from disturbances in the physiological mechanisms
that control the conservation, distribution, and excretion of water and solutes or from disturbances in the

behavioral mechanisms that control the intake of water
and solutes.
Generally speaking, water balance is more finely
regulated by changes in osmolality, whereas sodium
balance is regulated to a greater degree by changes in
effective ECF volume. Therefore, disorders of osmotic
homeostasis are mainly caused by abnormalities of
water balance, and disorders of volume homeostasis
largely result from abnormalities of sodium balance.
Representative disorders relevant to ECF/blood
volume homeostasis: ▶Adrenal insufficiency (Addison’s disease); Hypovolemia (hemorrhage, diarrhea,
excessive sweating); ▶Hyperaldosteronism.
Representative disorders relevant to body osmolality
homeostasis: ▶Diabetes insipidus; ▶Syndrome of
inappropriate ADH secretion; Osmoreceptor dysfunction; Primary polydipsia.
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capable of being stained and concluded that it didn’t
stain in his mentor’s experiment because the dye could
not cross the walls of brain capillaries. This was an early
realization that the brain is somehow separated from
blood, leading to the concept of the BBB. Now, the
physical and cellular basis of the BBB is fairly well
understood. Its most important role is to carefully
maintain and protect the brain parenchymal environment to ensure optimal neuronal and glial functioning.
Excessive glutamate, for example, is toxic for neurons
and oligodendrocytes. Nutrients and factors that the
brain needs for efficient activity are allowed in; toxins
and undesirable agents are excluded and, indeed, can
be actively ejected. It is believed that there are approximately 400 miles of capillaries perfusing the human
brain with a surface area of endothelium of about 20 m2.
The BBB is the major interface between blood and brain.

Ultrastructure and Cellular Basis

The blood-brain barrier (BBB) serves to protect the brain
from the potentially adverse effects of fluctuations in
molecular and macromolecular components of the blood.
Such fluctuations may be due to diet, metabolism and
disease. The anatomical basis of the BBB is attributable
to the endothelium of the brain capillaries. Here, the
endothelial cells differ from those in the periphery by
being sealed to their neighbors by extremely well
developed ▶tight junctions, limiting paracellular flux of
blood-borne substances. Additionally, the cells (which
are only about 0.2–0.3 μm thick) lack channels and
fenestrations, restricting transcellular traffic of agents.
Transporters ensure that nutrients and other essential
substances cross the BBB to support the metabolically
active but environmentally sensitive cells of the CNS.

It was not clear if the structural basis for the BBB was at
the level of the endothelium, the basement membrane (to
which the endothelial cells are attached) or the glia or
pericytes ensheathing the endothelial cells. In the late
1960’s, Ehrlich’s experiment was repeated by Reese,
Karnovsky and Brightman [1,2] but with analysis at the
ultrastructural level using the, then new, electron
microscope. Rather than using dyes, they exploited
horseradish peroxidase as a relatively small protein tracer.
This could be chemically fixed in place and sensitively
detected by allowing enzymatic reaction with a suitable
substrate to generate an electron-opaque product. The
electron microscope images showed that the tracer was
prevented from entering the brain by tight junctions
between the endothelial cells. Similar findings were made
using lanthanum ions as an even smaller tracer. In
peripheral organs such as heart, the tracers could be seen
passing across the capillary endothelium, apparently
through the looser interendothelial cell junctions. Tight
junctions had been identified previously by Farquhar and
Palade as a structure of the junctional complex in epithelium, known to possess well-developed barrier properties. From the ultrastructural studies, it was also
realized that brain endothelial cells, unlike those in the
periphery, have very few endocytic vesicles that are
usually involved in internalization and transcellular
movement of substances in the bulk-phase.

Historical Development

Permeability Properties

In 1885 the German microbiologist Paul Ehrlich reported that when vital dye was injected intravenously
in animals, peripheral organs became stained as dye
leaked from the blood into the tissue; in contrast, the
brain did not. Ehrlich’s interpretation was that the brain
had a low affinity for the dye. His student Edwin
Goldmann subsequently showed that the brain was

A picture of the anatomical basis of the BBB thus
emerges. Endothelial cells lining brain capillaries are
connected to each other by a seamless organization of
epithelial cell-like tight junctions. The plasma membrane of the endothelial cell, as in any cell, is continuous
and hydrophobic and therefore restricts transcellular
movement of charged or large molecules from blood to
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brain. The low rate of endocytosis and vesicular
transcytosis additionally limits transcellular movement
of substances via the bulk phase. Well-developed tight
junctions inhibit the paracellular movement of substances from blood to brain. Therefore, the barrier
functions because substances in general are limited from
getting across (transcellular route) or around (paracellular route) the endothelial cells lining brain capillaries.
Later on it was realized that the tight junctions of brain
endothelial cells are so well developed that they even
limit the passage of small ions. Indeed, transendothelial
electrical resistance is often used to measure the
permeability of brain endothelial tight junctions, which
in vivo is believed to be of the order of a few thousand
Ω.cm2 (Fig. 1).

Transport across the BBB
The term, BBB is, however, somewhat misleading.
Literally, it implies that there is an impenetrable seal
between blood and brain. For certain types of bloodborne substances, this is true to a large extent. However,
the brain is highly active metabolically, so, clearly, it
cannot be completely sealed off from the nutrients and
cofactors that blood carries. If a toxic or undesirable
substance in blood is hydrophilic it cannot cross the
BBB by either the paracellular or transcellular routes.
Nutrients such as glucose and amino acids would
likewise be excluded from the brain. These, however,
are enabled to cross the BBB due to appropriate
expression of ▶transporter proteins in the endothelial
cells. Transport can be either active or facilitative. The
tight junction is also important in this respect because it
separates the plasma membrane, and therefore polarizes
membrane proteins, into apical and basolateral compartments. Other important molecules such as ▶transferrin are selectively transcytosed across the endothelial

cells. Therefore, the BBB is a barrier but it is selective
rather than being completely exclusive. Clinically, transport across the BBB can be exploited for therapeutic
purposes. For treatment of Parkinson’s disease, peripherally administered L-DOPA is transported into the brain
via the ▶large neutral amino acid transporter type 1
(LAT1). Once in the brain it is enzymatically decarboxylated, giving rise to dopamine.

Ejection Out of the CNS: The Role of P-Glycoprotein
Unfortunately, some noxious substances do manage to
get across the BBB. These tend to have hydrophobic
character, meaning that they can cross via the transcellular
route by simple partitioning. However, the BBB is
sophisticated further in that it has additional mechanisms
to deal with this problem. This realization derived from
the mechanism of resistance of tumor cells to many
chemotherapeutic drugs. These cells express drugtransporting ▶P-glycoprotein (P-GP), a large plasma
membrane protein that actively extrudes a large variety of
cytotoxic drugs from the cell. From mice in which P-GP
had been genetically removed, it emerged that P-GP is
expressed in brain endothelial cells and is very actively
involved in removal of certain substances that had
managed to enter the CNS. Drugs that have CNS side
effects can be improved by making them better substrates
for P-GP. Conversely, CNS acting drugs have to escape
ejection by P-GP [3]. Many drug-metabolizing enzymes
are also expressed in the endothelial cells of the BBB,
acting as another level of defense against xenobiotics.

The Role of the Microenvironment
Brain endothelial cells have become much more specialized than those in peripheral tissues. How this has
developed and evolved is not clearly understood. However, the microenvironment seems to have an important

Blood-Brain Barrier. Figure 1 Essential features of the blood-brain barrier. Endothelial cells (ECs) lining brain
capillaries are connected to each other by extremely well developed tight junctions, limiting paracellular flux of ionic,
membrane-impermeant substances. Rates of transcytosis are low but receptor-mediated mechanisms exist to
ensure transport of essential macromolecules such as Fe-transferrin. Carriers and transporters (active or facilitative)
mediate rapid entry of nutrients such as glucose and amino acids into the CNS. P-glycoprotein (P-GP) is a
non-selective transporter that removes many hydrophobic and amphipathic molecules (drugs, metabolites etc.)
from the CNS environment.
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influence. In 1981, Stewart and Wiley performed tissue
transplantation studies between quail and chick embryos
[4]. When gut tissue was transplanted into brain, the
transplant was vascularized by brain endothelial cells
that became leaky. Conversely, brain tissue transplanted
to gut became vascularized by gut endothelial cells that
became brain-like in terms of their barrier properties.
The specialized phenotype of brain endothelial cells is
perhaps due to contact or interaction with other cells of the
CNS, the glial and neuronal cells. Astrocyte endfeet (the
terminal regions of astrocytic processes) are known to
cover much of the basal surface of brain capillaries, and
there has been speculation and some evidence that these
may provide inductive factors.

Proteins at Tight Junctions
Understanding of the molecular basis of the specialized
cell-cell adhesion that is necessary for the blood-brain
barrier has also advanced [5]. Tight junctions were
identified as anatomical entities in the early 1960’s.
There seems to be a lot of similarity in terms of the
molecular composition of tight junctions in both
epithelial cells and the endothelial cells of the BBB.
Peripheral proteins such as ▶zonula occludens-1 (ZO-1)
are localized to tight junctions on the cytoplasmic side of
the cell. ▶Occludin is an integral membrane protein with
four transmembrane domains that localizes to tight
junctions and seems to form a complex with cytoplasmic
protein components. The extracellular loops of occludin
may have some intercellular adhesive function. Occludin
expression is very high in brain endothelial cells but
much lower in those of peripheral organs, suggesting that
it may contribute to the paracellular properties of brain
endothelial cells. Another group of transmembrane
proteins localizing to tight junctions are the ▶claudins,
a multigene family consisting of greater than 20
members. Like occludin, claudin bears four transmembrane domains and is also believed to be involved in
intercellular adhesion at the tight junction. In particular,
claudin-5 may be responsible for the limited paracellular
permeability of brain endothelial cells [6].

Proteins at Adherens Junctions
The intercellular adhesion of brain endothelial cells is also
crucially dependent on ▶adherens junctions. Tight
junctions provide the barrier properties of brain endothelial cells but the adherens junction generates mechanical
strength between the cells. Adherens junctions are based
on ▶cadherins, the Ca2+-dependent adhesion molecules
[7]. Cadherins also form a multigene family; VE-cadherin
(vascular endothelial cadherin) being important for
interendothelial cell adhesion. Cadherins span the plasma
membrane once (a type I membrane protein) and, in
a homophilic and Ca2+-dependent manner, interact
with and bind to cadherins on neighboring cells. The
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cytoplasmic domain of cadherin is fairly well conserved
between classical members of the family. This links
cadherin to the actin-based cytoskeleton through a group
of proteins termed ▶catenins that physically associate
with the cytoplasmic tail. β-catenin binds directly to
cadherin and, via α-catenin, links to the actin cytoskeleton. ▶p120 is another catenin that may play a signaling
and regulatory role (Fig. 2).

Cell Culture Models
In order to study the BBB, cell culture models have also
been employed. These mainly involve the isolation of
brain capillaries by homogenization and filtration of the
tissue. Incubation with a nutrient medium encourages
the endothelial cells to migrate out of the capillaries and
proliferate. After some days in culture, many cells are
generated. These can then be trypsinized off the culture
dish and transferred to special filters for culture where
the apical chamber is separated from the basolateral,
thus mimicking the separation of brain and blood
environments. Once a confluent monolayer of cells has
been generated, the development of tight junctions can
easily be measured by determining transcellular electrical resistance. A variety of experiments can then be
performed.

The Blood-brain Barrier in Disease
Multiple Sclerosis
The BBB also plays a role in pathology, especially as
relates to CNS inflammation [8]. ▶Multiple sclerosis
(MS) is a devastating neurological disease of the CNS,
which develops when the body’s immune system
apparently attacks the myelin sheath which wraps axons
of neurons in the brain and spinal cord (autoimmune
hypothesis). Demyelination results in decreased efficiency of saltatory conductance of nerve impulses to and
from the CNS. This in turn manifests itself in a variety of
symptoms from blurred vision to complete paralysis of
one or more limbs. The pathological hallmark of MS, the
MS plaque, is a clearly defined region of demyelinated
axons interspersed with a network of astrocyte scar tissue,
giving the lesion a shiny or “sclerotic” appearance at post
mortem. Historically, the CNS was considered an
immune privileged organ, but now it is realized that a
degree of immune surveillance does occur in the normal
brain without causing inflammation. In this process,
lymphocytes have to bind to brain endothelial cells and
cross the BBB to migrate in to the CNS. Adhesion
molecules on lymphocytes and endothelium enable a
passing T-cell to bind, initially loosely, and roll along the
endothelium. Firmer adhesion results in the T-cell finally
stopping close to the endothelial tight junction. Engagement of lymphocyte and endothelium activates a series of
signaling events, which culminates in transmigration
of the leukocyte. In MS, the T-cell becomes activated and
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Blood-Brain Barrier. Figure 2 Overview of some of the proteins involved in tight junction formation in the blood-brain
barrier. Occludin and claudin are localized to tight junctions. These integral membrane proteins span the plasma
membrane four times, and their cytoplasmic domains interact with peripheral tight junction proteins such as ZO-1
(zonula occludens-1) and ZO-2). The extracellular loops are believed to mediate adhesive interaction with protein on
the neighboring cell. The claudin family has many members. Cadherins are responsible for calcium-dependent
adhesion between adjacent endothelial cells and are localized to adherens junctions. These transmembrane proteins
are made up of repeats that create calcium binding sites in the protein. The binding of calcium alters the conformation
of the protein, rendering it adhesion-competent with neighboring molecules. The cytoplasmic tail of cadherin is linked
to the actin-based cytoskeleton via β- and α-catenins. p120, another catenin, may play a regulatory role.

a variety of inflammatory cytokines are released which
further up-regulate the expression of additional adhesion
molecules in the brain endothelial cells. The BBB
becomes more adhesive for blood borne T-cells and
macrophages, which are further enticed into the CNS by a
gradient of chemokines and cytokines. Trafficking and
activation of lymphocytes compromises the BBB further,
allowing the ingress of plasma from blood to brain,
causing edema, which also interferes with nerve impulse
conduction. Dysregulation of the BBB is the earliest
detectable event in the evolution of inflammatory
demyelinating lesions that characterize MS. Clinically,
extravasation of the MRI imaging agent gadolinium from
the cerebro-spinal vasculature, is used as a paraclinical
marker to diagnose and monitor disease progress and to
assess efficacy of therapeutic agents in MS. Thus, in early
relapsing-remitting and secondary progressive multiple
sclerosis, where around ten new or enhancing lesions are
detected for each clinical relapse, interferon-β has been
reported to block BBB leakage and gadolinium enhancement within 2 weeks. The BBB itself is a potential
therapeutic target in MS in that humanized anti-adhesion
molecule antibodies have shown promise in clinical
trials of MS.
Stroke and Head Trauma
Strokes can be either infarct or hemorrhagic in origin.
Strokes due to infarct involve the blockage of the large
cerebral arteries and starvation of brain tissue of oxygen
and glucose. Hemorrhagic strokes are the result of

ruptures of the blood vessels and the leakage of blood
into brain tissue. Inflammatory mediators are believed
to cause the increases in BBB permeability that develop
as the pathology of stroke develops. These include
matrix metalloproteases, free radicals and ▶vascular
endothelial growth factor (VEGF). The current definitions of brain edema are based upon Klatzo’s classifications into cytotoxic or vasogenic. An increase in
brain water content, known as vasogenic edema, is due
to influx of protein from the vasculature. Normally, the
interstitial protein content of brain is about 100 times
less than that of plasma. Cytotoxic edema is also a
problem in stroke. This involves a failure of ion pumps
in neurons and glia and cell swelling can ensue.
Understanding and managing edema in stroke and head
trauma is a major cause of clinical concern [9,10].
Brain Tumor
In brain tumors, e.g. gliomas and neuroblastomas, the
usual features of the BBB are lost and the endothelium
lining the capillaries supplying the tumor adopts a more
peripheral phenotype [9]. The capillaries become leaky
due to poorly developed tight junctions and increased
fenestration. The basis of these differences is not clear
but probably relates to the more hypoxic environment
and VEGF. Also, the normal astrocytic influence may
be lost or subverted. In both stroke and brain tumor, the
edema can displace normal brain tissue resulting in
pressure on areas of the brain that regulate vital functions.
As a result, it is important to treat the causes of brain
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edema. Corticosteroids are the mainstay treatment of
tumor but side effects have to be carefully monitored.
Osmotherapy (administration of hyperosmotic agents
via the carotid artery) and surgery may be used in
emergency situations. Novel and safer therapies
continue to be sought and evaluated.
Other Pathologies
Neurological disorders such as Alzheimer’s disease or
HIV- induced dementia alter the integrity of the BBB.
Inflammatory stimuli, free radicals or toxic proteins
(e.g. TNF-α, superoxide anions, β-amyloid) produced
during the course of the disease can cause the loss of
tight junction proteins and BBB breakdown [9].
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Blunt-ends (DNA)
Definition
A blunt-end DNA double helix terminates in a base pair.
▶Serial Analysis of Gene Expression
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Bmal
B
Definition
Brain Muscle ARNT-Like is a protein that forms an
essential component of the molecular circadian clock
machinery. A member of the PAS-domain family, this
protein is stimulated by retinoic acid-related orphan
nuclear receptor a (RORa) and repressed by REVERBα
to resulting in a circadian periodicity in its expression.
Together with CLOCK, it forms the positive arm of
the primary feedback loop that regulates molecular
circadian rhythmicity in mammals. It forms heterodimers with CLOCK that bind to E-boxes in to drive
transcription from the Period, Cryptochrome and
Timeless loci. It is the mammalian ortholog of the
Drosophila Cycle gene.
▶Circadian Rhythm
▶Clock

BMP Signaling and Synaptic
Development
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Synonyms
SMAD Signaling; TGF-β; Signaling

Definition
Bone morphogenic proteins (BMPs) are members of
the transforming growth factor beta (TGF-β) superfamily of secreted polypeptide growth factors. These
proteins regulate a wide variety of developmental
processes including cell proliferation, differentiation,
cell fate specification, tissue patterning and apoptosis
[1,2]. Multiple functions and molecular components of
BMP signaling are evolutionarily conserved across
many species from fly to human. Canonical BMP
signaling begins by binding of secreted BMP ▶ligands
to cell surface receptors followed by activation of
intracellular ▶SMAD transcription factors and culminates in transcriptional regulation of target genes.
Recently, genetic and functional experiments have
uncovered a key role for BMP signaling in the regulation
of synaptic growth and plasticity.
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Characteristics
SMAD-Dependent BMP/TGF-b Signaling
BMPs/TGF-β ligands signal through two transmembrane serine/threonine ▶kinases known as the type I
and type II receptors (Fig. 1). Upon ligand binding,
type I and type II receptors form a heterotetrameric
complex allowing for phosphorylation of the type I
receptor by the type II receptor (Fig. 1).
The Phosphorylated type I receptor, now activated,
interacts with and phosphorylates intracellular proteins
known as receptor-regulated SMADs (R-SMADs).
Phosphorylation of R-SMADs is followed by their
co-assembly with the common partner known as the
Co-SMAD and the subsequent translocation of the
phospho-R-SMAD/Co-SMAD complex to the nucleus.
The presence of phosphorylated R-SMADs in the nucleus
is commonly used as an index for the activation of BMP/
TGF-β signaling. Once in the nucleus, this complex,
together with other cofactors, can either activate or
repress gene transcription depending on the cellular
context. The human genome encodes eight SMAD
proteins, 42 BMP/TGF-β ligands and 12 receptors [1].
This diversity of signaling molecules portrays the
complexity and specificity of this signal transduction
pathway.
Function of BMP Signaling in Synaptic Growth and
Plasticity
Emerging data suggest that ▶retrograde signaling from
postsynaptic target cells to the presynaptic neurons
plays a crucial role in the regulation of appropriate
synaptic growth and ▶plasticity. While many lines of
evidence have suggested the presence of retrograde
signaling at synapses, the identity of such signals has
been elusive. Recent experimental data have demonstrated that BMPs can act as retrograde signals at the
synapse [3–5]. This discovery has relied largely on
powerful genetic approaches in the fruit fly Drosophila
melanogaster. In particular, the Drosophila neuromuscular junction (NMJ) synapses have provided an ideal
model synapse for studying retrograde BMP signaling.
During Drosophila larval development NMJ synapses
sprout new branches and add new ▶synaptic boutons as
the muscles grow; in the few days following the
emergence of the larva to its final maturation, the
number of synaptic boutons increases several fold to
keep up with the rapidly growing postsynaptic muscles.
This ▶homeostatic synaptic growth is tightly regulated
and highly stereotypical, suggesting that a signal from
the growing muscle back to the presynaptic neuron is
most likely involved in coordinating synaptic growth.
The first step in validating this model was achieved
through a large-scale ▶forward genetic screen for genes
involved in synaptic growth. This screen identified
mutations in the type II BMP receptor Wishful thinking
(Wit) that led to a drastic reduction in synaptic span and

in the number of synaptic boutons [3]. These results
suggested that BMP signaling is likely involved in
the regulation of synaptic development. A series of
subsequent experiments demonstrated that BMP signaling indeed regulates synaptic development, and that
the signaling cascade is initiated in the postsynaptic
muscles with the release of BMP ligands, followed by
their interaction with BMP receptors present on
presynaptic nerve terminals [3,4].
Retrograde BMP Cascade
The key finding in support of the involvement of BMP
signaling in the retrograde control of synaptic growth
came with the discovery that the BMP ligand glass
bottom boat (Gbb), secreted by postsynaptic muscles,
can interact with the type II receptor Wit on presynaptic
motor neurons [4]. In addition to Gbb and Wit, several
other members of the BMP signaling pathway were also
identified to function in presynaptic neurons at the fly
NMJ. These include the type I receptors Thickveins
(Tkv) and Saxophone (Sax), the R-SMAD, Mad, and
the Co-SMAD, Medea (Fig. 1). Mutations in all these
signaling molecules result in abnormally reduced
numbers of synaptic boutons with defective ultrastructure and reduced neurotransmitter release [3–5]. The
synaptic defects associated with mutant receptors and
transcription factors are restored by providing them in
presynaptic neurons, while synaptic structural defects in
gbb mutants are restored by providing Gbb exclusively
in postsynaptic muscles [4]. In addition, phosphorylated Mad (p-Mad), used as an indicator of active BMP
signaling, disappears from the nuclei of motor neurons
when retrograde axonal transport is inhibited, further
indicating that the BMP signaling acts in a retrograde
fashion [4]. These results provide conclusive genetic
and functional evidence that retrograde BMP signaling
is required for normal synaptic growth. Furthermore,
these results suggest that the regulation of gene
transcription may play an important role in ensuring
normal synaptic growth.
Negative Regulation of BMP Signaling
BMP signaling can be negatively regulated at different
stages of the signaling pathway [1,2]. BMP antagonists
such as noggin and chordin act at the level of ligand/
receptor. These antagonists inhibit BMP signaling by
binding to BMP ligands and preventing them from
interacting with their receptors. Secondly, BMP signaling
can be modulated at the level of SMAD/receptor
interaction via inhibitory SMADs. Among other mechanisms, inhibitory SMADs attenuate the signal by competing with R-SMADs for binding with the receptor. While
inhibitory SMADs have been shown to negatively
regulate BMP signaling in several tissues, their role in
controlling synaptic growth and plasticity remain unclear.
Thirdly, BMP signaling can be negatively regulated by
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BMP Signaling and Synaptic Development. Figure 1 A model for retrograde BMP signaling pathway
at Drosophila neuromuscular junction synapses. Upper Box: The BMP ligand is released from the muscle
and binds its receptors on the presynaptic terminal of the motor neuron. Upon binding to the ligand the BMP
receptors type I (BMPRI) and type II (BMPRII) come together and this allows the phosphorylation of BMPRI by
BMPRII. Once BMPRI is phosphorylated it becomes an active kinase; it can then interact with and
phosphorylate intracellular receptor-regulated Smad proteins (R-Smad). The phosphorylated R-Smad forms a
complex with its partner Co-Smad and translocates to the nucleus of the motor neuron via retrograde axonal
transport (broken arrow). Once in the nucleus, this complex can interact with other co-factors and regulate gene
transcription. The ubiquitin ligase Highwire negatively regulates this signaling pathway via its interaction with the
Co-Smad. The following members of the signaling pathway have been identified to function in this cascade:
Ligand: Glass bottom boat; BMPRI: Saxophone and Thickveins; BMPRII: Wishful thinking; R-Smad: Mad;
Co-Smad: Medea. This model is based on references 3–5. See text for more detail. Lower Box: A graphic
representation of neuromuscular junction synapses in Drosophila larvae from wild type, BMPRII wishful thinking
mutants and E3 ubiquitin ligase highwire mutants. Normal synaptic growth is achieved when the growth
promoting effect of BMP signaling is balanced by the negative regulatory action of Highwire. In mutants of wishful
thinking, synapses do not grow to wild type levels; both synaptic span and the number of synaptic boutons are
reduced. In contrast, when the inhibitory action of Highwire is removed, synapses show a drastic overgrowth.
Synaptic span, numbers of synaptic branches as well as numbers of synaptic boutons are greatly increased in
Highwire mutants.
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▶ubiquitination of SMADs and their subsequent degradation by the proteasome [1]. Experimental findings
suggest that the latter is a likely mechanism for
controlling BMP signaling at synapses [5].
As discussed above, loss of BMP signaling at the
synapse leads to underdevelopment of synapses, suggesting that over activation of BMP signaling at the synapse
should cause an increase in synaptic growth. Surprisingly,
however, increase in BMP signaling does not cause any
additional growth of the NMJ synapses. The explanation
for this apparent dichotomy came from studies on another
synaptic gene, highwire (hiw). In contrast to BMP
mutants, hiw mutants develop expanded synaptic structures with more boutons, higher ordered branches and a
greater synaptic span compared to wild type larvae,
indicating that Hiw is a negative regulator of synaptic
growth [6]. Hiw is a large intracellular protein containing
among other motifs a C-terminal RING-H2 zinc finger
domain, shared by a large family of E3 ubiquitin ligases.
Interestingly, a protein–protein interaction screen identified a specific interaction between Hiw and the CoSMAD Medea [5]. This presented an exciting possibility
for a functional link between Hiw and BMP signaling at
the NMJ. Based on the physical interaction data and the
opposite phenotypes of BMP signaling pathway mutants
and hiw mutants, a simple model emerges where BMP
signaling is normally under the control of Hiw, and thus in
the absence of Hiw, excess BMP signaling leads to
synaptic overgrowth (Fig. 1). If this model is correct,
then disrupting BMP signaling should suppress the
synaptic overgrowth in hiw mutants. Genetic interaction experiments supported this model: genetic removal of BMP signaling members completely suppressed
the synaptic overgrowth in hiw mutants. This model
was further supported experimentally with the demonstration that in the absence of Hiw, activation of BMP
signaling was able to increase the synaptic span and
the number of boutons [5]. These results support a
model in which Hiw controls the level of BMP
signaling at the synapse to regulate the extent of
synaptic growth, revealing a balance between positive
growth promoting BMP signaling and negative
regulation by Hiw (Fig. 1).
Retrograde BMP Signaling Beyond Synaptic Growth
at the NMJ
Considering the complexity and versatility of BMP/
TGF-β signaling molecules, it isn’t surprising that
retrograde BMP/TGF-β signaling plays other roles in
nervous system development beyond the retrograde
control of ▶synaptic plasticity at the NMJ. One such
example is the action of retrograde BMP signaling at
Drosophila central synapses between motorneurons
and cholinergic interneurons. Here again, the ligand
Gbb is responsible for the initiation of a retrograde
signaling cascade that is required for the regulation of

neurotransmitter release at these synapses [7]. Another
example for the involvement of retrograde BMP
signaling has been described in Drosophila peptidergic
neurons [8,9]. The neuropeptide FMRFamide is
normally expressed by a subset of peptidergic neurons
known as Tv neurons. Tv neurons express FMRFamide
only after they have innervated their target glands,
suggesting that a target driven factor may be involved in
initiating the expression of FMRFamide in these
neurons. Interestingly, the BMP ligand Gbb, released
by the target glands, was identified to be the retrograde
agent that turns on a retrograde BMP cascade in Tv
neurons. Unlike what is observed at the NMJ, loss
of Gbb in Tv neurons does not affect the morphology of
the presynaptic terminals; however, it leads to a loss
of FMRFamide expression in these neurons. Additional
experiments have demonstrated that in order for Tv
neurons to produce FMRFamide, activated SMADs
require two additional transcription factors to be
present [9]. Furthermore, expression of this ▶combinatorial transcription factor code together with activation of SMADs is sufficient to cause expression of
FMRFamide in additional peptidergic neurons where it
is not expressed normally. These results reveal another
level of complexity whereby BMP signaling can
specifically modulate target gene expression depending
on the presence of other co-factors and the cellular
context.
BMP Signaling and Higher Brain Functions
The role of BMP signaling during embryonic nervous
system development in vertebrates is well documented
[2]. BMP signaling is involved at different stages of
neuronal development and different regions of the central
nervous system regulating a range of processes including
neuronal specialization, proliferation and patterning [2].
Characterization of the role of BMP/SMAD signaling in
synaptic growth and plasticity in vertebrate systems has
been more complicated partly due to the versatility of
BMP signaling molecules and partly because of the
practical difficulties in performing complex genetic
analyses in experimental animals such as mice. Nevertheless, accumulating evidence suggests that BMP/TGFβ signaling may play a role in the regulation of synaptic
plasticity in the vertebrate central nervous system. The
most recent evidence for involvement of BMP signaling
in higher brain functions is based on the characterization
of chordin mutant mice [10]. Loss of chordin leads to
defects in neurotransmitter release and abnormalities in
the establishment of short-term and long-term synaptic
plasticity in hippocampal preparations. In addition, these
mice show altered cognitive functions including changes
in their learning skills. Interestingly, in hippocampal
preparations from wild type mice application of a specific
BMP ligand is capable of mimicking the abnormalities
seen in hipocampal preparations from chordin mutant
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mice, suggesting that BMP signaling can regulate
synaptic plasticity and influence higher brain functions.
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Definition
▶Visual Space Representation for Reaching
Also Visual space representation for reaching.

Body Fluid Loss
Definition
Body fluid becomes reduced to compensate for headward
fluid shift depending on neurohumoral fluid regulation
under conditions of microgravity in space and also under
simulated microgravity, as with head-down bed rest.

Body Force
Definition
External force per unit volume.
▶Mechanics

Body Mass Index (BMI)
Definition
A measure of the weight of a person scaled according to
height, i.e. body weight/(body height)2.
▶Neuroendocrinology of Psychiatric Disorders

Body Plan
Bodily Self

M ICHIO YOSHIDA , K ENJI S HIMAMURA

Definition

Division of Morphogenesis, Institute of Molecular
Embryology and Genetics, Kumamoto University,
Kumamoto, Japan

The non-conceptual processing and body-related representation that underlies self-consciousness.

Definition

▶Action Representation

The body plan describes the overall organization of an
organism, for example the position of head and tail and
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the plane of bilateral symmetry, where it exists [1]. The
plan is mainly composed of the definition of body axes
and the allocation of each organ into the body. Each
organ of most animals is organized around two main
axes, the anterior–posterior (A/P) axis and the dorsal–
ventral (D/V) axis. The A/P axis is the line extending
from head to tail. The D/Vaxis is the line extending from
back (dorsum) to belly (ventrum). These two axes are
almost always at right angles to one another. The A/P
and D/V axes also define the left and right sides of
the animal. The line running between left and right
which always crosses at right angles to the other axes, is
defined as the left–right (L/R) axis. These axes make up
a coordinate system for the allocation of each organ.
Most animals have three germ layers, distinct regions
of the embryo that give rise to the specific organs. The
ectoderm constitutes the outer layer of the embryo and
produces the epidermis, brain and nervous system. The
endoderm becomes the innermost layer of the embryo
and gives rise to the epithelia of the digestive tube and its
associated organs. The mesoderm is located between the
ectoderm and endoderm and generates the blood, heart,
kidney, gonads, bone, muscles and connective tissues.

Characteristics
Higher Level Structures
The Body Plan of the Vertebrate
The vertebrates share a common body plan. The basic
plan is that the head is at the anterior end of the A/P axis,
followed by the trunk and terminating in a post-anal
tail. Along the D/V axis, the nervous system takes the
most dorsal position above the notochord, flanked by
bilateral somites and the alimentary structure including
the gut takes the most ventral location.
The vertebrate body is bilaterally symmetrical outwardly, but deposition of the internal organs in the body
cavities is organized asymmetrically with respect to the
longitudinal axis. The lung has three lobes on the right
side and two lobes on the left, the apex of heart points to
the left side, the liver is formed on the right side and
stomach and spleen are on the left side in the thoracic
cavity. The gut coils counterclockwise in the abdominal cavity. This asymmetric deposition along the L/R
axis, called situs solitus, is a distinctive feature of the
vertebrate body plan.
Higher Level Processes
The Establishment of the Vertebrate Body Plan
The basic body plan is established through the processes of gastrulation. Before gastrulation, the A/P, D/V
and L/R axes are set up in the embryo by various
strategies, which differ among the vertebrates probably
in part depending on the amount of yolk in the egg. At
the same time, three germ layers are specified in
particular regions of the embryo with respect to these

axes. These initial processes define the position of the
organizer.
The organizer is a signaling center that emits a variety
of signaling molecules to direct the pattern formation of
the prespecified mesoderm and ectoderm along the A/P
and D/V axes. The organizer is initially found in the
dorsal blastopore lip of amphibians. This region, the socalled Spemann’s organizer, has the activity to induce
an entire secondary embryo when transplanted into the
ventral side of another embryo. Similar developmental
and molecular properties have also been identified in
the shield in the fish, Hensen’s node in the chick and the
node in the mouse.
The organizer also has the ability to initiate the
movement of gastrulation. A primary role of gastrulation is germ layer rearrangement. The mesoderm and
endoderm are initially specified and patterned on the
surface layer of the blastula embryo. Gastrulation leads
to internalization of these layers in the embryo. In
the frog and fish, the sheet of future endoderm and
mesoderm involutes sequentially into the interior of the
embryo through the dorsal blastopore lip. In the mouse,
the epiblast moves toward the primitive streak where it
undergoes epithelial–mesenchymal transition and give
rise to the mesoderm and endoderm. Subsequently they
ingress between the epiblast and primitive endoderm; the
endoderm displaces the primitive endoderm and the
mesoderm forms a layer between the ectoderm and
endoderm. Gastrulation further involves the convergence
and extension of all three germ layers along the A/P axis,
while the ectoderm also spreads to cover whole embryo
by a process known as epiboly. Consequently, the
precursor cells for each organ become located in their
proper positions in relation to the overall body plan of the
animal.
The fate for each organ is established through the
processes of gastrulation. Tissue transplantation experiments using amphibian embryos have indicated that at
the neurula stage the regions of the embryo that will
form limbs, eyes, heart and other organs have become
determined. During the morphogenetic movement in
gastrulation, cells of each organ primordium encounter
a new environment, where new cell–cell interactions
probably lead to determination of the cell fates according to the body plan. Cells in each germ layer express a
specific set of transcription factors, Hox factors in
particular, depending on positional information along
the A/P axis. The combinatorial expression of homeodomain transcription factors confers the positional
identities along the A/P axis and activates the specific program for region-specific differentiation and
morphogenesis.
Determination of Left–Right Asymmetry
Although the asymmetric features become obvious
macroscopically from the mid or late gestation stage, it
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is considered that the process generating left–right
asymmetry has already started in the early embryo.
The process for establishment of left–right asymmetry
can be subdivided into three steps. The first step is
the breaking of symmetry. Conceptually, to achieve
consistent L/R asymmetric features along the body
plan, the L/R axis must be oriented with respect to the
A/P and D/V axes. Although the timing of the first step
of L/R asymmetry is still being debated, the general
expression pattern of asymmetric genes suggests that
the node is the most likely site for the initial symmetrybreaking event responsible for specifying the orientation of the L/R axis. At the end of this process, the
asymmetric pattern of gene expressions or protein
distributions has been established in the small region
around the organizer. This initial information of local
asymmetries is transmitted onto much broader regions
of the embryo in the next step. The process is carried
out by inductive and repressive interactions between
asymmetrically expressed genes; however the patterns
of gene expression involved in this mechanism appear
to differ somewhat among species. In the final step,
side-specific information transmitted onto the lateral
plate mesoderm (LPM) activates the programs that
regulate differential cell proliferation, adhesion and/or
cell migration in the LPM and its derivatives, leading to
asymmetric organ morphogenesis.
Process Regulation
Establishment of the Vertebrate Body Plan
Specification of the Body Axes
The strategies for specifying the A/P and D/V axes are
varied among the vertebrates. For example, in the frog,
differential distributions of maternally provided mRNA
specify the animal–vegetal axis in the unfertilized egg
and this axis relates to the A/P axis of the tadpole. The
D/V axis and the plane of bilateral symmetry are
determined by the site of sperm entry at fertilization.
In the frog, specification of the organizer sets the initial
D/V polarity. After fertilization, the plasma membrane
and cortex rotate about 30° toward the site of sperm
entry. This cortical rotation leads to interaction between
the shifted cortex and the cytoplasm around the equator
on the opposite side to the sperm entry site, which
subsequently induces the activity of Spemann’s organizer in this region [2].
The mouse blastocyst is a hollow sphere of epithelium
containing the inner cell mass (ICM) attached at one
side. The outer epithelia give rise to the extraembryonic
structures and the embryo proper develops only from
the cells of the ICM. Thus, the placement of the ICM
defines the embryonic–abembryonic axis. In a geometrical sense, this axis in the blastocyst corresponds to the
D/V axis of the embryo proper. A recent cell-tracing
study has proposed that the point of sperm entry appears
to be related to this axis [3]. The point of sperm entry
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predicts the plane of the first cleavage and the first
cleavage plane defines the border between the embryonic and abembryonic halves of the future blastocyst.
The A/P axis in the mouse is specified by anterior
migration of the visceral endoderm [4]. The embryo at
the pre-streak stage is organized along the proximal–
distal axis; the epiblast originated from the ICM
becomes a cup shape. The extraembryonic ectoderm
positions proximal to the epiblast and the visceral
endoderm covers the distal surface of the epiblast.
Before gastrulation, the distal tip of the visceral endoderm is specified as the anterior visceral endoderm
(AVE), which subsequently moves towards one side of
the epiblast. AVE migration defines the underlying
proximal epiblast as the anterior ectoderm. In addition,
the AVE prevents the anterior ectoderm from induction
of the primitive streak. The primitive streak is induced
at the other side of the proximal epiblast, opposite to the
anterior ectoderm, thereby defining the posterior end of
A/P axis.
Specification of the Germ Layers
In the frog, the yolky vegetal region gives rise to most
of the endoderm and the animal hemisphere becomes
the ectoderm. Specification of these germ layers is
regulated by the maternal factors that distribute differentially along the animal–vegetal axis. In contrast,
the mesoderm is induced around the equator between
the ectoderm and endoderm by diffusible signals produced from the vegetal region. These signals convert a
band of adjacent animal cells from ectodermal to
mesodermal fate.
In the mouse, the epiblast forms all germ layers. At
the beginning of gastrulation, the posterior end of the
epiblast forms the primitive streak, which gives rise to
the mesoderm and endoderm while the rest of the
epiblast becomes the ectoderm. The endoderm starts to
ingress at the early primitive streak stage; mechanisms
of its induction are largely unknown. The induction of
mesoderm is regulated by both positive and negative
signals emanating from surrounding extraembryonic
tissues [5]. The initial signal for mesodermal induction
appears to originate from the extraembryonic ectoderm,
however the molecular nature of this signal is still
unknown. The expression of Nodal is induced by this
signal in the proximal epiblast initially and subsequently expands throughout the epiblast and the visceral
endoderm. Once the Nodal signal is transmitted to the
visceral endoderm, AVE is established at the distal tip
of the visceral endoderm. The AVE secretes Nodal
inhibitors, Cerberus-like (Cerl) and Lefty1 and thus
restricts the actions of Nodal as well as its expression
to the proximal epiblast. The anterior movement of
the AVE further keeps this expression restricted to
the posterior epiblast. In the posterior epiblast, the
Nodal signal induces formation of the primitive streak,
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subsequently producing the mesoderm in cooperation
with Wnt3 and bone morphogenetic proteins (BMPs).
The AVE also secretes the antagonists against Wnts and
BMPs. Therefore, the AVE functions in restricting
mesoderm induction to the posterior side of the epiblast.
Functions of the Organizer in Pattern Formation
The organizer governs the initial pattern formation
along the A/P and D/V axes by secreting several
inhibitory molecules against Wnt, BMP and Nodal
signals. The mesoderm is divided into a number of
subregions along the D/V axis. This patterning is regulated by different concentrations of BMP [2]. In the
frog, Nodal-related factors from the vegetal cells initially
induce the ventral-type mesoderm and progressively
more dorsal mesoderm is induced by lowering the
levels of BMP signaling. BMP is expressed in the
ventral mesoderm and a high dose of BMP induces
the most ventral fate (the blood-forming tissue). The
dorsal mesoderm (the organizer) secrets BMP antagonists (Chordin, Noggin, Follistatin), which create
a dorsal-high–ventral-low gradient of BMP activities.
The intermediate level of BMP signaling induces the
mesoderm with intermediate fates (the somite and
intermediate mesoderm) between ventral mesoderm and
dorsal mesoderm.
The A/P patterning of the ectoderm is thought to be
regulated by the regionally specific induction of the
organizer derivatives [6]. The organizer is not a
homogenous tissue; cells originated from the organizer
acquire different fates and inductive properties while
they migrate during gastrulation. In the frog, the
prechordal mesoderm cells are among the first to
gastrulate, being fated to the foregut and head
mesenchyme and have head inducing activity. The
chordamesodermal cells are next to involute, giving rise
to the notochord and have trunk-inducing activity. In
the case of the mouse, the node is not capable of
inducing anterior structures in a secondary embryo
when transplanted ectopically. The AVE seems to be
necessary for induction of the anterior structures in the
addition to the node [4]. Although the AVE itself does
not have any inductive activity as the organizer, an AVE
graft together with the node is able to induce expression
of the anterior neuroectoderm markers.
In molecular terms, inhibitions of Wnt and BMP
signals are required for the formation of regionally
divergent structures. In the frog, inhibition of BMP,
Wnt and also Nodal signaling is necessary to complete
the anterior head structures. The prechordal mesoderm expresses secreted BMP antagonists (Noggin and
Follistatin), the Wnt antagonist (Dkk1) and the multifunctional antagonist Cerberus. BMP inhibition alone
induces only the trunk structure. Indeed the chordamesoderm expresses only BMP antagonists (Noggin,
Chordin, and Follistatin). The requirement of Wnt and

BMP inhibitions for induction of the anterior structures
has been confirmed by genetic evidence in mice; mice
deficient in Dkk1 or lacking Noggin and Chordin
activities fail to form the anterior head structures. BMPs
expressed in the ventral ectoderm are required for the
epidermal fate and Wnts expressed by the caudal tissue
are necessary to transform the anterior neuroectoderm
into that with more posterior characters. The anterior
head structures are therefore induced by preventing the
ectoderm from becoming the epidermis by the BMP
signal and from being posteriorized by the Wnt signal.
Determination of Left–Right Asymmetry
Breaking Symmetry
Although several molecular or cellular mechanisms for
breaking symmetry have been proposed in different
model animals, there is little empirical evidence about
the symmetry-breaking event. Moreover, many questions as to which mechanism is first to operate, whether
these mechanisms are conserved among the vertebrates
and whether each mechanism is mutually exclusive
remain unanswered [7].
In the mouse, experimental and genetic evidence has
indicated that leftward liquid flow on the ventral surface
of the node, called the nodal flow, functions as the initial
event in the formation of the L/R axis [8]. The ventral
node of the mouse is a small triangular pit, composed of
motile monociliated cells. The cilia on the nodal pit
cells rotate clockwise with the axis tilted posteriorly.
This vortical rotation movement of the cilia generates
leftward flow of the extraembryonic fluid in the nodal
pit and results in accumulation of the extracellular
signals (Sonic hedgehog (Shh) and retinoic acid) to the
left side and in initiation of expression of the left side
genes such as Nodal and Lefty1. However, it is still
unclear how the directional fluid flow triggers the
cascade of gene expression on the left side. In an
alternative hypothesis (two-cilia hypothesis) [9], the
node contains two distinct classes of primary cilia; the
nodal flow generated by motile cilia produces differential fluid pressures at the left and right sides of the node,
leading to asymmetric stimulation of the immotile
mechanosensory cilia. These mechanosensory cilia
initiate a calcium-mediated signal transduction event
that leads to specification of the left characteristics.
While the nodal cilia exist in several vertebrate species,
whether this mechanism is conserved and is a truly
initial mechanism for symmetry breaking remains to be
elucidated.
Transmission of L/R Positional Information from the
Organizer Region to the LPM
In this process, Nodal is a key player for transmitting
information to the LPM. Nodal expression is detected in
the perinodal region on the left side of the embryo and is
subsequently propagated in the LPM on the left side
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of the embryo. This left-sided expression of Nodal is
highly conserved among all the vertebrates examined to
date and misexpression of Nodal on the right side of the
embryo is sufficient to randomize the L/R asymmetry in
multiple organs. In chick embryos, Nodal expression is
induced by Shh expressed on the left side of the node,
but this induction is likely to be indirect. Expression of
Nodal is usually repressed by BMPs bilaterally. Shh
relieves the repressive effect of BMP by activating
expression of Caronte, an antagonist of BMP, on the left
side of the perinodal region and the LPM, leading to
Nodal expression in the left LPM. On the other hand,
there are some mechanisms to prevent the left-sided
pathway from becoming inappropriately activated on
the right side. For examples, the right-sided expression
of fibroblast growth factors Fgf4 and Fgf8 in the chick
Hensen’s node blocks Nodal expression on the right
side. In addition, the midline structures (floor plate and
notochord) act as a physical and biochemical barrier
inhibiting contralateral diffusion of the asymmetric
signals.
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Body Schema
Definition
▶Sensory Systems

Specific Programs for Asymmetric Morphogenesis
Several molecular clues that are expressed in either side
of the LPM and in fact play roles in asymmetric
development have been identified, although how asymmetric organ development is controlled at the cellular level remains largely unsolved. Among them, the
bicoid-type homeodomain transcription factor Pitx2 is
considered to be a conserved factor in the left-specific
program among the vertebrates. Pitx2 acts downstream
of the Nodal signal and is expressed in the left LPM.
Later, even when the sided expression of Nodal is no
longer detectable, Pitx2 continues to be expressed in the
left side of several organ primordia including the heart,
gut and stomach. Misexpression of Pitx2 on the right is
capable of inducing laterality defects in a variety of
vertebrates and Pitx2-deficient mice show laterality
defects in the lung, suggesting involvement of other
factors in the entire left-specific morphogenesis.
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BOLD, Blood Oxygenation Level
Dependent
Definition
The BOLD effect is the endogenous contrast mechanism employed in functional MRI experiments to
monitor changes in the absolute concentration of
deoxygenated hemoglobin that is related to changes in
neuronal activity in the brain. The BOLD contrast
mechanism rests upon the fact that deoxy-hemoglobin
is paramagnetic, and thus gives rise to local microscopic
inhomogeneities in the magnetic field, which can be
detected with pertinent MR acquisition schemes.
▶Magnetic Resonance Imaging

Boltzmann Statistics
Definition
A statistical theory developed by Ludwig Boltzmann,
which describes the way molecules behave in gas or
fluids.
▶Brownian Motions
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Bone
T ED S. G ROSS , S ARAH E. WARNER
Department of Orthopaedics and Sports Medicine,
University of Washington, Seattle, WA, USA

Definition
Bone is a cellular, vascularized, innervated, fluid filled,
mineralized, regenerative connective tissue that serves
as the primary mineral reservoir, ion reservoir, and loadbearing structure of the body.

Characteristics
Quantitative Description
In the healthy adult, bone is approximately 2/3 mineral
and 1/3 organic matrix.
Higher Level Structure
At the tissue level, the adult mammalian skeleton’s
organic and non-organic constituents are organized into
either cortical or trabecular bone (Fig. 1).
Cortical bone is dense and compact and predominates
in the appendicular skeleton, particularly in the diaphyses of long bones. When viewed in cross-section,
cortical bone is organized into cylindrical lamellar sheets
that yield the appearance of tree rings. Lamellar bone
predominates near the endocortical (internal) and periosteal (exterior) surfaces of long bones. Within the cortex,
lamellar bone is organized in smaller cylindrical sheaths
surrounding small blood vessels termed Haversian
canals. Trabecular (or cancellous) bone comprises
of approximately 20% of the total skeleton, and is
predominately located within vertebrae and beneath joint
surfaces. In these locations, the trabeculae demonstrate a
morphology reminiscent of a sponge and are surrounded
by a thin cortical shell. Haversian systems are rare within
trabeculae. In conditions in which bone must be
generated with great speed (e.g. rapid growth or fracture
repair), the collagen orientation appears random yielding
the term “woven bone.”
Lower Level Structure
Bone’s inorganic mineral consists primarily of calcium
and phosphate salts in combination with a number of
additional ions (including potassium, chloride, magnesium, and sodium). Nearly all of body calcium (99%) is
located in the skeleton [1]. The primary component
of bone’s organic matrix is Type 1 collagen (85–90%).
A variety of collagenous (e.g. Type III collagen) and
non-collagenous proteins (e.g. alkaline phosphatase,
osteonectin, osteopontin, and osteocalcin) constitute the
remainder of the protein content of bone. The organic
components of bone are deposited extracellularly and

Bone. Figure 1 A micro-CT image of a mouse femur.
Half of the bone is removed to illustrate the endocortical
and periosteal surfaces of the diaphysis, to distinguish
solid cortical bone from spongy trabecular bone, and
to note the metaphysis and epiphysis bracketing
the growth plate.

are integral to the process of calcification (i.e. hardening). Specifically, the collagenous matrix provides a
framework for the initial deposition of bone mineral in
the form of small apatite crystals. During maturation of
the matrix, apatite crystals increase in dimension via
interaction with extracellular fluids within bone [2].
Structural Regulation
The balance between the rigidity of mineral apatite, the
flexibility of collagen, and the impurities found within
the mineralized matrix define bone’s behavior as a
composite material. As a structure, bone’s primary
objective is to avoid failure. To achieve this objective,
bone must be able to withstand a wide range of loading
challenges, ranging from millions of cycles of loads
induced by locomotion (fatigue resistance) to occasional extreme overload conditions such as might occur
during an unexpected fall (ultimate strength). Material
deformation is expressed by the dimensionless parameter termed strain. While loading induced by locomotion
generates strains of 0.2–0.35% (or 2,000–3,500 microstrain), failure, depending on the type of loading,
begins to occur at strains approaching 6,000–8,000
microstrain. The ratio between these measures, or
safety factor, is quite consistent across species that
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demonstrate well over two orders of magnitude range in
body mass [3,4]. The strength of bone is influenced by
two factors: material properties and morphology. As a
material, the Young’s modulus of bone is approximately
three times greater than wood and 30% that of aluminum. The stiffness of bone is mediated in large part
by its mineral content. Although the mineral content of
bone varies substantially across different animals (e.g.
deer antler vs. tympanic bulla from a whale), variation
within a given individual is more subtle. In contrast,
bone morphology varies dramatically within a skeleton.
For example, the hollow circular cross-section of long
bones provides maximal resistance to bending with
minimal material, while the trabeculae between two
cortical surfaces in the cranium effectively disperses
energy from blunt trauma [5].
Higher Level Processes
Following embryologic limb patterning, which is mediated via both spatial and temporal expression of a variety
of genes, long bone development occurs through a
process termed endochondral ossification. Initially, a
peanut shaped concentration of mesenchymal cells transitions into cartilage. Subsequent ▶osteoclastic erosion
and vascular invasion enables the formation of primary
(center of the long bone diaphysis) and secondary
(growth plate) centers of ossification [6]. The continual
transition from cartilage to bone fuels longitudinal and
circumferential expansion of long bones through puberty.
Continual resorption and formation on interior and
exterior bone surfaces serve to sculpt the final morphology of long bones. The development of flat bones occurs
through intramembranous ossification. In this pathway,
an initial grouping of mesenchymal stem cells is
stimulated to transition directly into bone forming cells
and bypasses the cartilaginous phase integral to endochondral ossification.
Lower Level Processes
The three primary bone cells are the ▶osteoblast, the
osteoclast, and the ▶osteocyte. Osteoblasts differentiate from fibroblast precursors when stimulated by a
series of growth factors. Osteoblasts are located on both
interior and exterior bone surfaces and are responsible for
secretion of osteod which, when mineralized, becomes
bone matrix. Following cessation of skeletal growth,
osteoblasts residing upon bone surfaces transition into
quiescent lining cells (i.e. attached to bone surface but not
secreting osteod). Activation of lining cells into mature
osteoblasts is induced by a variety of stimuli including
alterations in circulating and local hormones, steroids,
growth factors, and mechanical loading of the skeleton.
The osteoclast is a giant multi-nucleated cell of
macrophage lineage that is derived from marrow
precursors when stimulated by necessary factors. ▶Bone
resorption occurs when the osteoclast attaches to the
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matrix and locally acidifies an extracellular space that
precipitates digestion of both the mineral and non-mineral
components of bone. The osteocyte is the most populous
bone cell, comprising nearly 90% of all bone cells. When
osteoblasts are driven to secrete osteod a small percentage
(10–15%) become trapped within the mineralizing
matrix. During this process, the cells undergo a terminal
differentiation and become osteocytes. Osteocytes reside
within lacunae and are characterized by dendritic
processes extending in all directions within canaliculae.
Via canaliculae, cell processes of a given osteocyte form
contacts with adjacent osteocytes and bone lining cells
that include gap junctions [7]. These junctions serve to
enable nutrients and small signaling molecules to pass
through the bone. A viable osteocyte population is
essential for maintaining healthy bone tissue, as osteocyte
death is associated with bone degradation. Although still
under investigation, osteocytes are thought to play an
essential role in mediating bone ▶mechanotransduction
and the tissue’s adaptive response to altered mechanical
loading.
Bone also contains a variety of other cell types.
Endothelial and smooth muscle cells populate blood
vessels within bone. Bone is highly innervated, particularly the periosteal surface, and neural cells have been
identified within bone. Finally, within bone marrow
resides an extremely heterogeneous population of
stromal cells that serve to enable hematopoesis. Also,
marrow contains stem cells that possess the ability to
differentiate into a variety of diverse cell types such as
connective tissue cells (muscle, cartilage, bone, and
tendon), adipocytes, and vascular cells.
Function
Integral to bone’s ability to succeed as a tissue, is
its unique ability to self-renew via a process of
coupled resorption and formation termed remodeling.
Remodeling is thought to be required for the constant
(albeit slow) renewal of osteocytes and bone matrix.
During remodeling, osteoclasts are activated, migrate to
bone surfaces and remove a volume of bone, which is
subsequently replaced by osteoblasts [8]. In healthy
young adults, bone resorption and ▶bone formation are
balanced with little change in overall bone mass.
Bone also possesses a substantial ability to alter both
its mass and morphology in response to functional
loading of the skeleton. Just as muscle mass is increased
by exercise, bone mass is locally augmented by habitual
activity [9]. While the mechanotransduction pathway(s)
within bone remain elusive, bone is highly responsive
to increased physical stimuli such as running and
jumping and rapidly diminishes its mass when deprived
of these stimuli. Ultimately, homeostasis of the skeleton
reflects a dynamic balance between biochemical (growth
factors, cytokines, hormones, diet) and mechanical (daily
activity) influences upon the skeleton.
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Pathology
Alterations in skeletal morphology are maximal during
early puberty. Men tend to achieve greater bone mass
than women due to longer periods of skeletal growth.
Once peak bone mass is attained in humans during the
third decade, both cortical and trabecular bone mass
begin to diminish. ▶Osteoporosis is a clinical condition
in which bone mass and morphology have been
sufficiently degraded to the point of fracture. As one
ages, the normally balanced remodeling process
becomes imbalanced with resorption exceeding formation. Age induced bone loss begins near age 40, and
has been estimated at 0.3–0.5% per year. Postmenopausal bone loss occurs within the decade
following menopause, is directly related to diminished
levels of estrogen, and superimposes an additional 2–3%
annual bone loss upon normal age related declines in bone
mass [10]. Based on these rates of loss, a 70-year-old
women can be expected to have only 55–75% of the bone
mass she possessed at 30 years of age. Given the
magnitude of this bone loss and the resulting structural
degradation, it is easy to understand why the same fall is
much more likely to induce a fracture in the elderly than in
a young adult. While age induced bone loss affects both
trabecular and cortical bone, post-menopausal bone loss
is primarily manifested in trabecular bone.
Therapy
Current strategies to counteract bone loss are focused
upon either inhibiting resorption or augmenting
formation. With respect to inhibiting resorption,
pharmaceutical bisphosphonates have proven to be
highly effective. Anabolic stimulation of bone formation is currently being pursued using both pharmaceutical (e.g. Parathyroid Hormone, Bone Morphogenic
Protein) and non-invasive (e.g. exercise) strategies.
Strategies to augment one’s peak bone mass (e.g.
sound diet, regular exercise) may also serve to protect
the skeleton against its inevitable age-related decline.
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Bone Formation
Definition
Generation of bone by osteoblasts.
▶Bone

Bone Morphogenetic Protein 7
(BMP7)
Definition
BMPs are members of the TGFbeta superfamily, which
have been implicated in a variety of roles in the developing and mature nervous system. Their divergent functions
are a reflection of the closely defined spatial and temporal
expression of BMPs in the CNS. BMP7 is one of BMPs.

Bone Morphogenetic Protein (BMP)
Antagonist
Definition
Several naturally occurring polypeptides act as antagonists to the bone morphogenetic protein (BMP)
signaling by binding directly to the BMP and preventing it from binding to receptors. Antagonists include
noggin, chordin, follistatin, cerebrus, DAN, Decorin,
Gremlin and Lefty.
▶Bone Morphogenetic Protein 7 (BMP7)

Boundary Completion

Bone Resorption
Definition
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has been shaped by evolution and that an understanding
can only be reached in the context of the specialization
necessary for a given behavior which would leave a
trace in the brain.

Removal of bone by osteoclasts.
▶Bone

Botulinum Toxin
Border Ownership
Definition
▶Form Perception

Borderline Personality Disorder
Definition
Borderline personality disorder personality disorder
listed in DSM III/IV. Characteristics: impulsivity,
uncertain self-image; claiming of caring behavior;
suicidal indications and threats; self-mutilating behavior in case of separation; inability to be by oneself;
changes from idealization to devaluation in interper
sonal relationships; highly changeable emotions, blaze
of anger, sarcasm.
▶Personality Disorder

Definition
Toxin produced by Clostridium botulinum and used
to paralyze skeletal muscles for various medical
purposes.
▶Botulism

Botulism
Definition
Botulism is a disease caused by ingestion of foods
contaminated with Clostridium botulinum (foodborne
botulism) or, very rarely, by wound infection (wound
botulism) or colonization of the intestinal tract with
Clostridium botulinum (infant botulism). The toxins
block the release of ▶acetylcholine. Botulism is
characterized by generalized muscular weakness, which
first affects eye and throat muscles and later extends to
all skeletal muscles. Flaccid paralysis (loss of muscle
strength) can lead to respiratory failure.
▶Acetylcholine
▶Botulinum Toxin

Bottom-up Approach
Definition
Nervous systems are organized in a hierarchical way,
from the sensors to the central-brain processing
stations. Bottom-up analysis assumes that it is best to
understand behavior from the basics, starting with the
receptors. Critics of this approach claim that behavior

Boundary Completion
Definition
▶Form Perception
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Bouquet Cell

Bouquet Cell

other types of bowel obstruction such as spastic ileus and
mechanical obstruction.

Characteristics
Definition
The bouquet cell is a type of local circuit inhibitory
neuron oriented vertically in the association cortex.
They tend to synapse on the distal part of dendrites.

Bouton En Passant
Definition
Bouton (French for button) en passant (French passing)
is a swelling on an axon that makes a non-terminal
synaptic contact on another neuron. The passant axon
continues to its bouton terminaux or terminal synapse.

Bowel Disorders
YOSHIFUMI K ATAYAMA
Department of Autonomic Physiology, Medical
Research Institute, Tokyo Medical and Dental
University, Tokyo, Japan

Synonyms
Functional bowel disorders; Intestinal disorders; Gastrointestinal disorders; Bowel obstruction; Intestinal
motility disorders; Functional ileus; Paralytic ileus;
Spastic ileus; Mechanical obstruction (or ileus)

Definition
Paralytic Ileus
In the accompanying essay of the Encyclopedia on bowel
disorders, we describe possible mechanisms underlying
the regulation of bowel activities in regard with bowel
disorders. Bowel obstruction occurs when the normal
passage of the intestinal contents is mechanically or
nonmechanically hindered or interrupted. Paralytic ileus
is the one of common forms of nonmechanical intestinal
motility disorders due to paralytic disorders of the
gastrointestinal motility. Paralytic ileus occurs to some
degrees for several days after an abdominal operation.
Other causes of paralytic ileus include intraperitoneal
inflammation and peritonitis, trauma, and intestinal
ischemia. Paralytic ileus should be differentiated from

Bowel activities are commonly subdivided into motility, digestion, and absorption. The main bowel function
is to digest food materials and absorb nutrient
substances into the blood flow. The motility refers
gastrointestinal movements, mixing gastrointestinal
contents, and propelling the contents along the length
of the tract, and the digestion and absorption can be
more effectively carried out by the help of these
movements. The small intestine, particular the duodenum and the jejunum, is the site of most digestion and
absorption. Thus, the motility plays an important role in
assisting the main function of the bowel. On the other
hand, the stomach stores food materials preparing
adequate gastric emptying, and the colon keeps waste
matter for a while until defecation.
The duodenum of humans receives 6–12 l/day of
chyme, containing partially digested food materials,
water, and secretions, and only 10–20% of chyme is
passed to the colon, indicating that the chyme is almost
absorbed through intestinal epithelia of the small bowel.
The small bowel is a long tubular structure; the length
is about 1.5 m in guinea pigs and up to 21 m in sheep.
Thus, there is a very wide range in its length from species
to species, but its length is generally 75 up to 90% of the
entire gut length. The small intestine is 5–7 m long in
humans about three fourths of the gastrointestinal tract;
the initial 5% is the duodenum, 25–35 cm long. The more
proximal 40% of the remaining small bowel is the
jejunum, and the anal half is the ileum. The colon of
humans receives 500–1500 ml/day of chyme from the
ileum and absorbs most of the electrolytes and water. The
faeces normally contain only 50–100 ml of water each
day. The colon of adult male is about 1.5 m long and
ended with the inner and outer anal sphincters.
Foodstuffs in gut lumen behave in an extremely
complicated manner; those are mixed, circulated, and
transported in a net aboral direction. Bowel motility is
regulated by the ▶enteric nervous system (ENS) that
contains a large number of ▶enteric neurons, estimated
up to about 108 neurons. Musculature contractions
provide the forces for mixing (▶Segmentation of the
small bowel) and propulsion that can be affected locally
by the volume and composition of chyme in respective
regions. Circular muscles of the guinea pig and feline
small intestine contract for the length of 10–15 mm, when
forming peristaltic waves for propulsion. Peristalsis
occurs intrinsically at the frequency of 3/min in the
stomach and small intestine (▶Peristalsis in the Small
Bowel). It takes about 2–5 h for chyme to pass through the
human small bowel, and almost of all contents move into
the cecum in 8–9 h after the preceding meal, but the
velocity of net aboral transport varies among animal
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species and from one to another region in the same
species, and is dependent on the feeding or fasting state.
The velocity is 0.2–16 cm/min in the upper intestine of
fasted dogs. Unusual, very rapid movement (3–4 cm/s)
termed peristaltic rushes or vermicular contractions is
occasionally observed in the irritated small bowel. The
transition of colonic contents is very slow 5–10 cm/h at
most, compared with that in the small bowel. Finally, our
waste matter, excrement, is discharged from the anal end
of the bowel normally in about 72 h.
Higher Level Structure and Physiology
The structure of the gastrointestinal tract differs greatly
from region to region (Fig. 1), but the layered structure
of its wall is common features in the overall of tissue
organization (Fig. 2a).
The mucosa consists of epithelium, the lamina
propria, and the muscularis mucosa. The submucosa
contains loose connective tissues and submucosal
glands in some regions. The epithelium is a single
layer of specialized cells lining the gut lumen. Blood
vessels of the gut wall run in the submucosa. The
muscularis externa typically consists of two substantial
layers of smooth muscles; inner circular and outer
longitudinal muscle layers. Contractions of the muscularis externa develop into mixing and propulsion of
chyme, while those of the musclaris mucosa are
involved in folding and ridging of the mucosa.
Bowel disorders are brought about by various
combinations of changes in motility, digestion, and
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absorption. The food materials are transported by
peristaltic wave moving along the gut axis normally
from mouth to anus. The peristaltic wave is formed
according to the polarized neural reflex in response to
local stimulation. The law of the intestine by Bayliss
and Starling [1] shows a typical polarized reflex, saying
that local stimulation to the bowel produces excitation
above and inhibition below the excited spot. The gut
wall contains many neurons composing intrinsic neural
networks in ENS, which comprises myenteric, submucosal, and mucosal neural layers (Fig. 2a and b) The
myenteric (Auerbach’s) plexus between the circular and
longitudinal smooth muscle layers integrates motor
activity of the gut. The submucosal (Meissner’s) plexus
in the submucosa regulates secretion and absorption. In
large animals, however, the submucosal plexus joins the
myenteric plexus in controlling gut motility. Nerve
fibers and occasionally nerve cell bodies can be found
in the mucosa.
Several hours after the previous meal, the stomach
and small intestine exert a very different motility pattern
characterized with intense electrical and mechanical
burst-like activities repeated at long silent intervals of
75–90 min in humans. This pattern is termed as the
migrating myoelectric or motor complex (▶MMC) [2].
The MMC propagates aborl, occurring in the stomach
down to the ileum terminal, and the velocity of MMC
transfer is not constant, largely variable with regions,
species, and states, fed or fasted. Thus, bowel activities
are not the same over the time.

Bowel Disorders. Figure 1 Schematic illustration of the gut of three species; the dog, rabbit, and horse. The
cecum and colon are greatly different from species to species, whereas the small intestine is essentially similar
except for size and length. The structure and function of the gut are closely related to their feeding habit,
carnivore, or herbivore, respectively.
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Bowel Disorders. Figure 2 (a) Layered structure of the gut wall, illustrating a cross section view of the ileum.
The submucosal plexus and blood vessels are found in submucosal tissue. The myenteric plexus is present
between the longitudinal and circular muscle layers of the muscularis externa. The deep muscular plexus locates
in the circular muscle layer, and the mucosal plexus in the mucosal tissue. (b) Schematic drawings of the myenteric
plexus and the submucosal plexus. Both plexuses are composed of ganglia and connectives between ganglia in
which somata of enteric neurons are present. (c) Drawings of shape of myenteric neurons of the guinea-pig ileum.
Two neurons stained with Lucifer yellow show typical features for Dogiel type I and Dogiel type II neurons,
respectively. The former has fast EPSPs, while the latter shows a marked slow afterhyperpolarization following a
somatic action potential.

Lower Level Components and Cellular Physiology
The gastrointestinal tract is innervated by enteric
neurons (intrinsic innervation) and by the sympathetic
and parasympathetic nerves (extrinsic innervation), as
shown in Fig. 3.
In general, sympathetic outflow inhibits the motor and
secretory activities, whereas parasympathetic one stimulates those activities. Almost all extrinsic fibers of both
sympathetic and parasympathetic nerves terminate at the
level of the myenteric plexus. A small number of extrinsic
nerve terminals can be found within the muscular layers.
Sympathetic nerves may affect the bowel function by
reducing blood flow to the muscular and submucosal
layers. If extrinsic nerves are cut, many motor and

secretory activities remain, demonstrating that these ▶gut
activities are controlled mainly by ENS. Indeed, when a
bolus of contents exist in the small intestine either isolated
or completely denervated, the intestine typically contracts
behind the bolus and relaxes ahead of it, a response
known as the law of the intestine [1], forming the
polarized bowel activities for propulsion of chyme.
The myenteric and submucosal plexuses are composed
of dense networks of ganglion cell bodies (somata of
enteric neurons) and nerve fibers (Fig. 2b). The enteric
neurons are classified according to their electrophysiological and chemical properties and shapes (Fig. 2c) [3,4].
Now, good correlations among these are established
[5,6]. Dogiel type I neurons, morphologically classified,

Bowel Disorders

455

B

Bowel Disorders. Figure 3 The relationship between intrinsic and extrinsic nerves of the gut. The enteric nervous
system intrinsic to the gut sends motor efferents to effectors and sensory afferents onto receptors. Extrinsic nerves,
the sympathetic and parasympathetic nerves, outflow from the brain stem and spinal cord, and almost all those
extrinsic nerves terminate on enteric neurons. Thus, sympathetic and parasympathetic effects on gut functions are
mostly indirect through the modulating actions on the ENS.

correspond to S/Type 1 neurons, elctrophysiologically
identified, acting as efferent motor neurons and/or
interneurons; while Dogiel type II neurons are AH/Type 2
neurons as afferent sensory neurons [7,8]. Motor neurons
innervate smooth muscle cells, gland cells, and endocrine
and exocrine cells in the gut wall. Interneurons connect
sensory neurons with motor neurons and join to form
reflex arcs within the gut wall. More than about
one third of myenteric neurons are possibly sensory,
and their sensory endings terminate at chemoreceptors
and mechanoreceptors in the gut wall. The enteric
neurons communicate synaptically each other by using
excitatory and inhibitor postsynaptic potentials (EPSPs
and IPSPs) mediated by respective chemical neurotransmitters (▶Neurotransmitters in the gut). For the first time,
acetylcholine is identified as the main neurotransmitter
in ENS mediating fast EPSPs, nicotinic in nature, and
many substances, amines, amino acids, nitric oxide, ATP,
and peptides are further included in the list of putative
neurotransmitters mediating fast EPSPs, slow EPSPs,
and IPSPs.
Interstitial cells of Cajal (▶ICC) lie at the interface
between varicose nerve fibers and gut smooth muscles,
and act as a pacemaker cells and generate electrical slow
waves in the stomach and other regions [9]. Processes
of ICC touch smooth muscle cells via gap junctions
through which smooth muscle cells respond to these
slow waves.
The smooth muscle cells of the bowel are long and
spindle in shape. They are arranged in bundles and are

coupled to their neighboring muscle cells via gap
junctions in many cases, allowing the spread of electric
current from one to another muscle cell. The circular
muscle layer is densely innervated by excitatory and
inhibitory motor neurons of the myenteric plexus, and
the longitudinal muscle layer is much less densely
innervated, compared with the circular one. Neuromuscular interactions in gut smooth muscles are
different from those in the skeletal muscles. Excitatory
motor nerves to smooth muscle cells release acetylcholine and substance P, whereas inhibitory ones
liberate VIP, nitric oxide, and ATP. Many neurons in
submucousal ganglia regulate secretion by releasing
acetylcholine and VIP onto gland cells and epithelial
cells. A group of these peptides in enteric neurons is
also present in the central nervous system, called
brain–gut peptides.
Pathology
Polarity of bowel activities is essential for propelling
chyme in the aboral direction. At the same time, food
storage is an important function of some bowel regions.
Gastric filling is brought about by the receptive relaxation
reflex via vagal nerve. When a large part of the stomach is
cut off, gastric filling capacity is lost and, hence,
excessive amount of chyme immediately flows into the
duodenum beyond digestive ability; this may result in the
dumping syndrome. Disorders of gastric storage often
relate to overaccelerated and/or delayed gastric emptying.
The MMC occurs during the fasting state and serves to
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clear nondigestible residue from the small intestine,
and, hence, disorders of MMC result in insufficient
emptying or incomplete clearance and occasionally
unusual invasion of colonic bacteria into the ileum
terminal.
Bowel obstruction impedes the normal transfer of
chyme. The obstruction may be mechanical (due to
hernias, adhesive lesion and band, gut wall diverticulitis
and carcinoma, and lumen obstruction) and nonmechanical (due to neuromuscular disturbances). When
the ganglion cells are absent in Hirschsprung’s disease,
the coordinated contraction and relaxation of the bowel
cannot be well made; cholinergic overfunction may
be responsible for the spasticity of the aganglionic
segments, causing functional obstruction there and
dilation upstream. A reduction in the number or absence
of ganglion cells in the esophagus is also known – a
selective impairment of inhibitory nerves in the circular
layer of the lower esophageal sphincter (achalasia).
The most common bowel disorders show no
abnormalities in biochemical and structural examinations. Symptoms from mechanical and/or functional
bowel disorders are usually worsened by meal ingestion. Stress often augments functional disorders and
alters bowel function. Irritable bowel syndrome (IBS)
may result from dysregulation of the central and ENSs
and shows the bowel disorder characterized by altered
bowel habits and abdominal pain in the absence of
detectable structural abnormalities, but many physicians do not consider IBS to be disease.
Many bowel disorders are associated with diarrhea
and constipation. Diarrhea as a symptom may occur
as a decrease in stool consistency, an increase in
stool volume, and/or an increase in number of bowel
movements, or any combination of these. Diarrhea
happens occasionally to be brought about by a rapid
transit of contents or uncoordinated small bowel motor
activity, or an osmotic change. Since ENS interacts
with the epithelium to regulate mucosal cell function,
many bowel disorders may lead to inadequate absorption of ingested nutrients.
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Brachial Neuralgia
Definition
Brachial neuralgia (or brachial neuritis, brachial
amyotrophy, Parsonage-Turner syndrome, among multiple other synonyms), refers to a characteristic clinical
syndrome of abrupt, intense pain in the shoulder and
upper arm, that is followed several weeks later by
muscle weakness and profound wasting. There is often
a preceding viral illness, vaccination, or other immunological event. Affected muscles are most commonly
supplied from the C5/6 segmental level, suggesting
involvement of the upper trunk of the brachial plexus or
individual nerves derived from the plexus, such as the
long thoracic, axillary, suprascapular and anterior
interosseus nerves. Case reports describe phrenic nerve
involvement with diaphragmatic paralysis, cranial
neuropathy and recurrent laryngeal neuropathy; a
similar syndrome is less frequently seen in the lower
limbs. Sensory involvement is often minor. The
condition is usually thought of as an idiopathic,
immune-mediated inflammatory neuropathy. Electromyography (EMG) usually shows an axonal plexopathy
or neuropathy.

Bradyphrenia

Prognosis for recovery of muscle strength is good,
but may be prolonged with improvement over several
years. Steroids are often used in the acute phase, but are
not thought to alter the long-term course of the disease.
Hereditary neuralgic amyotrophy (OMIM 162100) is
an autosomal dominant condition with a similar
phenotype, but tends to recur. It has recently been
associated with mutations in the Septin 9 gene on
Chromosome 17q25.
▶Glossary Title
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diencephalon. Afferent fibers project through the
brachium to the superior colliculus, inter alia from the
retina, visual cortex and spinal cord.
▶Mesencephalon

Bradycardia
Definition

Brachium of Inferior Colliculus
Synonyms
▶Brachium colliculi inf; ▶Brachium of inferior
colliculus

Definition
Brachium of inferior colliculus. Connects the inferior
colliculus with the medial and lateral geniculate bodies of
the diencephalon and is part of the central auditory tract.

Bradycardia is a relative slowness of the heart rate, in
clinical practice usually taken to be a pulse rate of
less than 60 beats per min. Bradycardia may result
from vagal stimulation and is seen in disorders such
as carotid sinus syndrome, sinoatrial node failure
and heart block. Relative bradycardia is commonly
seen in athletes whose efficient hearts generate a
large stroke volume which therefore permits a lower
heart rate.

▶Mesencephalon

Bradykinesia
Brachium of Pons
Synonyms
Pedunculus cerebellaris med; Middle cerebellar peduncle
▶Middle Cerebellar Peduncle
▶Pons

Definition
Slowness of voluntary movements and poverty of
normal associated movements, usually part of the
overall syndrome of parkinsonism. Bradykinesia is
usually the most disabling component of Parkinson
disease.
▶Parkinson Disease

Brachium of Superior Colliculus
Bradyphrenia
Synonyms
Brachium colliculi sup.; Brachium of superior colliculus

Definition

Definition

Slowed speed of thought, as in ▶Parkinson disease.

Brachium of superior colliculus. Situated between the
superior colliculus and the lateral geniculate body of the

▶Parkinson Disease

B
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Brain Aging and Alzheimer’s Disease

Definition

C ONSTANTIN B OURAS ,
PANTELEIMON G IANNAKOPOULOS , E NIKÖ KÖVARI

A system of raised dots on paper that represent the
letters of the alphabet that are felt by the fingertips of the
blind in order to read printed language.

Department of Psychiatry, University Hospitals of
Geneva, Geneva, Switzerland

Definition
The contribution of inflammatory processes in the
etiology of late-onset ▶Alzheimer’s disease (AD) has
been suspected for years. Based on the traditional view
of the “immunological privilege” of the brain, which
excludes a direct access of human immunoglobulins
(Ig) to the central nervous system (CNS) under normal
conditions, little attention has been paid to a possible role of humoral immunity in AD pathogenesis.
However, recent evidence supports the presence of antibrain autoantibodies and immunoglobulins (Igs) in AD
brains as a consequence of blood-brain barrier dysfunction. New ex vivo and in vitro data suggest that human
Igs can interact with ▶tau protein and alter both the
dynamics and structural organization of ▶microtubules. This article summarizes these data and critically
discusses current theories about the Ig turnover in the
CNS.

Brain

1

2

3
4
5

6
7

Characteristics

3 Diencephalon

Metencephalon

7 Myelencephalon
(Medulla
oblongata)

Tirberecsucnur

5 Pons
6 Cerebellum

Rnolahpecnebmoh

4 Mesencephalon

Neuraxis (systema nervosum centrale)

2 Telencephalon impar

Enolahpecn

1 Telecephalon
(Cerebrum)

Pnolahpecnesor

8

8 Medulla spinalis

Brain. Figure 1 Medial surface of the right half of the
brain in the bisected head indicating the position of its
major subdivisions (2/5×). Original figure 01.02. taken
from Nieuwenhuys, R; Voogd, J; van Huijzen, C. (Eds)
2008 “The Human Central Nervous System”. Fourth
Edition. Springer, Berlin. page 5 with permission.

Alzheimer’s disease (AD) is characterized by the
massive formation of neurofibrillary tangles (NFT)
and amyloid deposits within neocortical association
areas. According to the so-called amyloid cascade
hypothesis, dysregulation of the ß-amyloid precursor
protein metabolism leads to the formation of nonfibrillar and fibrillar Aß deposits. Glial cells are attracted
to and activated by these Aß deposits. After activation,
these cells secrete inflammatory mediators and reactive
oxygen species, which can aggravate the aggregation of
Aß, inducing or promoting ▶neurodegeneration. Several mechanisms, such as mitotic reentry, apoptosis and
cytoskeletal changes are suggested to be involved in
neuronal loss. However, fibrillar amyloid deposits are
poorly correlated with cognitive status and may occur in
the absence of NFT, while NFT alone may cause
dementia in the absence of amyloid deposition. Most
importantly, the molecular background and significance
of the consistent presence of AD lesions in cognitively
intact elderly individuals are strongly debated. The
contribution of immunity and inflammatory processes
in AD etiology has been suspected for years. Epidemiological studies indicate that patients taking antiinflammatory drugs have a reduced risk of developing
AD and show a slower cognitive decline (for review see
[1,2]). In the AD, damaged neurons and neurites, highly
insoluble amyloid deposits and NFT are all obvious
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stimuli for chronic inflammatory responses. In fact, the
occurrence of antigen-presenting immunoregulatory
cells, as well as local upregulation of components of
the complement cascade, inflammatory cytokines, and
acute phase reactants have been well documented in
these areas in AD [1,3]. Whether the activation of
inflammatory mechanisms causes additional damage or
is merely needed to remove the detritus from more
primary pathologic AD processes is still a matter of
debate. The current concept supported by several
in vitro data is that the chronic accumulation of
antibody-independent inflammatory mediators in AD
brain is likely to exacerbate the pathogenic process that
gave rise to them. On the other hand, since phosphorylation/dephosphorylation have an important role in the
regulation of tau, the implication of various (mitogenactivated protein kinanses (MAPKs) in the development of AD pathology has been evocated [4]. These
data allow the hypothesis that MAPKs may play a
role as a possible therapeutic target.
Humoral Immunity in the Brain: Biochemical and
Morphological Aspects
Several observations support a humoral immune
response within the CNS in AD. AD patients have not
only high titers of autoantibodies to non-brain antigens
often found in cognitively intact elderly people, but also
of anti-brain autoantibodies, mainly IgG3. Serum
antibodies against phosphorylated epitopes enriched in
the heavy neurofilament protein NF-H of cholinergic
neurons as well as cerebrospinal fluid (CSF) antihippocampus antibodies have been found in AD, as
well as human autoantibodies to NFT and astrocytes in
AD brains have been produced by cell lines from AD
patients and, to a lesser degree, from normal elderly
individuals. Other studies documented an increased Ig
levels in the CSF of certain AD patients, assuming local
intrathecal Ig synthesis, blood-brain barrier (BBB)
dysfunction or both. A possible BBB dysfuction in AD
leading to a pathological leakage of extraneuronal
proteins to the brain has been proposed on the basis of
increased CSF/serum albumin and IgG ratio [5].
Morphological evidences of the role of humoral
immunity in the pathogenesis of AD lesions are scarce.
In the human brain, serum protein extravasation with
subsequent uptake into astroglial cell bodies as well as
increased fibrinogen and Ig immunoreactivity of the
BBB have been described in cases with vascular
dementia but not AD or healthy controls. Recently, Ig
immunoreactivity (both for the intact Ig and Fc
fragment) in the cerebral cortex of late-onset AD cases
and age- and gender-matched controls was identified
[6]. The patterns of Ig immunoreactivity in the human
hippocampus, superior frontal cortex and nucleus
basalis of Meynert did not differ between control and
AD cases. Immunoreactivity for the intact human Ig and
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Fc fragments was mainly observed in the somatodendritic compartment of large pyramidal cells, some axons
and the surrounding neuropil. Ig-containing neurons
were consistently free of NFT. A weak immunostaining
of Fab fragments was observed in astrocytes but was
absent in pyramidal cells, suggesting binding selectivity
of Fc fragments for neuronal elements. Altogether,
these findings suggest that Ig and Fc fragment uptake
after leakage into the brain parenchyma does not
represent only an artifact related to mishandling of the
brains or postmortem delay since it is confined to cells
prone to degenerate in both cognitively intact elderly
individuals and AD.
Penetration of IgG into the Central Nervous System
The mechanism of IgG penetration in the aged brain is
still unclear. Under normal conditions IgG molecule
does not have access to specialized transport systems
within the BBB. Recently, a rapid IgG efflux from brain
to blood across the BBB in rats was identified [7,8].
This efflux system was competitively inhibited by Fc
but not Fab fragments suggesting the existence of BBB
Fc receptors that could mediate the reverse transcytosis
of IgG molecules from brain to blood, comparable to
peripheral tissues, where the transcytosis of IgG across
epithelial barriers is also mediated by an Fc receptor. It
has been postulated that in certain pathological
conditions, circulating plasma cells may pass through
the BBB and secrete IgG molecules in the brain and are
in turn exported via an Fc receptor-mediated efflux
system at the BBB. In this scenario, the Fc receptormediated efflux system could represent a key defense
against the deleterious effects of Igs.
In neurodegenerative diseases, the integrity of BBB
may be altered as a result of multiple microtrauma
(as in dementia pugilistica), microvascular pathology (as
in brain aging and AD), or local inflammation (as in
postencephalitic parkinsonism); all leading to the
possible abolition of the “immunological privilege” of
the brain. Most of the few in vivo reports addressing a
possible direct role of immune responses in the
pathogenesis of neurodegenerative changes focused on
a specific CNS action of Ig from patients with Parkinson
disease or AD: IgG from patients with Parkinson disease
can induce injury of dopaminergic neurons of mouse
substantia nigra via the activation of Fcγ microglial
receptors; or stereotaxic injection of IgG from AD
patients initiates injury of cholinergic neurons in the
basal forebrain [8]. Only one study examined the
effect of chronic neuroinflammatory conditions in AD
neuronal pathology [9]. Chronic global inflammation in
the rat brain induced after infusion of lipopolysaccharide
into the fourth ventricle for four weeks produced an
increase of ß-amyloid within the basal forebrain region
and hippocampus, an accumulation of glial fibrillary acidic protein-positive activated astrocytes and
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Brain Aging and Alzheimer’s Disease. Figure 1 Immunocytochemistry (a, d) and electron microscopy (b, c) in
macaque monkey (a–c) and human brain (d). Numerous MC-1-immunoreactive structures are visible (40X) in the
vicinity of the injection site after Ig injection (a). At higher magnification, MC-1- immunoreactive curly (i, ii, 60X) axons
are depicted 1 cm away from the site of Ig injection. Electron microscopy of axons after injection of albumin solution
and 12 μg of Ig. Micrographs B and C show the axonal cytoskeleton 1 cm away from an injection site. Tubules
appeared normal after albumin injection. A denser tubule network was observed in several axons.
Immunocytochemistry in human hippocampus from a 80-year-old patient with early AD pathology in the hippocampal
formation. Fc receptors were identified in the somatodendritic part of Fc-immunoreactive neurons (d). Bar in panel c
corresponds to 25 μm (panels a and d), and to 250 nm (panels b and c) (with permission from reference [7]).

OX-6-positive reactive microglia in the hippocampus,
but also a degeneration of hippocampal CA3 pyramidal
neurons. These morphological changes were associated
with significant impairment in spatial memory.
In macaque monkeys 3 weeks following local
administration of Igs, or their Fc fragments, MC-1immunoreactive axons proliferate in the vicinity of the
injection site (Fig. 1) [6]. MC-1 immunoreactivity is

known to occur in very early stages of neurodegeneration as a marker of conformational changes of tau
preceding paired helical filaments (PHF) formation. In
contrast, pre-NFTs, intraneuronal or extraneuronal
NFTs were not identified. Ultrastructurally, several
axons in the same area displayed curly formations and
accumulation of twisted tubules but not PHF (Fig. 1).
These data imply that a possible effect of Ig on neuronal
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pathology could occur at the very early stages of the
degenerative process prior to the formation of PHF and
definite AD lesions.
Intraneuronal Transport of Ig: The Role of Fc Receptors
To develop a model involving a direct role of Fc
fragments in neurodegeneration, it is crucial to
understand the mechanisms of Fc fragment internalization within vulnerable subsets of pyramidal neurons.
Fc receptors have been recently identified in neural
cells (Fig. 1) but their function and intracellular
signaling pathways are unknown. Igs and their Fc
receptors are expressed in neuronal and oligodendrocytic populations both in the developing and mature
mammalian brain [6]. In particular, neurons generated
early in the rat cortex selectively take up Igs from
serum and IgG-immunostaining has been identified
in hippocampal neurons in adult rabbits. Recently,
a new receptor that recognizes both IgA and IgM
classes has been identified in oligodendrocytes and
myelin of mouse [7]. Moreover, a strong Fc receptormediated IgG binding in dying neurons located in
the vicinity of traumatic lesions was described. In
amyotrophic lateral sclerosis an Fc-mediated penetration of IgG in motor axon terminals Fc fragmentmediated depolarization and neurotransmitter release
in cholinergic neurons was reported. The identification
of Fc receptors in the same vulnerable pyramidal
neurons that are Ig-immunoreactive in the aged brain
suggests a role of these receptors in intraneuronal
penetration of Ig [10]. This possibility is further
supported by the absence of intraneuronal Ig or Fc
immunoreactivity when using mouse Igs that do
not bind to human Fc receptors [6,7].
Interaction between IgG and tau Protein
In vitro observations raise the possibility of a molecular
interaction between Igs and tau protein. The binding of
Igs to the cytoskeleton is species and disease independent. Individual tau proteins have a capacity to interact
with Igs indicating that microtubules contain a high
density of Igs or Fc binding sites. Fab fragments display
no microtubule binding ability. Furthermore, microtubule assembly properties are modified when human Igs
or Fc fragments were added to polymerizing microtubules [11]. Microtubules isolated from pig and bovine
brain and also human microtubules showed an Igdependent increase in their assembly. Human Ig also
accelerates the assembly of tubulin in the absence of tau
protein. Ig induced a dose-dependent increase in
microtubule assembly. Electron microscopy analysis
of microtubules in the absence of Ig or Fc revealed
single tubules exhibiting a bent morphology. In the
presence of Ig, microtubules appeared stiffer and were
frequently aligned in bundles. Neighbouring microtubules were not only aligned but also twisted, with a
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50 nm diameter and a 250 nm periodicity. This type of
alignment increased their rigidity and led to broken
or angular microtubules. Similar microtubule arrangements were observed when human Fc fragments
and porcine microtubules were polymerized together,
whereas Fab fragments had no such effect. The Ig
molecules were mostly localized along microtubules. In
the absence of tau proteins, the Fc fragment induces no
increase of tubulin assembly suggesting that the Ig
effect on neuronal cytoskeleton is tau-dependent. The
binding of Fc fragment to microtubules via tau proteins
may decisively change their dynamics leading to
increased assembly but also deleterious structural
changes. To date, several antibodies specific for
microtubule-associated proteins are known to influence
microtubule function and induce microtubule fragmentation and instability, yet this is the first evidence of a
specific in vitro interaction between the Fc fragments of
human Ig and tau protein, further supporting the fact
that Fc fragment intraneuronal penetration may participate to the early stages of neurodegeneration in
vulnerable subsets of cortical neurons [6,7].
Human Immunoglobulin-Mediated Neurodegeneration
Within the conceptual framework of BBB dysfunction
hypothesis in brain aging and AD, the recent identification of neuronal Fcγ receptors and Ig immunoreactivity
in vulnerable subsets of cortical neurons in the elderly
as well as the induction of early morphological and
ultrastructural neurodegenerative changes after Fc
fragment stereotaxic injection in macaques represent
the first arguments in favour of an active role of
humoral immunity in neurodegeneration. Most importantly, they offer a possible scenario for the consistent
development of NFT in the aged brain since the
possibly deleterious effect of Igs in neurons is not
disease-specific but rather represents a nonspecific
immune reaction. In fact, the induction of very early
neurodegenerative changes does not depend on the
specificity of Igs since their Fab fragments did not
induce any change in microtubule structure both in vitro
and in vivo. Moreover, the Fc fragment-induced
microtubule pathology is not related to AD sera since
similar in vitro results have been also obtained using Igs
from control sera [6,7,10].
Future investigations are needed to address the
cellular and biochemical events from the passage of
Igs through the BBB, attachment and incorporation
into neurons, association to microtubules and effects
on events such as microtubule formation and axonal
transport. Additional in vivo and in vitro studies are also
warranted to test the effect of chronic Ig administration
on vulnerable subsets of cortical neurons, examine
whether the observed morphological changes are Ig
dose-dependent, and clarify the molecular substratum
of Ig effect on microtubules.
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Brain Attack
▶Ischemic Stroke

Brain-computer Interfaces
▶Computer-Neural Hybrids

Brain Death
Definition
Cessation of all brain functions, in which state the
respective patients are incapable of purposeful limb,
face or eye movements, exhibit no brainstem reflex
responses to sensory stimulation, but may produce
spinal motor responses (e.g., the ▶withdrawal reflex)
and rarely sit up or move their arms (Lazarus
syndrome).

Brain Evolution
A NN B. B UTLER
Department of Molecular Neuroscience, Krasnow
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Synonyms
Changes in brain structure over time

Definition
Brain evolution comprises changes over time in the
organization and degree of elaboration of the rostral part
of the central nervous system. It has occurred independently in all radiations of bilaterally symmetrical
animals. Some taxa within each major radiation have
been successful in evolutionary terms with relatively
simply organized brains and relatively small brain-body
ratios; other taxa have elaborated the brain in various
ways and gained higher brain-body ratios. When
elaboration occurs, it most often involves an increase
in volume and complexity of the developmentally
superficial part of the neural tube, the alar plate, which
in vertebrates constitutes its dorsal part.

Essays on Brain Evolution
The past three decades have seen an era of renewed
interest and unprecedented progress in understanding
brain evolution, thanks to the development of finer tract
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tracing methods, beginning with variations on the
Nauta staining technique and extending through the full
range of methods now available. In addition there have
been numerous electrophysiological and immunohistochemical studies. While much has been learned, major
questions remain that, when answered definitively, will
have substantial impact on mammalian-centered ideas,
ranging over many aspects but including some of the
most fascinating questions about the significance of
the laminated structure of neocortex and how the
neuronal populations in the thalamocortical system
produce complex cognition and the subjective experience of consciousness itself. One of the parts of the
brain that continues to be particularly challenging in
this regard is the pallium of amniotes, and a number of
the essays in this section express different points of view
regarding the homology of its some of its components.
Thus, the astute reader will notice that not all statements
are consistent with each other across essays, an editorial
strategy chosen to allow for the broadest possible
presentation of current research and ideas.
The essays on brain evolution are presented at
different levels of detail, some addressing the brain as a
whole, others addressing particular regions or parts of
regions and particular systems. The reader can thus
begin with an overview and work towards more detail
by selecting essays relevant to his or her interests at
increasing levels of specificity.

Evolution, Variation, and Issues of Homology
As a result of evolution, brain structure varies substantially across the various extant taxa of both vertebrate
and invertebrate animals. The current understanding of
evolutionary theory, incorporating gradual changes
acquired by Darwinian natural selection and the more
sudden and rapid changes followed by periods of stasis
called punctuated equilibrium and likewise selected for,
is now informed by the developmental perspective.
Cladistics is the methodology of choice for analysis of
the distribution of nervous system characters across
extant taxa in order to form the most parsimonious
hypotheses regarding the presence of such characters in
the common ancestor. The outmoded view of a Scala
Naturae – or scale of nature – has been replaced with the
modern realization that brains evolve independently
within individual lineages, and no living species is
reflective of the ancestral state of another (▶Evolution,
and the Scala Naturae); thus, the distribution of
characters in extant species, as cladistics addresses, is
the legitimate basis on which to form hypotheses of
homology (▶Evolution, and the concept of homology).
The classical view of homology – i.e., whether a
particular character in one species is the same character
in another species – is that of historical, or phylogenetic,
homology, which requires the presence of the character
itself in the adult phenotype of the common ancestor.
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Recent findings of shared genetic bases for many
characters that occur in distantly related extant taxa
but not in intermediate taxa and thus, from cladistic
analysis, probably not in the adult phenotype of the
common ancestor, have engendered reconsideration of
the criteria for homology. Concepts such as biological
homology [1] and generative homology, or syngeny [2],
have been offered as better reflectors of the biological
bases for evolution, including genetic and epigenetic
aspects in addition to the adult phenotype. Syngeny, for
example, encompasses most cases of historical homology
as well as those of parallelism and reversal. In contrast,
allogeny [2] refers to the derivation of superficially
similar phenotypic characters from different genetic bases
that were independently evolved, also referred to as
convergence. As discussed below, the newly gained
understanding of the genetic and epigenetic bases for the
production of phenotypic characters across all animals
continues to illuminate the evolutionary perspective.

Phylogeny and Brain Evolution in Protostomes
and Deuterostomes
Multicellular animals include both radially and bilaterally
symmetrical animals (Fig. 1). The former comprises
several taxa, including animals such as jellyfishes and
hydra, while the latter comprises two major groups, the
protostomes and deuterostomes. Protostomes include
most invertebrate taxa, including arthropods (insects and
so forth) and mollusks, which include shelled animals
such as clams as well as cephalopods – octopus, squid,
and so forth. Deuterostomes comprise two groups – the
ambulacrarians (echinoderms, such as starfishes and brittle stars, and enteropneusts, the hemichordates) and the
chordates. The latter taxon comprises cephalochordates
(the lancelet, commonly known as amphioxus), urochordates (sea squirts and so forth), and vertebrates (also
called craniates) (Fig. 2). Many of the patterning genes for
the specification of the rostral-to-caudal parts of the
nervous system are shared across the bilaterally symmetrical animals and were thus established very early in their
evolution (▶Evolution, of the brain: in Urbilateria).
The brain has become enlarged (in terms of allometry
as relative to body size [3]) and elaborated at least three
times independently across the bilaterian radiation –
in arthropods, cephalopod mollusks, and vertebrates
(▶Evolution, of the brain: at the invertebrate-vertebrate
transition). Analysis of recently found fossil evidence of Haikouella [4] (▶Evolution, and phylogeny:
of chordates), which appears to be a representative
of some of the earliest, transitional protovertebrates,
indicates that enlargement of the vertebrate brain –
specifically of the diencephalon-midbrain and the hindbrain regions along with the gain of paired eyes
(▶Evolution, of eyes) in the diencephalon – might have
occurred first [5]. While lacking most or all of the
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Brain Evolution. Figure 1 Cladogram showing the currently understood phylogenetic relationships among
bilaterally symmetrical animals.

Brain Evolution. Figure 2 Cladogram showing the currently understood phylogenetic relationships among the
vertebrates.

telencephalon, the brain-body ratio of Haikouella is
approximately equal to that of extant lampreys [4].
If this scenario is correct, the telencephalon and most of
the peripheral nervous system senses (including olfaction, taste, hearing and vestibular senses), derived from
neural crest and neurogenic placodes [6], would have

been gained subsequently and still very early in the
vertebrate lineage.
Once the definitive vertebrate brain evolved along
with the peripheral senses, it became further elaborated
independently in several lineages and in different ways.
The vertebrate radiation (▶Evolution, and phylogeny of
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vertebrates) includes the cyclostomes, lampreys and
hagfishes, which some now argue to be a monophyletic
group based on recent molecular evidence [7], and the
gnathostomes, or jawed vertebrates. The latter comprise
cartilaginous fishes (sharks, skates, and rays), rayfinned fishes (or actinopterygians, which include the
large group of bony fishes), and the sarcopterygian
radiation of lungfishes, the crossopterygian coelacanth
fish Latimeria, and the tetrapods – amphibians and
amniotes (▶Evolution, and phylogeny of amniotes),
the latter of which comprise the synapsid radiation
of mammals, including primates (▶Evolution, and
phylogeny of primates) and the diapsid radiation of
reptiles and birds. In some taxa, classified as Type I or
Group I [8,9], the brains evince only a modest amount of
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neuronal cell proliferation and migration (Fig. 3); Group
I comprises lampreys, some sharks, some ray-finned
fishes, lungfishes, the coelacanth, and amphibians. An
increase in relative brain size [3] (▶Evolution, and
brain-body allometry) and in its degree of elaboration
(greater number of neurons along with more extensive
migration of them) (Figs. 4 and 5) has occurred
independently in the various taxa of Type II or Group
II vertebrates [8,9] – hagfishes, some sharks as well as
skates and rays, some ray-finned fishes, and amniotes.
Interestingly, all cyclostomes, ray-finned fishes, amphibians, and reptiles – even those with relatively
elaborated brains for their taxon – still have relatively
low brain-body ratios in comparison to some cartilaginous fishes and to mammals and birds. The latter three

Brain Evolution. Figure 3 Drawings of transverse sections through the telencephalons of two Group I anamniotes
with relatively unelaborated cell populations showing some of the pallial and subpallial regions. (a) A cladistian,
the bichir Polypterus palmas, a phylogenetically basal ray-finned fish; (b) the bullfrog Rana catesbeiana. In the
bichir, the subpallium is called area ventralis. In this and Figs. 4 and 5, the abbreviation v is used to indicate
the lateral ventricle and grey shading indicates where the majority of neuron cell bodies are located. These and the
subsequent drawings in Figs. 4 and 5 are not to the same scale.
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Brain Evolution. Figure 4 Drawings of transverse sections through the telencephalons of two Group II anamniote
brains with relatively elaborated cell populations showing some of the pallial and subpallial regions. (a) The Group II
galeomorph shark Ginglymostoma cirratum; (b) the catfish Ictalurus punctatus, a member of the phylogenetically
crown clade of ray-finned fishes, the euteleosts. In the catfish, as in other euteleosts, the pallium is called area
dorsalis, and the subpallium is called area ventralis.

groups, especially birds and mammals, have exceptionally high brain-body ratios. Birds almost completely
overlap the mammalian range. While hominids have the
highest brain-body ratios among mammals and among
primates in particular, some birds, such as corvids and
parrots, have brain-body ratios that are high enough to
overlap the range for primates [10].

Embryological Development and the New Field
of Evolutionary Developmental Biology
While there are instances of exceptions, in general
terms, embryological development of the brain across
taxa reflects its evolutionary history – not in terms of
previously held, erroneous notions of a Scala Naturae
(of fish to frog to rat to monkey to human), as noted

above, but in the von Baerian sense [11] of general
to specific, e.g., from deuterostome to vertebrate to
gnathostome to tetrapod to amphibian to salamander.
Recent evidence from studies of homeobox gene expression patterns has revealed not only a highly conserved
developmental pattern across all vertebrates but even
across invertebrates as well [12]. Cladistic analysis
indicates that this developmental pattern, for both the
neural-abneural (e.g., dorsoventral in vertebrates) and
rostrocaudal axes, was present in the earliest bilaterally
symmetrical animals, the Urbilateria [13] (▶Evolution, of
the brain: in Urbilateria). Findings on the genetic bases for
neural-abneural patterning in protostomes, such as the
fruit fly Drosophila, and vertebrates indicate that an
inversion of the ventral and dorsal surfaces of the body
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Brain Evolution. Figure 5 Drawings of transverse sections through the telencephalons of three amniotes, all
members of Group II with relatively elaborated cell populations, showing some of the pallial and subpallial regions.
(a) A turtle, pseudemys scripta; (b) a pigeon, Columba livia; (c) a marsupial, Hypsiprymnus rufescens.

occurred at some point within the deuterostome radiation,
such that the dorsal, or neural, surface in vertebrates
corresponds to the ventral, also neural, surface in
protostomes [14]. Nonetheless, the developmental patterning for the dorsoventral specification of the nervous
system has been conserved. Likewise, rostrocaudal

patterning genes, including those for the initiation of eye
development [15], have been highly conserved across all
the Bilateria.
Across vertebrates, variation in the amount of cell
proliferation and of the subsequent radial or tangential
migration of neuron cell bodies at various rostrocaudal
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locations along the neural tube accounts for much of the
variation in brain structure. Such variation is particularly marked in the telencephalic pallium (the upper part
of the telencephalon) in mammals (▶Evolution, and
embryological development of cortex: in amniotes) as
compared to reptiles and birds (▶Evolution, and
embryological development: of forebrain). The evolutionary relationships (homologies) of various pallial
regions, including some neocortical regions in mammals, are currently the subject of controversy [9] but
clearly involve several crucial differences in proliferation and migration patterns during embryogenesis.

Evolution of Regions and Systems across
Vertebrate Brains
As a general rule, the evolution of caudal regions of the
brain across vertebrates tends to be more conservative
than that of more rostral regions, and much more variation
in proliferation and migration patterns occurs in the
sensory-related dorsal portion of the nervous system, the
alar plate, than in the motor-related, ventral half, the basal
plate [9]. While the alar plate is classified as sensoryrelated, this is in a broad sense, since the alar plate gives
rise to a number of structures that are involved in motorfeedback relays and in regulation of movement initiation –
the cerebellum and its related nuclei (such as the deep
cerebellar and red nuclei) and the basal ganglia and their
related nuclei (such as the substantia nigra). Brain
evolution exhibits both conserved features and extensive
diversity across the different, independent radiations of
vertebrates – the jawless, cartilaginous, and ray-finned
fishes (▶Evolution, of the brain: in fishes); amphibians
(▶Evolution, of the brain: in amphibians); mammals
(▶Evolution, of the brain: in mammals); and the
sauropsids, reptiles (▶Evolution, of the brain: in reptiles)
and birds (▶Evolution, of the brain: in birds).
The spinal cord (▶Evolution, of the spinal cord)
exhibits specializations related to adaptations to particular
niches across various taxa. Exceptionally large motor
neurons involved in escape behaviors characterize the
spinal cords of many fishes and of amphibians. The spinal
cord in most tetrapods has enlarged segments related to
the innervation of the limbs. The hindbrain (▶Evolution,
of the hindbrain) and midbrain (▶Evolution, of the optic
tectum: in anamniotes; ▶Evolution, of the optic tectum:
in amniotes; ▶Evolution, of nucleus Isthmi) vary in the
degree of development of the reticular formation (▶Evolution, of the reticular formation) and of cranial nerve
nuclei. Major variations in the cranial nerves (including
those of the forebrain) include the presence of the lateral
line series (▶Evolution, of mechanosensory and electrosensory lateral line systems) of cranial nerves in aquatic
anamniotes [16], exceptional development of the gustatory system in some ray-finned fishes [17], dramatic
variation of the trigeminal nerve sensory modality
(including electrosensory and mechanosensory in mono-

tremes [18] (▶Evolution, of the trigeminal sensory
system and its specializations), magnetic in some fishes,
amphibians, and birds [19], and infrared in snakes [20]).
Additionally, some variation also exists across the more
common modalities of touch, position sense, pain, and
temperature, and vestibular sense (▶Evolution, of the
vestibular system), and, on the motor side, the oculomotor
nerves (▶Evolution, of the oculomotor system), and the
presence of a distinct hypoglossal nucleus in tetrapods
[21]. Likewise, variations occur across the telencephalic
cranial nerves for the vomeronasal [22] and olfactory
systems (▶Evolution, of the olfactory and vomeronasal
systems), and the terminal nerve (▶Evolution, of the
terminal nerve).
The reticular formation (▶Evolution, of the reticular
formation) is relatively conservative in its columnar
organization across vertebrates, and ascending serotonin, norepinephrine, and dopamine systems are present
in all the major taxa. Across mammals, variation in the
number of subdivisions of these systems occurs in
comparing one order to another, but these reticular
formation systems and other areas of the brain as well
appear to have a similar number of components in all
species of a given order, indicating that the subdivisions
were established at the time of ordinal evolution and
have maintained themselves subsequently [23].
Substantial variation occurs across cerebellar evolution (▶Evolution, of the cerebellum). Cyclostomes
either have a very small cerebellum (lampreys) or lack it
entirely (hagfishes). Across gnathostomes, the cerebellum exhibits a relatively high degree of conservation in
its neural constituents and their organization [9],
although variation occurs in the structure of the granule
cell conglomerations, such as the presence of long,
cylindrical granular eminences in cartilaginous fishes.
In some ray-finned fishes, such as mormyrids, the
cerebellum is markedly enlarged and elaborated in
conjunction with its complex functional role in
electroreception and conspecific communication. Also
in ray-finned fishes, cerebellar efferent neurons called
eurydendroid cells are present but are located within the
cerebellar cortex rather than grouped in deep nuclei.
The roof of the midbrain – called the tectum in
nonmammals and the colliculi in mammals – is conserved
in its cortical cytoarchitecture and the basic organization
of its afferent and efferent connections [9] (▶Evolution,
of the optic tectum: in anamniotes; ▶Evolution, of the
optic tectum: in amniotes). The neurons in the more
superficial layers of the optic tectum, or superior
colliculus, receive visual system input, while the neurons
within the deeper layers receive multisensory (somatosensory and/or auditory system) inputs and also give rise
to efferent projections. The torus semicircularis, or
inferior colliculus, receives auditory inputs, as well as
other inputs such as those from lateral line nuclei in
anamniotes. One rarely noted observation is that the
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periaqueductal, or so-called central, gray of mammals is
exceptionally well developed in comparison to all other
vertebrate taxa.
Rather substantial variation occurs in the diencephalon
[9] (▶Evolution, of the diencephalon). Its four major
divisions – epithalamus, dorsal thalamus (▶Evolution,
of the dorsal thalamus), ventral thalamus, and hypothalamus (▶Evolution, of the hypothalamus: in anamniotes;
▶Evolution, of the hypothalamus: in amniotes) – are
universally present across vertebrates, but their degree
of elaboration varies considerably. The dorsal thalamus
is very modestly developed in anamniotes in comparison to amniotes but is involved in some of the
ascending system pathways (▶Evolution, of the visual
system: in fishes; ▶Evolution, of the visual system:
in amphibians; ▶Evolution, of the auditory system: in
anamniotes). Likewise, the degree of elaboration of two
more posterior diencephalic components – the pretectum
and posterior tuberculum (▶Evolution, of the posterior
tuberculum and preglomerular nuclear complex) –
generally shows an inverse relationship to that of the
dorsal thalamus. In anamniotes, the dorsal thalamus
generally consists of three nuclei, the two caudal of which
comprise the collothalamus since they receive their
predominant inputs from the midbrain roof, and the
rostral of which comprises the lemnothalamus, since it
receives its predominant inputs more directly either
from the retina or other nontectal sources [9,24]. In
many anamniotes, the more caudal parts of the
diencephalon are more complexly elaborated. In many
ray-finned fishes, for example, the pretectum has
three superficial-to-deep divisions, each with multiple
nuclei, and the posterior tuberculum has both dopaminecontaining cells (homologous to the pars compacta of
the substantia nigra and related cell groups of amniotes)
and migrated nuclei of the preglomerular nuclear
complex that receive ascending sensory input from the
midbrain roof and relay it to the telencephalon (▶Evolution, of mechanosensory and electrosensory lateral line
systems).
In amniotes, the posterior tuberculum is represented
by dopamine-containing cell groups but has no migrated
sensory-relay nuclei, and the pretectum is reduced in
comparison with some anamniotes. The dorsal thalamus,
in contrast, contains numerous nuclei and/or nuclear
groups that separately relay multiple modalities of
sensory information to the telencephalon. Some of these
nuclei are collothalamic, receiving most of their inputs
from the midbrain roof, and others are lemnothalamic,
receiving their predominant inputs from more direct,
nontectal sources. Both sauropsids (birds and reptiles)
and mammals have a number of homologous intralaminar, somatosensory-relay (▶Evolution, of the somatosensory system: in nonmammalian vertebrates;
▶Evolution, of the somatosensory system: in mammals),
visual-relay (▶Evolution, of the visual system: in
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mammals – comparative evolutionary aspects across
orders; ▶Evolution, of the visual system: in mammals –
color vision and the function of parallel visual pathways
in primates; ▶Evolution, of the visual system: in
reptiles and birds), auditory-relay (▶Evolution, of
the auditory system: in mammals; ▶Evolution, of the
auditory system: in reptiles and birds), and limbic-related
dorsal thalamic nuclei, although the currently understood
parcellation of these nuclei is greater in birds and
mammals than in reptiles. All amniotes have generally
similar epithalamic, hypothalamic and ventral thalamic
nuclei, although the relative development of the latter
is more elaborate in mammals than in sauropsids.
A thalamic reticular nucleus has also been identified in
all amniotes.
The telencephalon is highly variable across vertebrates. Telencephalic evolution across anamniotes
(Figs. 3 and 4) is surveyed in one essay specifically
(▶Evolution, of the telencephalon: in anamniotes) as well
as in additional essays on particular brain regions and
systems, while that in amniotes is covered in numerous
regional and systems essays. In most major groups, its
dorsal, or pallial, portion develops embryologically by a
process of evagination, or out-pouching, of the hemispheres. In ray-finned fishes, however, it develops by a
process called eversion (▶Evolution, of the brain: in
fishes; ▶Evolution of the pallium: in fishes), in which the
midline roof portion thins to only an ependymal tissue
layer and the originally medial-most part of each
hemisphere turns outward, coming to lie in the lateralmost position with regard to other pallial regions,
and the originally lateral-most portion likewise is
reversed in its topology, coming to lie in the medial-most
position. Nonetheless, the specification of the originally
medial pallium as the hippocampal formation and the
originally lateral pallium as like the amygdala in nature is
apparently established before the eversion process
commences and thus retained in the adult phenotype [25].
The degree of pallial development and elaboration
corresponds in most taxa with the brain-body ratio, and
thus some cartilaginous fishes, some ray-finned fishes,
and, among amniotes, birds and mammals, exhibit the
relatively largest pallial regions and elaboration of them
in terms of cell proliferation and migration. Amphibians
(▶Evolution, of the pallium: in amphibians), in
contrast, are among the taxa with a lesser degree of
pallial elaboration. As noted above, differences in both
these developmental factors account for substantial
anatomical differences between the pallia of sauropsids
and mammals (Fig. 5). In mammals, the neocortex
occupies the largest portion of the pallium, with areas
for primary and associated sensory system inputs, as
discussed for those systems individually, and higherorder association areas (▶Evolution, of association
pallial areas: parietal association areas in mammals).
Across the different orders of mammals, including
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eulipotyphlans (previously called insectivores), carnivores, bats, rodents, and primates, some of the
association areas for multiple sensory representations
have been independently gained [26,27]. As in other
vertebrates, the hippocampus occupies the medial part
of the pallium (▶Evolution, of the hippocampus). The
olfactory cortex (▶Evolution, of the olfactory and
vomeronasal systems) and the pallial components of the
amygdala (▶Evolution, of the amygdala: in tetrapods;
▶Evolution, of the pallium: in fishes) occupy its lateral
part. Pallial areas are relatively modest in reptiles
(▶Evolution, of the pallium: in reptiles and birds;
▶Evolution, of association pallial areas: in reptiles), but
birds exhibit a substantially enlarged pallium, including
regions, such as the Wulst (▶Evolution, of the Wulst),
entopallium, and area L (for the newly revised avian
terminology, see [28]), that receive ascending sensory
inputs from dorsal thalamic nuclei, as well as multiple,
higher-order association areas [29] (▶Evolution, of the
pallium: in birds and reptiles; ▶Evolution, of association pallial areas: in birds). Hominids have few if any
neocortical or other neural characters that distinguish
them from the rest of primates and/or other mammals
[30], but recent insights into hominim evolution have
been gained from comparative studies (▶Evolution, of
the brain: in humans – paleoneurology; ▶Evolution,
of the brain: in humans – specializations in the comparative perspective).
At least part of the subpallium receives ascending
dopaminergic input across all vertebrates (▶Evolution,
of the telencephalon: in anamniotes), but the basal
ganglia (striatopallidal complexes) are most robustly
developed in amniotes (▶Evolution, and embryological
development: of forebrain). The same relative development also characterizes the septal nuclei (▶Evolution,
of the septal nuclei) and the basal forebrain cholinergic
cell groups (▶Evolution, of the subpallial cholinergic cell groups). Likewise, descending motor pathways
show differential development (▶Evolution of motor
systems: corticospinal, reticulospinal, rubrospinal, and
vestibulospinal systems). Nonmammalian tetrapods are
characterized by a prominent pathway from the basal
ganglia to the tectum via the pretectum [31], while in
mammals other descending motor pathways predominate. Birds have elaborate forebrain nuclei and pathways involved in the production of song [32]
(▶Evolution, of motor systems: vocal and song systems
of birds). Some fishes have uniquely evolved motor
pathways for the production of acoustic or electromotor
system signaling [33].

Evolutionary Transitions
As noted above, currently available evidence indicates
that the evolutionary transition from invertebrate
chordate to definitive vertebrate (▶Evolution, of the
brain: at the invertebrate-vertebrate transition) entailed

at least two major steps – first, the enlargement and
elaboration of the diencephalon with paired eyes
and the hindbrain along with the gain of visceral arches
and, second, the further enlargement of the brain with
the gain of a definitive telencephalon, the elaboration
of the neural crest and all or most neurogenic placodederived sensory systems, and the substantial further
elaboration of other neural crest derivatives. Among the
major vertebrate taxa, the Group II grade of organization, with enlargement and elaboration of brain regions,
in most cases involving the pallium, has occurred
multiple times independently – in hagfishes, some
cartilaginous fishes, some ray-finned fishes (Fig. 4),
and, within the sarcopterygian radiation, in amniotes
(Fig. 5). In contrast, the Group I grade of organization,
with relatively little cell proliferation and migration,
characterizes the brains of lampreys, some cartilaginous
and ray-finned fishes, and amphibians [9] (Fig. 3).
The transition to ray-finned fishes involved a novel
mode of telencephalic development, as discussed above –
eversion of the pallium that results in a reversal of the
medial-to-lateral topology (▶Evolution, of the brain: in
fishes; ▶Evolution, of the pallium: in fishes). The
crossopterygian fish Latimeria, a sarcopterygian, also
has partial eversion of the pallium, a condition that may
have been independently derived. At the anamnioteamniote transition, several major changes occurred in
forebrain organization. Two shifts in the predominant
projection target occurred for medially and laterally projecting ascending sensory pathways – from the medial,
hippocampal pallium to the newly expanded lemnopallial
areas (in receipt of lemnothalamic projections) and from
the laterally lying and subpallial striatum to the newly
expended collopallial areas (in receipt of collothalamic
projections). The lemnopallium in reptiles and birds
includes cortical-like areas such as the Wulst in birds and
part of the mesopallium, while the collopallium comprises the dorsal ventricular ridge (which includes part of
the mesopallium and all of the nidopallium in birds). In
contrast, in the line to mammals, these same shifts in
projections occurred, but in mammals, the lemnopallium
includes the primary sensory areas for the visual and
somatosensory system, while the collopallium includes
all of the auditory cortical areas, multiple association
cortical areas for other sensory systems, and the lateral
amygdala [34]. Since the dorsal ventricular ridge is
unique to sauropsids and the neocortex unique to
mammals, these structures may have become enlarged
and elaborated separately in the two lineages after their
evolutionary divergence [34,35].
Subsequently, at the reptile-bird transition (▶Evolution, of the brain: at the reptile-bird transition) a
further and substantial expansion of telencephalic
pallial regions occurred. In the earliest sauropsids,
predominant expansion of collothalamic nuclei and
their telencephalic projections characterized the dorsal

Brain Evolution

thalamus, in contrast to predominant expansion of
lemnothalamic nuclei and their telencephalic projections in the earliest mammals. In multiple orders of
mammals, subsequent elaboration of the collothalamus
and collopallium then occurred [34]. In contrast, within
sauropsids, in birds a subsequent elaboration of the
lemnothalamus and lemnopallium occurred [34].
Thus, in both mammals and birds, both lemnothalamic
and collothalamic systems are robustly developed.

Brain Evolution across Vertebrates
The substantial amount of variation in brain structure
across vertebrates depends, at its most fundamental
level, on variations in cell proliferation and migration,
orchestrated by patterning gene expression in the
rostrocaudal, mediolateral (radial), and dorsoventral
axes, with most of the variation occurring in alar platederived (dorsal) structures. While some animals have
utilized strategies of having enlarged brains relative to
their body weight (Group II), others have retained or
secondarily acquired relatively laminar, less elaborated
brains (Group I). Either strategy can be successful
evolutionarily as evinced by the range of taxa that
currently are extant.
Some of the most marked variations occur in the
arrangement of neurons within particular areas, one of
the most dramatic examples being that of the largely
nuclear sauropsid pallium versus the largely cortical
mammalian pallium. Despite the marked differences in
cytoarchitecture, many of the ascending sensory and
motor-feedback pathways and descending motor output
pathways exhibit extensive similarities, and both of
these pallial architectures are capable of high-level
cognitive functions, particular for birds among the
sauropsids in comparison to mammals.
The field of comparative neurobiology has substantial potential to contribute insights to how
neural circuits perform certain functions, from the
most basic sensory analyses to very high-level
cognitive processes. The comparative method allows
one to test hypotheses based on mammalian brain
architecture and address the most fundamental
mechanisms of neural computations and their resultant
mental and behavioral manifestations.
▶Evolution of the Brain: Amphibians
▶Evolution of the Brain: Urbilateria
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Brain Inflammation
Definition
Inflammation occurs in response to hypoxemia/ischemia and infection. It is mediated by pro-inflammatory

cytokines and involves activation of microglia as a key
feature; it can result in brain lesions and/or altered brain
structure.
▶Prenatal Brain Injury by Chronic Endotoxin Exposure
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Definition
Brain imaging confirms early diagnosis which is important as delay in treatment of an infection-dependent
brain disease reduces the chance of cure. Different
modalities and methods that are used in the brain
inflammatory/infection imaging will be reported and
briefly discussed here.
Brain inflammatory diseases determine the imaging
modality and the specific methods that have to be
implemented. For instance, whereas Computed Tomography (CT) technique is sufficient to detect anatomical
changes associated with most infectious processes in
the brain, Single Photon Computerized Tomography
(SPECT) or Positron Emission Tomography (PET)
techniques would differentiate lymphoma from toxoplasmosis based on principles of functional imaging [1].
Magnetic Resonance Imaging (MRI) is a superior
imaging modality and meets the demands for more
complicated extended infectious disease process detection. MRI is a sensitive tool in detection of the inflammatory brain diseases and the specificity can be further
increased by using new advanced MRI techniques;
parenchymal complications are resolved by diffusion
weighted imaging (DWI) and complications like subdural and epidural empyema can be resolved using fluid
attenuated inversion recovery (FLAIR) sequences [2].
Although the brain is well protected by the cranial
vault, the covering meninges, and the blood brain
barrier (BBB) which acts a mechanical shock absorber,
anatomical barrier and physiological filter, yet once an
infective agent gets into the brain it can cause a sever
inflammatory response due to the absence of lymphatic
channels in the brain, lack of capillaries in the
subarachnoid space and the existence of a good culture
and dissemination medium like the circulating CSF [2].
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The immune system plays an important role in the
development of CNS involvement in viral infections
and in patients with Acquired immunodeficiency
syndrome (AIDS).
Cerebral Infections may be conveniently compartmentalized [2] to different parts of the brain e.g. Brain
abscess is characterized by a focal infectious process,
while Encephalitis results in a more diffuse involvement
of the brain parenchyma. Infection of the pia-arachnoid
(Leptomeninges) and intervening cerebrospinal fluid is
termed as meningitis and involvement of dura-matter
result in subdural or epidural empyema.

Characteristics
Brain Abscess
Early diagnosis of bacterial brain sepsis is essential in
order to avoid morbidity. Brain abscesses are about two
to three times more frequent in males than in females.
The most common cause is extension from adjacent
sinuses, penetrating trauma or surgery and hematogenous spread in the case of structural integrity of the
skull. Hematogenous abscess typically results in septic
emboli being deposited in the distribution of the middle
cerebral arteries. In approximately 20–30% of brain
abscesses, the source of origin is inapparent.
Diseases of the brain, including brain abscess, result
in a breakdown of the blood brain barrier (BBB), which
allows localization of conventional brain imaging agents
in these lesions. Conventional brain scintigraphy agents
includeTc99m-Pertechnetate,Tc99m-Glucoheptonate,or
Tc99m-DTPA. Although not extensively used currently,
imaging with these agents show invariably increased
blood flow to inflammatory lesions on initial dynamic
acquisition. Abscesses revealed increased activity on
delayed images, with a “doughnut” appearance [3]. These
findings were, however, not specific and could also be
seen with neoplasms and infarction, albeit rarely. Others
have found leucocyte scintigraphy [4] as a valuable aid
in the differential diagnosis between abscess and neoplasmwithareportedsensitivity,specificityanddiagnostic
accuracy for leucocyte scintigraphy of 100, 97.8 and
98.4%, respectively. They also claim that the results of
leucocyte scintigraphy is not effected by corticosteroid
therapy and that the necessity to wait for 24 h in order
to obtain the most reliable information does not seem
to be an unacceptable delay in the daily clinical routine.
However a false-positive result cannot be avoided if there
is an intense inflammatory process infiltrating the tumor.
Anatomical localization of brain abscess by CT and
MRI depends on its stage of development. The initial
stage is a focal cerebritis, which soon develops central
necrosis and is surrounded by edema. With time, the lesion
forms a capsule and “ripens” into an established brain
abscess. During the cerebritis phase, CT scans show lowdensity abnormalities with mass effect, in close proximity
to sinuses with evidence of inflammatory changes. In a
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mature abscess, the CT scan show characteristic ringenhancing lesion with smooth margins. Attempts have
been made to identify distinctive radiologic characteristics
of ring-enhancing lesions. In general, abscesses are said
to possess a thin, uniform ring, which is thinner on the
medial border, and a smoother outer margin; satellite
lesions are often present. By contrast, neoplasms have
thicker, more irregular rims. Ring-enhancing lesions seen
in demyelinating disease tend not to be perfect rings, but
rather incomplete rings, hence the “open-ring sign” [2].
However, despite these attempts to correlate imaging
features with specific underlying lesions, such lesions cannot be distinguished purely on the basis of radiological
findings. The differential diagnosis of ring-enhancing
lesions largely depends on the immune status of the
patient. In the immunocompetent host, tumors – both
primary and metastatic – and pyogenic abscesses remain
the most likely diagnostic criteria; abscesses caused by
atypical organisms and demyelinating disease must also
be considered. In the immunocompromised host, the
leading diagnoses are toxoplasmosis and primary CNS
lymphoma. Furthermore, these patients are at risk
for abscesses, from both pyogenic and atypical organisms, and tumors. Tuberculous brain abscess should be
considered in endemic regions in both immunocompetent
and immunocompromised hosts.
MRI can detect contrast enhancement with higher
sensitivity. It is especially useful for detecting or excluding accompanying meningeal and ependymal reactions.
It is also better than CT for detection of complicating
dural sinus thrombosis. In cerebritis MRI, the characteristic findings are areas of low density on T1-weighted
images and, on proton-density or T2-weighted images,
high-intensity areas surrounded by areas of patchy
enhancement with gadolinium. In a mature abscess, on
T1-weighted images, the encapsulated abscess appears
as a round, low-intensity lesion with mass effect and a
surrounding area of low density, signifying edema. On
proton-density and T2-weighted images, the abscess has
a high-intensity signal in the center and in the surrounding
parenchyma as a consequence of the adjacent cerebral
swelling. Ring enhancement occurs with gadolinium [2].
Advanced ▶neuroimaging techniques, such as singlevoxel MRI spectroscopy (MRS) and diffusion-weighted
imaging (DWI), have markedly improved the specificity
of MRI for distinguishing bacterial abscess from other
infections and from cystic and necrotic tumors. MRS
reveals metabolites of bacterial origin, including acetate,
lactate, succinate, cytosolic acid, and amino acids
(alanine, valine, leucine). The spectral pattern of cystic
or necrotic brain tumors is quite different and normally
contains elevated choline (indicating cellular proliferation) and decreased N-acetyl-aspartate (NAA) (denoting
loss of neurons), with variable amounts of lactate and
lipids. In fact, a succinate peak on MR spectroscopy,
although not seen in all brain abscesses, is fairly specific
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for the diagnosis of intracranial infection rather than
neoplasm because it was not seen in any brain tumors
investigated. Acetate and pyruvate were only seen in
conjunction with infection and not with tumors, as well
[5], however, MR spectroscopy does not appear helpful in
distinguishing parasitic or fungal infections from tumors.
Stationary water, unlike freely moving water, is
depicted as high signal intensity on DWI, with a
decreased signal on the corresponding apparent diffusion coefficient (ADC) maps. DWI shows restricted
diffusion and high signal intensity in bacterial abscesses. The presence of pus within the abscess cavity,
which consists of numerous leukocytes and proteinaceous fluid with high viscosity, accounts for the
restricted diffusion and high signal intensity on DWI
and low ADC values. In contrast, the cystic or necrotic
portions of brain tumors typically are less cellular and
have less viscous fluid consistency. As a result, tumors
show low signal intensity on DWI and higher ADC
values [2].
Because of the known uncertainties in the differential
diagnosis of an intracerebral ring-enhancing lesion on
CT and MRI, preoperative metabolic imaging with PET
is under investigation as a novel tool for the noninvasive
identification of benign or malignant ring-enhancing
lesions. Positron emission tomography (PET) can
provide dynamic information regarding the metabolism
of a lesion, which may be useful for differentiating
tumors from abscesses, with specificity and sensitivity
above 90%. Most commonly used agents are 18F-FDG,
[methyl-11C]-L-methionine (11C-MET) and O-(2–18Ffluoroethyl)-L-tyrosine (18F-FET). Tumors typically
show increased metabolic activity in the center of the
lesion, whereas abscesses do not. However, in highgrade neoplasms that often hold a necrotic center, the
reduced metabolic activity in the center of the tumor can
make it difficult to differentiate from the pattern found
in abscesses [6].
Leptomeningeal Diseases
The differential diagnosis includes meninigitis (fungal,
TB, bacterial and neurospyphilis), sarcoidosis and
cysticercosis. Imaging studies are done to confirm the
diagnosis and to detect complications like vascular
thrombosis, brain infarctions, abscess, ventriculitis,
hydrocephalus, empyemas of epidural or subdural
spaces and subdural effusions.
Acute bacterial meningitis: Acute Meningitis is
either bacterial or viral in origin. Viral meningitis
is usually self limiting and seldom requires treatment
while bacterial meningitis can cause irreversible brain
damage if not treated promptly.
MRI without contrast enhancement is usually
unremarkable in acute meningitis, however after gadolinium administration there is intense diffuse leptomeningeal enhancement which is over the cerebrum,

inter-hemispheric fissure and the sylvan fissure.
Meningeal enhancement is non-specific as it also
occurs after ventriculo-peritoneal shunts, craniotomy
and subarachnoid hemorrhage. Moreover absence of
contrast enhancement does not rule out meningitis as it
may be missing in some cases. Fluid attenuation
inversion recovery (FLAIR) show increased CSF signal
intensity due to increased CSF protein concentration
and combined with leptomeningeal gadolinium enhancement further increase the sensitivity of MRI
findings for the diagnosis of meningitis [2].
Tuberculosis
Diffuse Tuberculosis [2] leptomeningitis is the most
common presentation of intracranial TB. On unenhanced CT scans, parasellar, perimesencephalic, and
sylvian cisterns appear obliterated by abnormal isodense enhancing soft tissue. Communicating hydrocephalus and basal infarctions may develop. Granulomas
show solid or ring enhancement. Tuberculomas may be
indistinguishable from malignant gliomas; lesion is
hypodense and has an irregular contour. It shows either
nodular or ring enhancement.
Neurocysticercosis
Neurocysticercosis, [2] a CNS infection by the larval
stage of pork tapeworm, Taenia solium, can involve
brain parenchyma, ventricles, or its meninges and is
characterized by homogeneously enhancing multifocal
lesions, which later develop into fluid-filled cysts
without surrounding edema and enhancement. In due
course, calcification (70%), and hydrocephalus develops in 70% of these patients.
Sarcoidosis
CNS involvement is rare in Sarcoidosis, seen as
enhancing tissue in the basal cisterns, optic chiasm,
and pituitary stalk on contrast enhanced CT scans. MRI
is more accurate for the sagittal and coronal localization
of lesions. Low-grade primary brain tumors may also
cause obstruction of the basal CSF spaces, in which
case coronal MRI using fluid-attenuated inversion
recovery (FLAIR) sequences – can define the mass as
originating in the brain parenchyma [2].
Encephalitis
Encephalitis is characterized by diffuse brain parenchymal inflammation and is most commonly viral in origin.
Common viruses are herpes simplex virus type I and II
(HSV 1 & 2), herpes zoster, arboviruses and enteroviruses. In immune compromised host human immunodeficiency virus (HIV), cytomegalovirus (CMV)
papovavirus (progressive multifocal leukoencephalopathy) and a variety of other organism are involved and
discussed separately under AIDS-related Infections.
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Herpes Encephalitis (Type I)
Herpes Encephalitis (Type I) is characterized by
fulminant, necrotizing, hemorrhagic meningoencephalitis; 70% of cases are adult, with a mortality of
about 70%. CT is normal until 4 days. Later areas of
hypodensity without enhancement appear [7] usually
in the medial temporal lobe and inferior frontal lobes,
20–50% are bilateral. Hemorrhages occur in 50%. Late
gyral enhancement may be seen. MRI as areas of ill
defined low signal intensity on T1W images and high
signal intensity on T2W and FLAIR images, beginning
on one side and becoming bilateral. Variable gyral
enhancement and mass effect may be present. Hemorrhagic foci appearing as high signal intensity on both T1
and T2W images may occasionally be seen. Herpes
encephalitis is curable with early antiviral therapy but if
left untreated there is high incidence of sequelae with
high mortality rate.
SPECT agents such as Tc-HMPAO and Tc-ECD
reflect cerebral perfusion and brain SPECT scintigraphy
help provide complementary functional information to
anatomical imaging. Activated neurons have increased
glucose consumption, but lack the ability to store
glucose. Therefore, increased cerebral blood flow
(CBF) is needed to deliver the glucose required for an
increased metabolic demand. Thus, CBF is coupled to
neuronal activity and the delivery of nutrients like
oxygen and glucose to each cerebral region is
according to its metabolic need. CBF and metabolism
remain coupled under most physiologic conditions,
with some exceptions, e.g. subacute stroke and some
brain tumors. This relation between CBF, metabolism,
and neuronal activity forms the basis of brain
perfusion SPECT imaging for detecting cerebral
dysfunction [1]. Studies have shown that Tc-ECD is
a perfusion marker of viable brain tissue, while TcHMPAO fixation is not metabolically linked and
therefore demonstrates luxury perfusion, which can
result in an inability to properly identify areas of
nonviable brain [1].

Viral Encephalitis
Viral Encephalitis during the acute phase show
typically an area of increased Tc99m-HMPAO uptake
at the site of infection due to cerebral hyperemia (i.e. a
“hot spot”) in up to 94% of cases. During the subacute
phase (15 days after presentation), a follow-up scan
may demonstrate either normal or decreased tracer
uptake at the same site. Patients with a normal perfusion pattern in the subacute phase have very good
clinical prognosis, while those with decreased perfusion
pattern are associated with decreased intelligence or
learning disabilities [8]. Discordant increased TcHMPAO activity, but decreased activity on Tc-ECD
exam, has been reported [1].
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Lyme Disease
Lyme disease (borreliosis) is Tick-borne multisystem
inflammatory disease caused by the spirochete Borrelia
burgdorferi. The Central nervous system (CNS)
involvement [2] occurs in 10–15% of cases. Produce
a variety of neurologic and psychiatric disturbances like
short-term memory loss, severe depression (seen in up
to 70% of patients), and personality changes marked by
irritability and mood swings may be produced. CNS
involvement may take the form of neuritis, meningitis,
encephalitis, and myelitis. CT scan may reveal bilateral
focal low-attenuation enhancing lesions due to demyelination and perivascular inflammation in the deep
cerebral white matter. Most commonly seen in the
frontal lobes. The diagnosis is made serologically
(titers). Erythema migrans is often present.
Lyme encephalopathy most commonly produces
multiple focal areas of hypoperfusion on brain perfusion SPECT affecting both the cortex and deep brain
structures. Significant perfusion abnormalities can be
identified in up to 50% of affected patients. Diffusely
reduced cerebral cortical flow has also been described.
SPECT imaging can also be used to monitor response
to therapy as areas of abnormal perfusion can reverse
with treatment [8]. MRI [2] is more sensitive. CNS
involvement by Lyme disease can resemble multiple
sclerosis in both its clinical and imaging features. Unlike
multiple sclerosis, however, the focal white-matter
hypodensities on CT scans tend to be peripheral rather
than periventricular. Contrast enhancement may or may
not occur and is seen more clearly on magnetic resonance
images. If meningitis is present, meningeal enhancement
will be seen if the findings are sufficiently pronounced.
The focus in follow-up is on assessing the treatment
response. MRI is generally preferred for this purpose.
Listeriosis
Listeriosis [7] is caused by the bacterium Listeria
monocytogenes. The CNS, particularly the brain stem
(rhombencephalitis), is most commonly involved
which leads swiftly to respiratory failure. CT shows
decreased density and slightly increased volume in the
affected brain areas. Faint contrast enhancement may be
evident. MRI is considerably more sensitive than CT in
most respects, and it has become the preferred modality
for evaluating listeriosis. However neither MRI nor CT
can confirm listeriosis as the cause of meningitis or
encephalitis. The diagnosis is established by serologic
methods.
Immune-Mediated Encephalomyelitis or Acute
Disseminated Encephalomyelitis (ADEM)
Immune-mediated encephalomyelitis or Acute
disseminated encephalomyelitis (ADEM) is probably
an autoimmune reaction in response to a preceding
infection or vaccination. Mortality range from 10 to
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25%, survivors may recover completely. CT may be
normal. Bilateral confluent low-attenuation changes in
subcortical white matter may occur [7]. MR demonstrates lesions in the white matter of the cerebrum,
cerebellum and brainstem, often while CT is normal or
non-diagnostic. The lesions may be patchy and involve
the deep and subcortical white matter. Involvement
of the deep gray matter has also been reported.
Subdural and Epidural Empyemas
Subdural and epidural empyemas result from spread of
infection from sinusitis, mastoiditis or sites of trauma
and craniotomy. In children it most commonly results as
a complication of bacterial meningitis. Even small subdural empyemas, may cause sever sequelae such as vein
thrombosis, infarcts and parenchymal abscesses if left
untreated. In most cases anti-microbial therapy is not
sufficient and surgical drainage is required for satisfactory recovery and brain decompression. Small peripheral
crescent shaped empyemas near the cranial vault are not
well visualized on CT scans. MRI is the imaging
modality of choice [2]. On T1W and FLAIR images they
appear as areas of high signal intensity in comparison to
the CSF because of there high protein content and
inflammatory debris and on T2WI signal intensity is
equal to that of CSF. Similar to brain abscess they show
high signal intensity on DWI with low ADC values.
Mass effect on adjacent CSF and associated parenchymal
abnormalities like brain edema, abscesses, cortical and
dural vein thrombosis can all be evaluated on more
reliable on MRI. In contrast epidural empyemas have an
insidious course and are characterized by a lentiform
extra-dural collection associated with marked enhancement of the often thickened inflamed dura with no
involvement of the adjacent brain parenchyma.
Acquired Immunodeficiency Syndrome (AIDS) and
AIDS-Related CNS Infections
CNS involvement is the cause of initial complaint in
about 10% of AIDS patients. However, in due course of
the disease neurological complications develop in more
than one-third of patients. Most infections are opportunistic and bacterial infections are rare. A distinct feature
of CNS infection in AIDS is the lack of inflammatory
response of the surrounding neural tissue and the
neuroimaging features are characterized by cerebral
atrophy, mass lesions, white matter changes and chronic
meningitis [2].
The most common brain involvement in AIDS is
Progressive diffuse leukoencephalopathy (PDL) (subacute encephalomyelitis or AIDS dementia complex)
resulting from direct invasion by Human immunodeficiency virus. Impairment of cellular immunity causes
reactivation of cytomegalovirus and papovavirus infections in AIDS patients resulting in necrotizing encephalitis
and progressive multifocal leukoencephalopathy (PML).

Intracranial mass lesions account for as many as one-half
the neurologic disorders associated with HIV infection.
Toxoplasmosis is the most common cause of intracerebral
mass lesion occurring in adults in association with
HIV infection, followed by fungal meningo-encephalitis
caused by Cryptococcus neoformans (Cryptococcosis).
Other nonpyogenic organisms causing brain abscess in
AIDS patients include mycobacterium tuberculosis and
fungi like Aspergillus, Mucormycosis and Candida. The
most common brain neoplasm observed in association
with HIV infection is primary CNS lymphoma (PCNSL).
Other neoplasms that have been reported in association
with HIV infection include gliomas, Kaposi’s sarcoma,
and metastatic tumor [2].
Progressive Diffuse Leukoencephalopathy
The HIV virus cause direct damage of the brain causing
sub acute encephalitis in about two thirds of the
patients. The onset is gradual but the course is
progressive with impairment of cognition, memory,
and loss of concentration. Although extensive changes
are seen in brain parenchyma on biopsy specimen
however the findings on CT and MRI are not so
remarkable. Not infrequently there is only diffuse
nonspecific brain atrophy with a central predominance,
inconsistent with the patient’s age. MRS can demonstrate significant drop in NAA and an elevation of
choline and myoinositol (glial marker), reflecting early
neuronal damage long before the above structural abnormalities become evident on conventional MRI [2].
Cytomegalovirus Encephalitis
Reactivation of CMV causes necrotizing encephalitis
involving mainly the grey matter and ependymitis, sparing
the white matter to a large extent. This is in contrast to HIV
encephalitis and PML which mainly affect the white
matter. FLAIR and T2WI show increased intensity signals
of nodular pattern in the periventricular region often
involving the splenium and genu of the corpus callosum
with patchy subependymal enhancement [7].
Progressive Multifocal Leukoencephalopathy
PML is caused by JC papovavirus infection and is a late
finding with an average survival time of 3 months. It
mainly affects the myelin forming oligondendrocytes
causing subcortical and deep white matter demyelination resulting in a rapidly deteriorating neurological
syndrome with altered mental status, motor weakness
and visual filed defects and ataxia. Dementia is not a
feature of PML. CT shows asymmetric focal decrease of
attenuation in the parieto-occipital area [7]. On MRI,
affected regions appear hyperintense on T2 and FLAIR
sequences, and hypointense on T1. Gadolinium enhancement occurs in less than 10% of active lesions [7].
Hyperintensity on diffusion-weighted imaging has also
been reported [7].
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Intracranial Mass Lesion
Intracranial mass lesion in an HIV-infected person is
generally heralded by headache, seizures, altered level
of consciousness, impaired cognitive function, or focal
neurologic signs and symptoms. High-resolution CT
after double dose iodinated contrast is a very sensitive
technique for detecting these lesions. However, its
limitations, particularly with respect to the visualization
of lesions in the posterior fossa, are well recognized.
The most sensitive diagnostic study for the demonstration of an intracranial mass lesion is cranial MRI
performed with and without a contrast agent, such as
gadolinium. Although imaging studies are sensitive for
detecting focal brain lesions, they have low specificity
for establishing a specific pathologic diagnosis and
brain biopsy remains the gold standard. However brain
biopsy is an invasive procedure and although associated
with an overall yield of 90% it has an alarmingly high
reported morbidity/mortality rate of 7% [9].
It is interesting to note that CNS lymphoma is
hyperperfused, while CNS infections like Toxoplasmic
or Lyme disease lesions, when detectable by SPECT,
are hypoperfused. Reduced rCBF was also seen in brain
regions not affected directly, but functionally associated
with altered areas [1].
Thallium 201 SPECT in CNS Lymphoma Versus
Toxoplasmosis
Thallium 201 SPECT imaging can be used to aid in
discriminating CNS lymphoma (30% incidence) from
toxoplasmosis (60% incidence) in HIV patients. Lymphoma would avidly accumulate thallium, while toxoplasmosis infection would typically demonstrate only mild
thallium uptake. The lesion to non-lesion uptake ratio is
generally greater than 2.5:1 in cases of CNS lymphoma
[10]. Sequential thallium-gallium scanning may help to
improve the exams sensitivity and specificity. Lymphomas would generally be thallium and gallium positive,
while toxoplasmosis infection is thallium negative, but
gallium positive [10]. There have been case reports of
thallium accumulation in cerebral infections including
CMV encephalitis (with a semiquantitative uptake ratio
suggesting a malignant lesion), candidiasis, bacterial
abscess, CNS abscesses, inflammatory demyelinating
diseases, tuberculomas and toxoplasmosis [9]. Thallium
imaging should be delayed (3–4 h after injection) as early
accumulation within inflammatory lesions washes out,
while activity remains within neoplasms [10]. Moreover,
Th-SPECT may still be useful in this differentiation when
results of other tests are taken into account, such as toxoplasmosis serology or CSF Epstein-Barr virus polymerase
chain reaction (PCR) [9]. PCNSL is associated with latent
Epstein-Barr virus (EBV) infection; detection of EBV
DNA in cerebrospinal fluid (CSF) has been promoted as a
useful diagnostic test. A patient with contrast-enhancing
mass lesions who has failed to respond to empiric
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antitoxoplasmosis therapy for 10 days and who has positive CSF EBV DNA PCR results and positive uptake on a
thallium SPECT scan is highly likely to have PCNSL [9].
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Synonyms
TNFR1: Tumor necrosis factor receptor 1, FPF, p55,
TNF-R, TNFAR, TNFRI, Tnfr1; p55-R; CD120a;
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TNF-R1; TNFR60; Tnfr-2; TNF-R-I; TNF-R55;
TNFRp55; TNFR2:Tumor necrosis factor receptor 2;
Tumor necrosis factor; Beta receptor; tnfbr; p75; TNFR75; TBPII; TNFR2; CD120b; TNF-R-II; TNFR80

Definition
▶TNF-α exerts its biological functions via interaction with two receptors, the 55 kDa type-1 receptor
(TNFR1) and the 75 kDa type 2 receptor (TNFR2).
Both TNFR1 and TNFR2 possess sequences capable of
binding to intracellular adaptor proteins that trigger cell
signaling. The TNF receptor superfamily is defined by
the presence of repeating units of cysteine clusters.
TNFR-1 and TNFR-2 are both N-glycosylated but only
TNFR-2 is O-glycosylated.

Characteristics
Higher Level Structure (General and Common)
The extracellular domains of TNFR1 and TNFR2
are highly conserved. The cytoplasmatic domains of
TNFRs are modest in length and function as docking
sites for signalling molecules.
Most cell types express both receptors, with few
exceptions such as erythrocytes and unstimulated
T lymphocytes. Receptor density ranges from 200–
10,000 per cell but usually the expression of one of
them predominates. Based on similarities in their
cysteine-rich extracellular domains, TNFR-1 and
TNFR-2 belong to a TNFR superfamily, which besides
a number of death inducing receptors, includes CD40
and the low- affinity nerve growth factor receptor.
TNF-α receptors present diverging mechanisms of
action both in normal and altered brain in mice and
blockade of any of them in the early stages after an
injury seem to improve final outcome after a brain
injury. Signaling occurs through two principal classes
of cytoplasmatic adaptor proteins: TRAFs (TNF
receptor-associated factors) and “death domain” (DD)
molecules. Signaling is very rapid and highly specific,
for the subset of receptors that have DDs ligand
engagement typically causes the association of adaptors
such as Fas-associated DD protein (FADD) and TNFRassociated DD protein (TRADD) that finally cause
caspase activation and cell death. In this way the
response of a cell to TNF-α is profoundly correlated
with the type of TNFR predominantly expressed, both
constitutively and in response to cytokines (for review
see [1]). Several works support an independent functioning for the two receptors in several diseases [2], but
contradictory results are found when TNFR null mice
have been used. TNFR1 is activated equally well by
soluble and membrane-bound TNFα (mTNF). TNFα
ligand acts primarily in the immune system whereby it
would activate TNFRs through cell–cell interactions. As
such, most of the TNFα effects in vivo may be mediated

by mTNF (TNFR1=TNFR2 activation) rather than
soluble TNF (TNFR1>TNFR2 activation) and the
physiological role of TNFR2 may be underestimated
by most of the TNFα research conducted in the
laboratory which uses soluble TNFα as the stimuli.
Soluble TNFα acts somewhat like a partial agonist on
TNFR2 since it binds to the receptor, but is not highly
potent and efficient in its activation.
Altogether, these studies reveal neuronal responses
to TNFα. Subsequent neuronal death or survival
may ultimately depend on a particular subtype of
TNF receptor that is predominately expressed in
neurons of the brain both during neural development
and in neurological diseases. In this way, a ▶neuroimmunomodulation could explain different brain responses to injury
Lower Level Structure (Specific)
TNFR1
Structure
Tumor necrosis factor receptor 1, also known as the p55
TNF receptor, binds to two ligands: TNFα and
Lymphotoxin-α (LTα, previously termed TNFβ).
The TNFα trimer binds three receptor molecules, one
at each of three TNF monomer-monomer interfaces.
The extracellular domain of the receptor is an elongated
molecule composed of 3 disulphide-containing 40
residues motifs, essential for its activity. Only three
or four extracellular modules of TNFR-1 are visualized.
Function
A central question about TNFR-1 is how a single
receptor can trigger many different responses using a
limited repertoire of signalling molecules.
The dominant signalling pathway for TNFR-1
promotes inflammation by up-regulating inflammatory
cytokines, ▶chemokines and adhesion molecules and
also suppresses apoptosis by the induction of IAPs
(inhibitors of apoptosis) through nuclear factor-κB (NFκB)-dependent pathways. The TNFR-NF-κB signal
transduction pathway is important for maintaining
cell viability. NF-κB exerts anti-apoptotic effects via
an endogenous caspase inhibitory system mediated by
cellular inhibitor of apoptosis protein 2 (c-IAP2). NFκB transactivates c-IAP2 to inhibit caspase-3 activation.
TNFR-1 can also mediate cell death by activation of
caspases 3 and 7 via pro-caspase 8, but also by the
caspase independent c-jun-N-terminal (JNK) death
pathway, that activates the transcription factor activator
protein 1 (AP-1), inducing transcription of a number of
proinflamatory, immunomodulatory and pro-apoptotic
genes such as the tumor suppressor protein p53 and the
FAS ligand [1]. Astrocytes have been shown to express
TNFR-1 and inflammatory mediators such as chemotactic factors and adhesion molecules. Several works
reported astrocyte production of CCL2 in response to
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RANTES, and also that astrocyte expression of
VCAM-1 is TNF-dependent.
TNFR2
Structure
TNFR2 was fully cloned after TNFR1 and its structural
and functional properties are less understood than
TNFR1. Part of the reason for the relative lack of
signalling information about TNFR2 is that, generally,
it is not efficiently activated in the laboratory. Within
the intracellular domain of TNFR2, a C-terminal region
of 78 amino acids binds TRAF2, a protein containing a
C-terminal TRAF domain and an N-terminal RING
finger motif.
Function
TNFR2, although not possessing a DD sequence, can
lead to apoptosis via adaptor proteins (for review [3]). It
has been involved in cell proliferation and has been
suggested to play a role in TNF-mediated elimination of
autoreactive effector cells in a EAE paradigm [4]. In
addition, TNFR2 is the principal mediator of the effects
of TNFα on cellular immunity, and it may cooperate
with TNFR1 in the killing of nonlymphoid cells.
Deletion of TNFR2 in transgenic mice has uncovered
that this receptor subtype is important in low dose TNFinduced lethality. Besides its involvement in thymocyte
proliferation, TNFR2 plays an important role in
models of cerebral malaria and microvascular endothelial cell damage.
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Description of the Process and Conditions
Mouse Brain Inflammatory Responses
▶Brain injury initiates a complex sequence of pathophysiological responses named ▶Inflammation at the
lesion site. Inflammation is a protective mechanism that
isolates the injured area, destroys affected cells and
repairs the extra-cellular matrix. However, chronic
presence of inflammatory mediators may be followed
by increased oxidative stress and cell death (for review:
[5–7]). Inflammatory response is orchestrated, among
others, by relevant proinflammatory cytokines such as
interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor
necrosis factor-α (TNFα), which may be produced and/
or act on lymphocytes, endothelial cells and microglia
among other cell types, producing secondary damaging
effects that in turn lead to lymphocyte recruitment
and activation and may cause neuronal cell death.
TNFa Increase as a Signal in Brain Inflammation
The existence of a protein termed tumor necrosis factor
(TNFα) that was released into the blood circulation
of animals after ▶reticuloendotelial system stimulation
was demonstrated in 1975. Now it is known that TNFα
(185 amino acid glycoprotein peptide hormone) is a
▶pleiotropic cytokine produced by activated macrophages, neutrophils, astrocytes and other cell types. Its
action is not restricted to the periphery but extends to
important physiological and pathophysiological roles in
the CNS. In the intact CNS, TNF-α expression is low
but is dramatically increased following pathological
stimuli such as in injury, ▶ischaemia or infection and

Brain Inflammation: Tumor Necrosis Factor Receptors in Mouse Brain Inflammatory Responses.
Figure 1 Analysis of cytokine gene expression by ▶Rnase protection assay (RPA). Wild type (C57Bl/6) and
TNFR1 knockout (TNFR1 KO) mice were subjected to a cryolesion of the left cortex and killed 8 or 24 h after the lesion
(8 and 24 hpl, respectively). Unlesioned mice from both strains were also killed (0 hpl). TNFα, IL-1α, IL-6 and IL-1β
were significantly increased by the injury, a response decreased by TNFR1 deficiency. (Published in (2005) J
Neurosci Res 82:701–716).
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Brain Inflammation: Tumor Necrosis Factor Receptors in Mouse Brain Inflammatory Responses.
Figure 2 Hierarchical clustering of the subset of genes (including genes of unknown function) identified to be
significantly (P < 0.05) affected by TNFR deficiencies. Green dots: TNFR1 KO vs. WT. Red dots: TNFR2 KO vs. WT.
Black dots: TNFR1KO vs. TNFR2KO.

Brain Repair

has been implicated in the pathogenesis of many
neurological conditions including MS, AIDS dementia
and Alzheimer disease among others. TNFα is one of
the mediators that leads to the activation, proliferation
and hypertrophy of mononuclear, ▶phagocytic cells
and gliosis. In turn astrocytes, endothelial cells, and/or
microglia in the CNS respond to TNFα by recruiting
monocytes and polymorphonuclear leukocytes to the
CNS. These recruited cells may be a source of
▶metalloproteinases, additional chemokines, TNFα or
other mediators of acute pathogenesis.
Dual Role of TNFa
A neuroprotective role of TNFα in the CNS has been
described in mice lacking both TNF receptors in ischemia
and kainic acid administration. Opposing roles have also
been described for both receptors, having TNFR1 a
detrimental effect while TNFR2 is the beneficial
counterpart in a multiple sclerosis animal paradigm ([4],
being these opposite roles confirmed by some in vitro
studies). However, no effect on damage following
deletion of either TNFR1 or TNFR2, alone, is observed
in the axotomized facial motor nucleus model [8], and
even a detrimental role of TNFR2 but not of TNFR1 has
been also described [9]. Even an almost complete
prevention of cell death is seen when both TNFR are
not present, thus suggesting a detrimental role of TNFα
[8]. Nevertheless, it has to be considered that a different
role for TNFα has been described depending on the
moment of its action, suggesting a beneficial role at later
time points. TNFR1 is involved in the early establishment
of the inflammatory response and its deficiency causes a
decreased inflammatory response and tissue damage
following brain injury [10] (Fig. 1). Therefore, preliminary evidences suggest that TNFR2 pathway is involved
in many different areas of cell maintenance, and in this
regard recent results from a ▶microarray study (Fig. 2)
should be used as a starting point to clarify the role of this
receptor both in physiological and pathological conditions (Quintana et al. 2007, J Neurosci Res 85(12):2668–
85). However, the validity of direct comparisons between
TNFR-null transgenic mice and normal cells and tissues,
which ubiquitously express TNFRs at altering TNFR1:
TNFR2 ratios, always has to be considered when
interpreting the physiological role of TNFRs.
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Brain-machine Interfaces
▶Computer-Neural Hybrids

Brain Plasticity
Definition
Brain’s ability to change its structure and function
during maturation, in response to environmental
challenges or during pathological processes.
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Brain Repair
Definition
Defines an area of investigation studying the means to
repair damaged brain. Until recently, the brain was
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Brain Reward System

considered as a surgically unreachable structure
according to the complexity of neuronal circuits.
Accordingly, it was considered only reachable by
pharmacological means. Plethora of molecules targeting
the brain where developed in order to treat, among others,
depression, schizophrenia, epilepsy as well as Parkinson’s
disease. With the emergence of stem cell research, new
promising strategies to heal the brain are envisaged as
stem cells provide an endless source of new neurons or
glial cells that can be used to replace dead cells.
▶Regeneration

Brain Reward System
Definition
Brain reward system areas (mainly the lateral hypothalamus and midbrain ventral tegmental area) which are
identified as a very effective locus for brain stimulation
reward (positive reinforcement).

Brain Rhythms
M ARCOS G. F RANK
Department of Neuroscience, University of
Pennsylvania, Philadelphia, PA, USA

Synonyms
EEG waves; Synchronized, Desynchronized brain
activity

Definition
Brain rhythms refer to distinct patterns of massed neuronal activity associated with specific behaviors, arousal
level and sleep states. They are typically measured by
the electroencephalogram (EEG) and/or neuronal population field recordings. Brain rhythms have been best
studied in the hippocampus, the thalamus and the
neocortex [1,2].

Characteristics
EEG rhythms can be broadly divided into those
associated with an awake or activated brain and those
associated with different stages of sleep [1]. Wakefulness is accompanied by fast, low-amplitude brain
rhythms that are further segregated into “alpha”

(▶alpha rhythm) (8–13 Hz), “beta” (13–35 Hz) and
“gamma” waves (35 Hz and higher) [2]. Beta (▶beta
rhythm) and gamma (▶gamma rhythm) waves are
typically observed in alert wakefulness and during
▶REM sleep while alpha waves are associated with
quiet arousal – commonly with the eyes closed. The
onset of sleep is associated with a progressive slowing
and increasing amplitude of EEG waves along with
stereotyped bursts of synchronized activity. These
include “K-complexes” and “spindles” which are
characteristic of the lighter stages of ▶non-REM sleep.
As non-REM sleep progresses into deeper stages,
the EEG becomes dominated by “delta” waves (1–4
Hz). A slower neocortical rhythm (<1 Hz) groups and
organizes these sleep rhythms by coordinating depolarization and hyperpolarization in intra-cortical and
thalamocortical networks: a phenomenon also referred
to as “up” and “down” states [1,3]. The hippocampus
also exhibits state-dependent changes in neuronal
activity. Alert wakefulness and REM sleep in nonhuman animals are often accompanied by gamma and
“theta” rhythms (▶theta rhythm) (5–9 Hz), while nonREM sleep and quiet wakefulness are associated with
bursts of 200 Hz activity known as “ripples” [4–7].
The Cellular Basis of Brain Rhythms
Interactions between three basic mechanisms underlie
neocortical brain rhythms [1]. These include intrinsic
membrane properties of different classes of neurons,
intracortical and thalamocortical network interactions
and modulation by alerting/arousal circuits. Many
neurons within the thalamus and the cortex can switch
between two basic modes of activity: tonic firing and
intrinsically bursting. This change in activity is due to
several ionic membrane currents that are differentially
activated, inactivated and de-inactivated by changes
in neuronal hyperpolarization [1]. During transitions
from wakefulness to sleep, the thalamus becomes
increasingly hyperpolarized, thereby switching thalamocortical relay neurons from a tonic firing mode to
intrinsically bursting. This process is mediated by the
reticular thalamic nuclei which innervate relay thalamocortical neurons. Relay nuclei then transmit oscillatory bursts to the neocortex as spindles. The neocortex
also becomes hyperpolarized during the descent into
sleep and via cortical-thalamic projections “groups”
spindles into an envelope of cortical slow, oscillatory
activity. As sleep progresses into deeper stages of nonREM sleep, additional membrane currents are activated leading to the appearance of delta waves (▶delta
waves/rhythms) in the thalamus and neocortex. These
slow oscillations are rapidly reversed by the onset
of wakefulness due to increased release of excitatory
neurotransmitters (monoamines, acetylcholine and
▶glutamate) onto the thalamus and cortex. The resulting depolarization switches neurons back into a tonic
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firing mode and produces brain rhythms typical of
wakefulness [1]. Similar mechanisms operate in other
brain regions that exhibit state-specific brain activity,
although the precise contribution of intrinsic membrane
properties, network events and neuromodulators are
different [1,7].
The Regulation and Function of Brain Rhythms
The precise function of different brain rhythms remains
mysterious. Gamma waves in the neocortex have been
suggested to play a role in synchronizing different
cortical modules in cognitive tasks and in consciousness [1]. Hippocampal theta and gamma rhythms
may also be important for encoding information and
memory formation [8]. The function of sleep rhythms,
however, is more enigmatic. Sleep deprivation produces an increase in non-REM sleep delta wave activity,
which declines as sleep progresses. This suggests
that delta waves are part of the homeostatic mechanism
that, in addition to the circadian pacemaker, regulates
sleep expression [9]. In addition, spindles produce
short-lasting forms of thalamocortical plasticity and the
synchronous firing of neurons during delta waves
might provide a mechanism for spike-timing dependent
plasticity [9]. Neocortical “up-states” and hippocampal
ripples during sleep are also associated with a “replay”
of waking patterns of neuronal activity. These findings
are consistent with the hypothesis that sleep promotes
memory formation. Definitive tests of these putative
functions, however, have not been performed [6,9].
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Brain Slices
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Synonyms
in vitro brain preparations; en bloc preparations; isolated
nervous tissues

Definition
Brain slices are ex vivo preparations obtained by serial
sectioning of brain tissue, typically from rats or mice.
Acute brain slices are kept vital in vitro for time periods
between four and, sometimes, more than twenty-four
hours and contain a functional brain cell micro-circuitry
in situ. The in vivo function of most brain slices is reduced
as their thickness is often < 0.5 mm to permit mamals
diffusional supply with energy substrates. Several millimeter thick en bloc preparations from perinatal mammals
or otherwise anoxia-tolerant animals are vital due to a low
metabolic rate and/or increased anaerobic metabolism.
Interactions between distinct brain regions are studied in
brain slices extending laterally by upto several centimeters. ▶Organotypic cultures from acute brain slices
retain their basic structural and functional identity
although their thickness is reduced to few cell layers.

Purpose
About 50 years ago, Henry McIlwain established
in vitro methods to acutely isolate brain slices and keep
them vital for several hours for electrophysiological
analysis of specific nervous functions [1]. Since this
pioneering work, brain slices have been used more often
than in vivo approaches because (i) Biophysical membrane properties of identified brain cells can be analyzed
with stable ▶intracellular (microelectrode) recording or
▶patch-clamp recording; (ii) A quantitative analysis of
drug effects is often more feasible while, in contrast to
systemic application in vivo, specific agents can exert
their effects directly on the targeted brain tissue; (iii)
(Multiphoton) ▶brain cell imaging of intracellular [Ca2+]
or other cellular messengers or factors is possible in
slices from brain regions located too deep to be imaged in
the intact brain; (iv) Neuronal and glial micro-circuits
remain basically functional; (v) In vivo recordings cannot
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be performed in a major number of genetically modified
(“knock-out”) animal models that are not vital at birth;
(vi) Brain slices can be virally transfected (▶viral
transfection) for manipulation of neuronal functions;
(vii) Cellular properties of human brain structures can
only be studied in brain slices obtained from patients that
underwent surgery.

Principles
The following procedures for preparation and storage
of acute brain slices represent a condensed version of
corresponding sections of reference [2]. The present
text also refers to information provided by references
[1,3–9]. ▶Organotypic cultures of brain slices are
described elsewhere [10].
Artificial Cerebro-spinal Fluid
Under appropriate in vitro conditions, brain slices
remain functional for time periods of between four and
sometimes more than twenty-four hours. One important
factor determining their viability is the composition of the
superfusate which is used for their preparation, storage
and recording in the experimental chamber. The ionic
composition of superfusate is often close to (in mM): 118
NaCl, 3 KCl, 1.5 CaCl2, 1 MgCl2, 1 NaH2PO4, 26
NaHCO3. This solution is typically gassed with carbogen,
i.e., 5% CO2 in O2. The CO2 =HCO
3 system constitutes
the predominant pH buffer of the interstitial fluid
mimicked by the superfusate. In particular in slices
thicker than 300 μm (Figs. 1 and 2), ongoing metabolic
activity produces a tissue concentration gradient for CO2,
+
HCO
3 and H , and thus pH.
Thick slices or en bloc preparations from mammals
containing neurons with pronounced metabolic activity,
require an elevated superfusate concentration of dextrose,
i.e., D-glucose. Glucose concentrations of 10–30 mM
have to be used in such preparations, in particular when
the experiments are done at physiological temperature.
Such glucose levels can evoke hyperglycemic brain
cell damage in vivo, but seem to be tolerated quite
well in vitro. This tolerance may be related to the
assumption that steady metabolic activity within the
slices produces a concentration gradient of interstitial
glucose. Thus, glucose levels in deeper layers of brain
slices may be close to the physiological range of 2–7 mM
in arterial blood depending on the mammalian species.
Similar to the tissue gradients for pH and glucose, the
inner core of brain slices contains a different concentration of O2 than superficial layers. Superficial tissue layers
are often hyperoxic, while core regions in brain slices
can be hypoxic. The extent of tissue gradients for
O2 ; CO2 ; HCO
3 , depends on various factors such as
temperature, slice thickness, flow rate of the superfusate
or metabolic rate, which is often correlated with
the maturational state of the brain structure under study.

The tissue ion and gas gradients can affect membrane
properties of brain cells such as ATP-sensitive or other
types of K+ channels.
In isolated brain structures from mature mammals, a
notable increase in interstitial levels of excitatory
▶neurotransmitters or ▶neuromodulators may occur
during anoxia-ischemia associated with circulatory
arrest upon killing the animal. Accordingly, brain tissue
is often isolated and sliced in ice-cold solution with
reduced [Ca2+], e.g. 0.5 mM, to reduce excitotoxic
(▶Excitotoxicity) effects of ▶glutamate receptor-related
Ca2+ influx. In contrast, [Mg2+] in the superfusate is
sometime elevated by several mM, while ketamine or
other antagonists of glutamate receptors can be added to
depress neuronal activity. It may also be beneficial
to substitute NaCl with an equimolar concentration of
sucrose in the solution used for preparation of slices.
However, a lack of extracellular Na+ ions can perturb
neuronal functions, e.g., due to a Na+ dependence
of several pH regulatory mechanisms. Potential cell
swelling can be avoided by adding to the solution a high
molecular weight dextran, while redox active agents
such as ascorbic acid can be used to depress cytotoxic
free-radical formation. Superfusate [K+] is often raised
by several mM above the physiological level of 3 mM to
increase neuronal excitability in vitro.
Preparation and Storage of Brain Slices
Anesthetics modulate brain cell properties. Thus, the
appropriate agent should be chosen for anesthesia
according to the function to be studied. Anesthesia with
volatile agents such as ether or isoflurane may produce
minor, if any, interference since these anesthetics are
likely rapidly washed out from brain slices. Alternatively, animals are anesthetized and subsequently killed
by cooling, exposure to CO2 (in adult mammals) or
decapitation. Also the surgical procedures for isolation
of a particular brain region may modify the function of
brain slices. For example, anoxia-ischemia upon killing
the animal may not only lead to release of excitotoxic
neurotransmitters, but also induce post-mortem synthesis of ▶prostaglandins from released ▶arachidonic
acid. Consequently, it is sometimes difficult to estimate
basal levels of neurotransmitters or other neuroactive
substances in the interstitial space of acute slices, at least
within the initial period after their preparation. To
minimize anoxia-ischemia-related release of endogenous
substances or ▶immediate early gene expression, the
dissection should be done fast, ideally within 1–3 min. As
soon as the skull is opened, and also later during the
dissection, the exposed brain should be rinsed with icecold superfusate. This may be particularly important
if animals older than one week are used. After isolation,
the block of brain tissue should be kept at 4°C in
carbogenated solution to reduce cell damage and also
improve the texture for slicing. Under these conditions,
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Brain Slices. Figure 1 Newborn rat hippocampal and medullary brain slices. The upper left panel shows a lateral
view of a freshly prepared forebrain, cerebellum, lower brainstem and rostral cervical spinal cord from a 7-days-old
rat pup. The image below illustrates a coronal (transverse) 300 μm thick brain slice, cut at the level indicated by
the white box in the upper left image. This living brain slice contains, besides various other structures, the neocortex
and the hippocampus, the latter being shown at a magnified view in the lower left panel. The ▶dentate gyrus and
▶CA1–3 areas are the major somata layers of principal hippocampal neurons. The upper right panel shows a
ventral view of the forebrain, midbrain and lower brainstem (medulla oblongata). The middle and lower right images
illustrate the rostral and the caudal side, respectively, of a 700 μm thick medullary slice containing the respiratory
center, the pre-Bötzinger Complex (preBötC). After electrophysiological recording of respiratory activity, this slice
had been fixed in paraformaldehyde and stained for 2 min with thionin to reveal structural features. In contrast to
neocortical or hippocampal slices, only one respiratory-active slice can be obtained from an individual animal. As a
further difference, the rostral and caudal boundaries of respiratory slices are not almost symmetrical. In this example,
the caudal surface contains, e.g., the inspiratory-active hypoglossal (XII) motor nucleus and the laterally most
extended portion of the ▶inferior olive, while the rostral surface is devoid of major histological landmarks. The ▶facial
(VII) motonucleus (▶Facial (VII) motor nucleus) would be located slightly more rostral to the rostral end of this slice,
while the rostral end of the inferior olive would be more caudal. All images from A. Ruangkittisakul and K. Ballanyi,
unpublished.

blocks of most nervous tissues can be stored for at least
60 min, thus allowing for consecutive slicing of various
brain regions.
For studies, in which visualization of the recorded
cells is not required, a series of brain slices with a
typical thickness of 150–600 μm can be produced
within only few minutes using “McIlwain”-type tissue
choppers. Vibrating microtomes (“vibratome”) may be
advantageous, if recording is going to be performed
under microscopic control from superficial neurons or

glia (Figs. 2 and 3). A clear-cut slice surface can be
obtained with low-cost vibratomes such as the vibroslice HA752 (Campden Instruments, UK). However, it
may take notably more time to cut a series of brain slices
using a vibratome, as slicing is usually done at a low
speed of forward movement of the blade to reduce
mechanical damage of superficial cell layers. If a
vibratome is used, the slicing chamber should be filled
with ice-cold superfusate with reduced [Ca2+]. For
some types of brain tissues, e.g., ▶brainstem slices
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Brain Slices. Figure 2 Properties of neurons in brain slices. The paraformaldehyde-fixed histological section
shows a 200 μm thick transverse, slice of the lower brainstem (medulla oblongata) plus cerebellum from a 4-days-old
rat (K. Ballanyi and A. Ruangkittisakul, unpublished). Traces in upper left box show that chemical anoxia due to 1 mM
cyanide (CN−) both-application evoked a transient, ATP-sensitive K+ (KATP) channel-mediated hyperpolarization
in a juvenile rat Purkinje neuron patch-clamped under visual control (Fig. 3). This membrane potential (Vm)
response was accompanied by an initial <50 nM rise of cytosolic [Ca2+], which, after a delay of about 5 min,
turned into a progressive [Ca2+] rise to >0.5 μM. [Ca2+] was measured using a digital videocamera system as the
fluorescence decrease of a ▶Ca2+ -sensitive dye, Fura-2, administered intracellularly via the patch electrode.
The lower box shows that neurons within the dorsal vagal nucleus (DVN) of mature rats are tolerant to anoxia.
CN− induced a KATP channel-mediated hyperpolarization and a very minor (<30 nM) rise of cytosolic [Ca2+]. Both
the hyperpolarization and [Ca2+] rise were stable for >20 min. In this experiment, the anoxic hyperpolarization
was blocked by the KATP-channel blocker tolbutamide. This recovered spontaneous action potential discharge
leading to a rise of [Ca2+] that was much smaller than the progressive [Ca2+] increase in the Purkinje neurons.
Lower traces show block of single KATP-channel-mediated membrane currents (Im) in inside-out excised patches
by 20 μM ATP. (Note that the dorsal vagal nucleus as indicated by the green symbol is most promince in a more
caudal plane than that of the slice in the schematic.) The right side graph illustrates Vm fluctuations of respiratory
neurons in transverse brainstem slices from newborn rats. An inspiratory hypoglossal motoneuron (XII-MN) as
well as an inspiratory plus an expiratory neuron of the ventral respiratory group (VRG) including the preBötC
were labeled via the patch electrode with biocytin, as was the dorsal vagal neuron. All non-respiratory neuron
recordings from K. Ballanyi, unpublished or Ballanyi (2004) J Exp Biol 207, 3201. Respiratory neuron recording
and staining from K. Ballanyi and S. W. Schwarzacher, in preparation.

exhibiting respiratory activity (Figs. 1 and 2), ice-cold
solution is not mandatory, and slicing at room temperature can even result in preparations with improved
cellular or network responses. Immediately after cutting,
the brain slices are transferred to either a storage beaker
or the experimental chamber, e.g., by using a fine brush or
the reversed end of a Pasteur pipette. For storage, slices
are positioned on a plastic Petri dish, whose bottom has
been replaced by a fine cotton mesh (Fig. 3). For
humidification of the gas phase above the slices, the top of
the Petri dish is attached to the opening of the beaker, in
which the solution is gassed from the bottom via a
hypodermic needle (Fig. 3).
Recording Chambers
Chambers for recording from brain slices must allow
for: (i) Adequate supply of the studied structure with
superfusate of the desired temperature, pH and O2
content; (ii) Mechanical stability of the slices, in
particular when the superfusate is exchanged; (iii) Easy

access to the target tissue of recording and/or stimulating ▶electrodes as well as of high magnification
objectives for visualization of brain cells. In either
“interface”- or “submersion”-type chambers (Fig. 3),
solution is administered by gravity or a roller pump and
removed by suction with a needle or dripping over
the rim. The superfusate is sometimes re-circulated, in
particular when expensive drugs are added. During
transport of the superfusate to the experimental
chamber, the pH and gas content are kept stable by
using tubings with a low permeability to O2 and CO2,
e.g. Tygon®.
In interface chambers, slices are positioned on a
(nylon) mesh, sometimes covered with a piece of lens or
filter paper (Fig. 3). The fluid level is adjusted to the
upper surface of the slice, thus stabilizing the tissue
by surface tension. Drying-out is prevented by establishing a humid O2/CO2 atmosphere above the slices.
Advantages of interface chambers are the large amplitude of ▶field potentials due to reduced electrical shunt
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Brain Slices. Figure 3 Accessories for maintenance, mechanical fixation and recording of brain slices. a, in an
“interface”-type recording chamber (left), slices rest on a net with the fluid level high enough to keep the surface
moist and low enough to avoid mechanical disturbance. Warmed and moistened carbogen is blown over the
slices from a slot (S) and directed to their surface by a lid (L; wet paper weighted by a glass slide). The
superfusate also enters in the back (M) and crosses a barrier (B). Another barrier may be used at the front end;
the fluid level is adjusted by the amount of draining material at the front end, from which the fluid drips. In
“submersion”-type chambers (right), slices are either stabilized with a grid (see b) or weights. They can also be
fixed with insect needles pinned into a Silgard® bottom layer of the chamber. (Reproduced with permission from [7]).
B, a slice-holding chamber is placed on top of a 50 ml beaker inserted into a 250 ml beaker. These beakers are
filled with superfusate to the level of the top of the holding chamber. A hypodermic needle inserted through the
spout of the inner beaker serves to oxygenate the slices. The whole assembly is placed in a water bath (at 25–37°C,
depending on the slice type) and covered to prevent evaporation. A suitable holding chamber is made by
breaking the top (L) and bottom (B) out of a small (10 x 35 mm) plastic Petri dish, forming two rings. When inverted,
the ring formed by L fits tightly onto the lip of B. A piece of fine cotton mesh (C) is stretched over B and can be
clamped in place by L. Grids for fixation of slices consist of nylon threads (N), glued to a platinum frame (F).
(Reproduced with permission from [5]). c schematic diagram of the experimental set-up for patch-clamping
visually identified neurons in slices. The slice is fixed on the glass at the bottom of the chamber, which is
mounted on the moveable stage of an upright microscope, equipped with a long-distance, water immersion
objective. (Reproduced with permission from Konnerth, 1990; Trends Neurosci 13, 321.

and superior visibility of nervous structures such as axon
tracts, neuronal somata layers or brain cell nuclei (Fig. 1).
Major drawbacks of interface chambers are the lack of
visualization of (sub)cellular structures and the slow
kinetics of responses to drugs applied via the superfusate.
The latter can be improved by focal drug injection via

▶pressure ejection or ▶micro-iontophoresis. In submersion-type chambers, slices are mechanically stabilized
with a grid (Fig. 3) or small weights. Submerged slices,
preferentially positioned on a mesh to allow for subfusion
of solution, can also be fixed with insect needles, pinned
into a Silgard® layer at the bottom of the chamber (Fig. 3).
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Dissection microscopes are helpful for positioning of
recording and stimulating electrodes in complex experimental arrangements, but do usually not permit visualization of mammalian neurons with a 5–50 μm diameter
of their soma. Superficial neurons and glial cells in
submerged brain slices are visualized using (upright)
microscopes with >x20 magnification water immersion
objectives (Figs. 2 and 3). Infrared and ▶multi-photon
microscopy techniques allow for visualization not only
of superficial cells, but of cellular structures located
at depths of up to 100 μm and >500 μm, respectively,
below the surface of the slices. ▶Multiphoton, ▶confocal
or CCD videocamera imaging applied to brain slices
enables online monitoring of changes of cellular ions like
Ca2+ or H+ or of cellular properties such as mitochondrial membrane potential combined with simultaneous
(patch-clamp) analysis of biophysical plasmalemma
membrane properties (Fig. 2) (see ▶Neuron-GliaImaging).

Advantages and Disadvantages
Major advantages of brain slices have already been
described in the “Purpose” section. Below, examples
are given for properties of brain slices from two
basically different brain regions. This outlines some
aspects that need to be considered before deciding to
use brain slices for analyzing a specific brain function.
(For details and citations in this section, see [2]).
A majority of electrophysiological studies on acutely
isolated brain tissue is done on brain slices of the
▶hippocampus or ▶neocortex (Fig. 1). The hippocampal slice model is particularly attractive because the
hippocampal formation is highly organized, thus
allowing for stimulation of and recording from
identified neuronal elements (Fig. 1). Because the
thickness of most brain slices is restricted due to limited
diffusional substrate supply (see above), axons and
dendrites of neurons are more or less cut in brain slices.
Besides, afferent axonal projections to the isolated brain
regions are incomplete resulting in an attenuated or
removed physiological synaptic input. This can be
partially compensated by electrical stimulation of distal
afferent fiber tracts in the slices with patterns mimicking
those in vivo. Despite such limitations, relevant
neurophysiological phenomena can be studied in brain
slices, such as cellular and molecular mechanisms of
▶long-term potentiation (LTP) or ▶long-term depression (LTD).
Differences in the in vitro conditions of brain slices
can lead to conflicting results. For example, the extent
or specific quality of LTP depends on various in vitro
factors, including use of submerged versus interface
slices and superfusate temperature. Besides, the in vitro
temperature notably influences basic biophysical neuronal properties such as propagation speed and duration

of ▶action potentials. A reduced temperature of 20–30°
C is often chosen as most brain slices are viable for
longer time periods due to reduced aerobic metabolism
that may induce an hypoxic-anoxic core at physiological temperature (see above). A relatively high flow rate
of the superfusate is preferable as it results in better
oxygenation of deeper cell layers while reducing tissue
gradients for K+, pH or neuromodulators released into
the interstitial space. But, superficial cell layers would
become hyperoxic, which may damage cells at the
surface of the slices. It should be considered that a high
flow rate is not effective when an experimental chamber
with a large (>5 ml) fluid volume is used. As an
example for the influence of flow rate on neuronal
properties, the antidromic action potential afterdischarge is attenuated in hippocampal slices in
response to flow rates <2 ml/min. This phenomenon
is reversed by theophylline, indicating an inhibitory
effect of metabolically produced ▶adenosine, which
accumulates within the slices at low flow rates.
Most experiments on brain slices are currently done
on juvenile rodents, typically rats and mice, for several
reasons. In vivo studies are not feasible on knockout mice when the animals die during or shortly after
birth. ▶Intracellular recording, mostly performed in the
“whole-cell” patch-clamp configuration, and frequently
combined with digital imaging, mostly of cytosolic
[Ca2+], is often done in superficial cells under visual
control (Figs. 2 and 3). In many brain regions, this is
only possible in newborn or juvenile animals due to the
lack of myelination of glial structures that develop
considerably only after that period. However, within the
first two weeks after birth, most neuronal structures
are not mature. Therefore, results cannot always be
compared directly with in vivo findings on adult
animals. For example, the inhibitory neurotransmitter
▶γ-aminobutyric acid (GABA) has a depolarizing, and
often excitatory, action on many brain structures during
the first two postnatal weeks.
As a further example for the potency of brain slices, a
neuronal network with defined function can be isolated
from the medulla within the lower brainstem of newborn
and juvenile rodents. This transverse ▶medulla oblongata slice model contains, within the ▶pre-Bötzinger
Complex (preBötC), a kernel of interneurons, which
ultimately initiate and control muscles mediating
inspiratory breathing movement (Figs. 1 and 2). The
preBötC has a three-dimensional extension of approximately 200 μm [2] [see essay on ▶isolated respiratory
centers] and provides within the slice an inspiratory
drive to ▶hypoglossal motoneurons whose axons exit
the preparation in the same transversal plane (Figs. 1
and 2). In medullary slices with a rostrocaudal diameter
of 500–700 μm, a regular ▶respiratory rhythm can
be recorded from inspiratory active hypoglossal nerve
rootlets for several hours at physiological superfusate
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[K+], i.e. 3 mM. Such nerve recording (▶neurogram) can
be combined routinely with whole-cell patch-clamp
measurement of biophysical membrane properties of
rhythmogenic interneurons or hypoglossal motoneurons
for analysis of cellular mechanisms of generation or
modulation of the respiratory rhythm (Fig. 2). Furthermore, these electrophysiological techniques can be
combined with multiphoton or confocal ▶Ca2+ imaging
for recording inspiratory-related cytosolic [Ca2+] oscillations in preBötC interneurons or hypoglossal motoneurons, located within 30–90 μm below the surface of the
slices (see ▶Neuron-Glia-Imaging).
When the thickness of these medullary slices is
reduced to <600 μm, respiratory activity in 3 mm [K+]
solution disappears after several hours, possibly due to
“washout” of an excitatory neurostimulator. Thus, [K+]
is typically elevated from 3 to a total of typically
7–9 mM to provide a stable rhythmic inspiratoryrelated hypoglossal nerve signal. This indicates that the
activity of rhythmogenic preBötC Complex neurons
requires a steady tonic excitatory influence from a critical
number of cells within the reticular formation. This
kernel of the ▶respiratory network is devoid of afferent
influences from sensory systems mediating, e.g., peripheral chemosensitivity or the lung-stretch reflex. Nonetheless, the reduced in vitro preparation contains the
neuronal elements mediating central chemosensitivity.
This means that the activity of the respiratory slices is
modulated by a change in superfusate pH or O2, although
not to the same extent as in vivo. The medullary slices are
thought to require superfusate glucose concentrations of
about 10–30 mM for long-term maintenance of the
respiratory rhythm, while the in vitro temperature is
usually set to for 26–26 for same reason. Under these
conditions, respiratory active slices respond to a large
variety of neuromodulators in a fashion very similar to
that in more intact en bloc or in vivo preparations from
newborn rodents, and even in (preterm) infant humans.
This indicates that these brainstem slices are a potent
model to study the nervous control of breathing.
Respiratory-active brainstem slices cannot be obtained
from adult rodents. Possibly, thicker slices would be
needed to fully include a possibly larger preBötC plus a
critical number of stimulatory tonic ▶reticular formation
neurons. Due to an increased metabolic activity and thus
substrate demand, these slices would contain a more or
less extended hypoxic-anoxic core, which may depress
respiratory network activity as does severe systemic
hypoxia in mature mammals in vivo.
The composed graph in Fig. 2 does not only exemplify
the organization and some electrophysiological plus
morphological features of the medullary respiratory
network. It also shows some properties of non-respiratory
neurons within the ▶cerebellum and the dorsal aspect of
the lower brainstem. In the upper left part of Fig. 2, it is
shown that superficial ▶Purkinje cells of cerebellar slices
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from juvenile rodents can be loaded via the recording
whole-cell patch electrode with ▶Ca2±-sensitive dye for
Ca2+ imaging. In this example, fura-2 was used to monitor
a rise of cytosolic [Ca2+] in a Purkinje neuron in response
to block of aerobic metabolism with cyanide. Such
chemical anoxia evoked an early hyperpolarization due to
activation of ▶ATP-sensitive K+ channels (Fig. 2).
Within few minutes, the hyperpolarization was reversed
and an irreversible micromolar increase of cytosolic
[Ca2+] occurred. This shows that the clinically wellknown extreme vulnerability of Purkinje neurons to
anoxia-ischemia is retained in cells of brain slices
recorded with combined whole-cell patch-clamp and
Ca2+ imaging techniques. That the vulnerability to anoxia
is not a general or artificial feature of neurons in brain
slices is demonstrated by recordings under identical
conditions from neurons of the ▶dorsal vagal nucleus,
which is adjacent to the dorsal aspect of the hypoglossal
nucleus (Fig. 2). In these medullary neurons, anoxia
induces a hyperpolarization due to activation of
ATP-sensitive K+ channels (Fig. 2). In contrast to
Purkinje neurons, this hyperpolarization persists for time
periods >20 min, and cytosolic [Ca2+] is increased by
only <100 nM. These examples show that specific
features of neurons from diverse brain regions are
preserved in brain slices and could principally be
recorded simultaneously in acute brain slices containing
these structures.
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Definition
Global brain states, both intrinsically and extrinsically
generated, have dramatic effects on the processing of
olfactory information, by alterations of attention and
effects of anesthetics on local inhibitory interneurons
and on excitability levels of relay neurons.

information as mitral cells and tufted cells receive direct
input from olfactory sensory neurons [2]. Recent
studies of single mitral cell responses in awake
behaving rodents performing odor-guided tasks show
dramatic differences between observed mitral cell
responses and those predicted from studies in anesthetized animals [3]. In one recent study the odor
responsiveness of a single mitral cell was compared in
the awake and anesthetized states. This study revealed
that a mitral cell giving clear responses to an odorant in
the anesthetized state was often not responsive to the
same odorant in the awake state [4]. These observations
suggest that an analysis of how changes in brain states,
whether endogenously or exogenously generated, influence sensory processing can clarify how inputs from
olfactory neurons are normally influenced by the action of
global neuromodulators (e.g. acetylcholine, noradrenalin,
serotonin, dopamine) and local inhibitory circuits (e.g.
periglomerular cells, granule cells) to determine what
olfactory information finally reaches higher cortical
centers that ultimately generate the olfactory percept [5].
An important source of variation in global brain state
is attention, which is conceptualized as the shifting
allocation of computational resources among different
aspects of the current array of sensory inputs. Variations
in attentional state have dramatic effects on information
processing in all sensory systems, including olfaction.
For example, subjects alerted to expect an odor stimulus
showed different patterns of brain activation and faster
odor identification than subjects given the same odor
stimulus with no warning. Attention can modify the
processing of stimuli that do not rise to the level
of consciousness. Some of the variability in responses
to repetitive olfactory stimuli is undoubtedly due to
spontaneous fluctuations in global brain state as measured using functional magnetic resonance imaging.

Characteristics
Global brain states have direct and dramatic affects on
the processing of olfactory information. There are two
general categories of brain states, intrinsically generated and exogenously imposed. Intrinsically generated
brain states occupy the continuum from alert focused
attention to deep sleep. Exogenously imposed brain
states arise from administration of anesthetics that
produce various depths of anesthesia by a variety of
pharmacological mechanisms. To understand the mechanisms of olfactory information processing we must
understand how both intrinsically and exogenously
generated changes in brain state affect the processing of
olfactory sensory input.
A large body of work has examined various stages of
the processing of olfactory sensory input in anesthetized preparations. A much smaller body of work
has analyzed the processing of olfactory sensory input
in awake behaving animals [1]. Mitral cells represent
the first stage of synaptic processing of olfactory

Context and Expectation
Olfactory processing, even at early stages in the olfactory
bulb, is responsive to the context in which olfactory
stimuli are experienced [3] and expectations about the
nature and timing of olfactory stimuli based on experience in a particular context. This is shown with
particular clarity in the anticipatory responses of rodent
mitral cells. These cells increase their rate of action
potential production prior to receipt of an olfactory
stimulus when the mouse has placed its nose in an odor
port and anticipates receiving an odor stimulus based on
prior experience with the delivery of odor stimuli with a
delay after a nose-poke into the odor port [4]. Similar
mitral cell anticipatory responses were recorded in trained
rats [3]. These anticipatory responses of mitral cells are
not seen when mice are trained to hold their nose in
an odor port under conditions where odor exposure is not
expected and when odor exposure, when it occurs, is
not a cue for any contingent event.
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Endogenous Brain States and Olfaction
Very clear evidence for the influence of global brain state
on olfaction is seen in measurements of the processing of
olfactory stimuli during sleep. Sleep has been shown to
affect the ability of olfactory stimuli to arouse human
subjects. Even repeated presentations of 8 ppm hydrogen
sulfide, a strong but selective olfactory stimulus, did
not arouse sleeping subjects as judged by concurrent
overnight ▶polysomnography. A stimulus such as carbon
dioxide, that activates receptors belonging to the trigeminal system, did produce arousal of sleeping subjects.
Olfactory ▶event related potentials (ERPs) could be
recorded during sleep suggesting that chemosensory
stimuli are processed on a cortical level during sleep. In
another study exploring how sleep modulates olfactory
processing, peppermint and pyridine at four concentrations were presented through previously implanted nasal
cannulas, to sleeping subjects during stages 1, 2, 4
and REM sleep. ▶Electroencephalogram, ▶electrooculogram, ▶electromyogram, ▶electrocardiogram, and
respiration rate were recorded during automated application of olfactory stimuli using an air-dilution ▶olfactometer. Subjects responded to olfactory stimuli on 92%
of trials during stage 1 sleep, but did not respond
to peppermint, a pure olfactory stimulus at the concentrations used in this study, during sleep stages 2, 4, and REM
sleep. Pyridine produced responses on 45% of sleep
stage 2 trials, none in sleep stage 4, and one third of REM
sleep trials.
Sleep stages have also been shown to directly gate
odorant-evoked responses in single unit recordings
from olfactory cortex, even though inputs to olfactory
cortex are not subject to direct thalamic control [6]. In
the urethane-anesthetized rat, the cortical EEG alternates between two states, a fast wave state and a slow
wave state, which normally are associated with awake
and sleep states. Single neurons in olfactory cortex
showed strong responses to odors during fast wave
sleep but not during slow wave sleep. The intracellular
recordings indicated that during the fast wave state
of the cortical EEG, the cortical neurons were in a
relatively depolarized state and therefore more responsive to odorant-elicited excitatory synaptic inputs. Sleep
cycles are regulated by activity in ▶orexin (▶hypocretin)
neurons so it will be very interesting to test the effects of
directly activating orexin neurons on mitral and tufted cell
processing of inputs from olfactory sensory neurons.
Olfactory Thalamus
Behavioral and brain state-dependent gating of the
access of sensory information to cortex in vision and
audition is controlled by sensory-specific nuclei in the
thalamus. Thalamic control of sensory access to cortex
is exerted both by control of the gain of synapses from
the sensory pathway onto thalamic relay neurons and
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by control of the mode of firing, tonic or bursting, of
thalamic relay neurons. The mode of action potential
production by thalamic neurons has dramatic effects on
their postsynaptic effects in cortex and the temporal
synchrony among co-active thalamic neurons. Mediodorsal thalamus does receive a small projection from
olfactory cortex but the major projection from olfactory
cortex to prefrontal cortex is direct. How does olfactory perception work without a thalamus?
Kay and Sherman [7] have recently drawn attention
to functional properties of circuits in the olfactory bulb
analogous to those of visual and auditory thalamus and
suggested that the olfactory bulb may perform the role
of cortical gatekeeper in olfaction. Two main types of
feedback are found in both thalamus and olfactory bulb:
feedbacks from other sensory-specific cortical sites
and feedback from more general ▶neuromodulatory
centers, primarily in brainstem nuclei. The feedback
from sensory-specific cortical sites may serve to guide
selective attention while feedback from modulatory
centers in brainstem is involved in more global state
changes such as sleep. The olfactory bulb fits this
scheme as feedback to the olfactory bulb from other
olfaction-specific cortical sites, such as anterior and
posterior piriform cortex, is very strong. Similarly,
inputs to the olfactory bulb from global neuromodulatory sites in brainstem supplying cholinergic, noradrenergic, serotonergic and dopaminergic inputs, among
others, are known to have clear effects on mitral cell
odor responsiveness. Some combination of corticalbulbar interaction and global neuromodulation is likely
to determine how a mitral cell getting strong input from
receptors activated by odor A, as judged by responses of
the mitral cell to odor A in the anesthetized state, can
show no response to odor A in the awake state [4].
Sparse coding in the olfactory system may result from
the action of feed-forward inhibition.
Arousal, Sniffing and Olfactory Filtering
Another way that brain state is manifest in the control of
olfactory processing is by the control of active odor
sampling, or sniffing. Access of odorant molecules to
the olfactory receptor epithelium is controlled by the act
of respiration, and the increased rate of respiration
known as sniffing. For some behavioral tasks a mouse
or rat will take a single sniff and make an odorant-based
decision based on the input obtained during the single
sniff, even if the accuracy of odorant identification
is less than optimal. If mice are forced to take longer
odor samples, their accuracy of odorant identification
and discrimination increases [8]. Perhaps if the task
was designed to both reward accuracy of performance
and punish mistakes, animals would spontaneously
take more time for odor sampling as the task demands
were made more difficult.
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The role of sniffing in shaping the central representation of olfactory information in the olfactory bulb
has been clarified in studies using optical imaging of
input patterns from olfactory sensory neurons in an
awake head-restrained rat sampling odors in order to
perform a lick/no lick odor discrimination task [9]. At
sniff frequencies below 3 Hz, each sniff produced a brief
burst of glomerular activation with an odor-specific
glomerular pattern. However, during investigative sniffing at 4–6 Hz olfactory receptor input signals to activated
glomeruli appeared as tonic, decrementing signals so that
the integrity of sniff-specific inputs was lost. The
implications of this result require a complete rethinking
of the role of active sampling in olfaction [10].
Attention
The current concept of attention equates it to the shifting allocation of computational resources. The focus
of attention on an olfactory task over multiple testing sessions can in fact cause a dramatic increase
in sensitivity to a monomolecular odorant by human
subjects. An increased sensitivity averaging five orders
of magnitude for several common monomolecular
odorants was observed over test sessions, but only
for female subjects of reproductive age. Induction
of odorant sensitivity was previously demonstrated
for the volatile steroid androstenone (5-alpha-androst16-en-3-one), a volatile steroid.
Normal attentional focus not only increases the
computational resources available to identify and discriminate olfactory stimuli, but also protects the processing of the sensory stream from distracting stimuli
extraneous to the olfactory task at hand. This effect has
recently been demonstrated in mice. Targeted single gene
mutations in mice show the importance of normal
attentional focus in the following way. In a mouse model
of ▶fragile X syndrome, exhibiting an attendant
attentional dysfunction, the unpredicted presentation of
a potent olfactory distracter stimulus produced a
generalized disruption in performance, which was not
found in mice of the same strain free of the induced
mutation.
Summary
As in all other sensory systems, changes in brain state
caused by sleep, attentional fixation or anesthesia produce
very clear and dramatic changes in the processing of
olfactory information, both at the level of the olfactory
bulb as well as at the level of olfactory cortex and the
olfactory components of prefrontal cortex. The role of
active sensory sampling in olfaction, called sniffing, has
recently been shown in studies of awake behaving rats to
have consequences for the representation of olfactory
information in the olfactory bulb not predicted by studies
of the same phenomenon in anesthetized animals.
Similarly, by following the responses of single mitral
cells from the awake state to the anesthetized state and

back to the awake state, it was shown that a mitral cell
giving strong responses to an odor in the anesthetized
state could show no response to the same odor in
the awake state. These findings and related studies begin
to show how changes in global brain state can influence
odor information processing in the mammalian olfactory
system and highlight the need for more studies of cellular
mechanisms of odor information processing in the awake
behaving animal.
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Brainstem
Definition
The brainstem is the part of the central nervous system
(CNS) located between the spinal cord and the
forebrain. It is divided into three parts. The medulla is
the area immediately rostral to spinal cord. More rostral
to the medulla is the pons and further rostrally is the
mesencephalon also referred to as midbrain. Sensory
and motor pathways pass through as they relay
information between brain and spinal cord. The
brainstem contains many nuclei associated with cranial
nerves and involved in sensory and motor functions, as
well as autonomic regulatory centers that control
cardiovascular and respiratory functions.

Brainstem Burst Generator

1 Lateral ventricle
2 Third ventricle
3 Pineal body
4 Brachium of the superior colliculus
5 Superior colliculus
6 Brachium of the inferior colliculus
7 Inferior colliculus
8 Cerebral peduncle

9 Superior medullary velum
10 Medial eminence
11 Median sulcus
(of the fourth ventricle)
12 Facial collicle
13 Vestibular area
14 Hypoglossal triangle
15 Vagal triangle
16 Attachment of the roof of the fourth
ventricle
17 Cuneate tubercle
18 Gracile tubercle
19 Lateral funiculus
20 Lateral posterior sulcus
21 Cuneate fascicle
22 Posterior intermediate sulcus
23 Gracile fascicle
24 Posterior median sulcus
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25 Taenia choroidea: attachment of
the choroid plexus to the lamina
affixa
26 Lamina affixa
27 Stria terminalis
28 Stria medullaris of the thalamus
29 Taenia thalami: attachment of the
choroid plexus of the third
ventricle to the thalamus
30 Habenular triangle
31 Pulvinar of the thalamus
32 Medial geniculate body
33 Lateral geniculate body

34 Trochlear nerve
35 Lingula
36 Trigeminal nerve
37 Superior cerebellar peduncle
(brachium conjunctivum)
38 Middle cerebellar peduncle (brachium
pontis)
39 Inferior cerebellar peduncle (restiform
body)
40 Lateral recess of the fourth ventricle
41 Lateral aperture of the fourth ventricle
42 Bochdalek’s flowerbasket [3]
43 Ependymal roof of the fourth ventricle
44 Accessory nerve
45 Median aperture of the fourth ventricle
46 Obex
47 Dorsal root

Brainstem. Figure 1 Dorsal view of the brain stem and the diencephalon after removal of the structures surrounding the
thalamus. The contour of the cerebellum is indicated (3/2×). Original figure 3.10. taken from Nieuwenhuys, R; Voogd, J; van
Huijzen, C. (Eds) 2008 “The Human Central Nervous System”. Fourth Edition. Springer, Berlin. page 82 with permission.

Brainstem Burst Generator
C HARLES S CUDDER
Portland, OR, USA

Synonyms
Saccadic burst generator; Burst generator

Definition
The saccadic burst generator is a set of interconnected
neuronal populations that collectively generate a burst

of activity that provides powerful excitation to agonist
extraocular motoneurons and inhibition to antagonist
motoneurons for the production of saccades. A
“horizontal burst generator” for the control of horizontal saccades is located in the ▶paramedian pontine
reticular formation (PPRF), and a “vertical burst
generator” for the control of vertical saccades is located
in the mesencephalic reticular formation. The two are
coordinated during oblique saccades by virtue of
sharing the same set of omnipause neurons and by
sharing synchronized excitatory inputs from higher
centers including the ▶superior colliculus. The bursting
is thought to be generated by the network and its
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Brainstem Burst Generator
1 Taenia choroidea: attachment of
the choroid plexus to the lamina
affixa
2 Lamina affixa
3 Taenia thalami: attachment of the
choroid plexus of the third ventricle
to the thalamus
4 Anterior tubercle of the thalamus
5 Thalamus
6 Massa intermedia
7 Optic chiasm
8 Optic nerve
9 Optic tract
10 Lateral geniculate body
11 Oculomotor nerve
12 Trochlear nerve

13 Trigeminal nerve, portio minor
14 Trigeminal nerve, portio major
15 Abducens nerve
16 Facial nerve
17 Intermediate nerve
18 Vestibulocochlear nerve
19 Glossopharyngeal nerve
20 Vagal nerve
21 Accessory nerve
22 Hypoglossal nerve
23 Ventral spinal roots

24 Lateral ventricle
25 Third ventricle
26 Infundibulum
27 Mamillary bodies
28 Cerebral peduncle
29 Posterior perforated substance
30 Interpeduncular fossa
31 Pons
32 Basilar sulcus of the pons

33 Middle cerebellar peduncle
(brachium pontis)
34 Choroid plexus of the fourth ventricle
35 Inferior olive
36 Pyramid
37 Pyramidal decussation
38 Lateral funiculus
39 Anterior lateral sulcus
40 Anterior funiculus
41 Anterior median fissure

Brainstem. Figure 2 Ventral view of the brain stem and the diencephalon. The structures surrounding the thalamus
have been removed (3/2×). Original figure 3.12. taken from Nieuwenhuys, R; Voogd, J; van Huijzen, C. (Eds) 2008
“The Human Central Nervous System”. Fourth Edition. Springer, Berlin. page 84 with permission.

excitatory inputs rather than intrinsic bursting properties of the constituent neurons.

Characteristics
Parts of the Burst Generator
The neuronal population central to the burst generator
consists of ▶excitatory burst neurons (EBNs). These
are ▶medium-lead burst neurons (MLBNs) that project
to motoneurons and make excitatory synapses (Fig. 1)
[reviewed in 1,2]. The horizontal EBNs are in the
PPRF rostral to the abducens nuclei and project to
ipsilateral abducens neurons as well as other ipsilateral
reticular targets. They discharge during all ▶ipsiversive
saccades to produce the burst component of the burst▶tonic discharge characteristic of all abducens neurons
(▶burst cells/tonic cells (BTNs)). EBNs are silent

or fire weakly during ▶contraversive saccades. The
populations of excitatory burst neurons that generate
vertical saccades are located in the ▶rostral interstitial
nucleus of the MLF (riMLF). Neurons that discharge
exclusively during upward and those that discharge during downward saccades are intermixed. Each
population projects to different subdivisions of the
nearby oculomotor (III) nucleus [reviewed in 2].
A second population of MLBNs in the burst generator
are the ▶inhibitory burst neurons (IBNs). Horizontal
IBNs discharge for ipsiversive saccades and are silent
or fire weakly during contraversive saccades. They are
located immediately caudal to the abducens nuclei. Their
axons cross the midline and connect with contralateral
abducens neurons where they make inhibitory synapses
(Fig. 1) [reviewed in 1,2]. IBNs are responsible for the
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Brainstem Burst Generator. Figure 1 Simplified diagram showing the essential elements of the horizontal saccadic
burst generator. Each circle represents a pool of neurons; SC, superior colliculus; LLB, long-lead burst neuron; Trig,
trigger neuron; EBN, excitatory burst neuron; OPN, omnipause neuron; IBN, inhibitory burst neuron; ABD, abducens
motoneuron. Firing rates and associated saccadic eye movement are illustrated adjacent to each neuronal pool.
Connections with arrow-tails and + are excitatory; connections with flat ends and – are inhibitory. Only the active
neurons are shown, while their counterparts on the opposite side are mostly omitted. Latch neurons, tonic neurons,
and the connection from the SC to OPNs were omitted from the figure for clarity.

reduction or cessation of firing in abducens neurons when
saccades are contraversive to the innervated abducens
nucleus. Vertical IBNs are intermixed with vertical EBNs
in the riMLF. Those discharging during upward and those
discharging during downward saccades are also intermixed and project to separate subdivisions of the
oculomotor nucleus (Cerebellum – oculomotor vermis)
(reviewed in [2]).
The third important population of neurons in the
burst generator is the ▶omnipause neurons (OPNs).
These neurons are located in the midline raphe interpositus and connect with inhibitory synapses to the
ipsilateral EBNs and IBNs of both the horizontal and
vertical burst generators (Fig. 1) (reviewed in [1,2]).
Omnipause neurons in Rhesus monkeys have steady
firing rates of 50–200 spikes/s during fixations or smooth
eye movements, but completely cease discharging
(pause) during saccades in any direction. The sudden
pause in firing precedes the onset of the burst in EBNs
and IBNs, hence it is believed that pause onset releases
the MLBNs from total inhibition and allows them to
respond to their already active excitatory inputs with a
sudden burst of activity. The strong inhibitory control of
EBNS and IBNs by omnipause neurons has been
confirmed by the truncation of ongoing saccades induced
by microstimulation in the raphe interpositus [3].
In addition to these established neuronal pools and
connections, two other pools are thought to participate
in the generation of saccadic bursts. These populations
have not been physiologically identified, but rather have
been predicted based on theoretical grounds. The first

of these are the ▶trigger neurons, which are putative
inhibitory neurons interposed between the superior
colliculus efferents, frontal eye field efferents and the
omnipause neurons (Fig. 1). The necessity of a trigger to
produce the initial inhibition of OPN firing is dictated by
findings that the OPNs receive excitatory projections
from caudally located superior-colliculus neurons, whose
discharge during saccades would otherwise keep the
OPNs firing (see below). The second population of
inhibitory interneurons, the ▶latch neurons, has been
hypothesized to maintain the inhibition of OPNs until
the saccade reaches its intended target. As originally
envisioned, latch neurons received excitatory input
from the EBNs, and so inhibited the OPNs as long as
the EBNs fired at a sufficient rate [4]. However, with the
discovery that the superior colliculus and cerebellum
may participate in the control of saccade duration [2,5–7],
the role of the latch neuron may need to be broadened
to accommodate input from these structures.
Higher Level Structures
The principal excitatory inputs to EBNs, IBNs, and
OPNs are derived directly or indirectly from the intermediate and deep layers of the contralateral superior
colliculus and from the contralateral cerebellum. Inputs
to the superior colliculus arise in turn from the ▶frontal
eye fields, the ▶supplementary eye fields, the ▶lateral
intraparietal area (LIP), the ▶substantia nigra, and the
superficial (sensory) layers of the superior colliculus.
After relays in the brainstem, some of the same structures
provide saccade-related input to the cerebellum
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(see ▶Cerebellum – role in eye movements, and
▶Precerebellar LLBNs).
In many species, efferents of the superior colliculus
have been shown to terminate in the regions where
EBN and IBN somata are located [8]. Monosynaptic
connections from the superior colliculus to the EBNs and
IBNs have been demonstrated electrophysiologically in
the cat, but attempts to demonstrate direct connections in
primates have failed [9]. Rather, superior-colliculus
efferents project to long-lead burst neurons (▶Burst
cells – long lead (LLBNs)), and it is hypothesized that
LLBNs connect with EBNs and IBNs. Some LLBNs do
indeed project to the loci of EBN and IBN somata (see
▶Pontopontine LLBNs), but a direct connection remains
to be proven. The frontal eye fields also have projections
to the PPRF and the mesencephalic MLBNs, but their
contribution to the firing of EBNs and IBNs is thought to
be weak [reviewed in 2]. EBNs and IBNs also receive
excitatory inputs from the caudal part of the most medial
of the deep cerebellar nuclei, which is also called the
▶fastigial oculomotor region [Cerebellum – fastigial
oculomotor region (FOR)] (see ▶Cerebellum – role
in eye movements).
The very rostral part of the superior colliculus, which
contains the so called “▶fixation neurons,” also projects
to the PPFR where it makes excitatory connections
with OPNs.
Function of the Burst Generator
Initiation of a Saccade
From the perspective of the burst generator, the
generation of a saccade begins with the onset of activity
in a circumscribed region of the superior colliculus on
one side. Firing begins in the ▶buildup neurons and
increases as additional neurons are recruited, including
the later-onset ▶saccade-related burst neurons (see
▶Superior colliculus). Summed activity is passed on
to the inhibitory trigger neurons. Commensurate with
this buildup, fixation neurons in the rostral pole of
the colliculus rapidly decrease firing. This causes a
disfacilitation of the OPNs, which when combined
with the building inhibition from the trigger neurons,
ultimately suppresses the firing of the OPNs. Frontal eye field neurons and efferents of the fastigial
oculomotor region may participate in this process
[reviewed in 2]. The release of inhibition by the
OPNs allows the MLBNs (EBNs and IBNs) to begin
firing and achieve a rapid peak. Activity in the superior colliculus, the fastigial oculomotor region, the
EBNs, IBNs, and presumably the trigger and latch
neurons slowly declines until it is inadequate to maintain silence in the OPNs. At this point, the OPNs
rapidly resume firing and the EBNs and IBN discharges
are inhibited. The exact time of MLBN burst offset is
thought to be under tight control, as discussed later.

Downstream Effects of the Burst Generator
The burst in the EBNs produces a burst of activity
in agonist motoneurons and a pulse of force in the
agonist muscles. Simultaneously, the burst in the IBNs
produces a pause in the antagonist motoneuron discharge and a relaxation of the antagonist muscle. The
burst neurons (▶Burst cells) have an additional effect
by virtue of their projections to the prepositus nucleus
in the horizontal system or the interstitial nucleus of
Cajal in the vertical system. These nuclei have neurons
exhibiting tonic and burst-tonic discharges, and evidence has accumulated that these nuclei internally
generate the tonic component by a mathematical
integration of the burst-neuron input (see ▶Neural
integrator). This tonic signal is conveyed to the
horizontal and vertical motoneurons where it is used
maintain force in the agonist muscle. This force
counteracts the elastic restoring force of the globe, and
thereby holds the eye in a stable position during the
fixation following a saccade.

Control of Saccade Size and Direction
As the saccade size is determined by the number of
spikes in the bursts of the premotor MLBNs, control of
saccade size is achieved by modulation of both MLBN
burst-rate and burst-duration. It now appears that burst
rate is determined by the density of synaptic terminals
from active superior colliculus efferents. Specifically,
more caudal sites in the superior colliculus give rise to a
greater synaptic density in the PPRF [10], which
presumably produces the higher firing rates observed
in MLBNs during larger saccades. The ratio of
horizontal to vertical MLBN activation determines
saccade direction, which in turn is also presumably
determined by the ratio of synaptic densities to the
two burst generators. Saccade duration appears to
be under feedback control [2–4]. That is, the saccade
is terminated when feedback says that gaze is
directed at the intended saccade target. The feedback
must be “local” (▶Local feedback) (internal to the
saccadic system) because delays in the periphery,
especially in the visual system, are too long to
produce accurate targeting. In the simplest scheme,
the local-feedback signal is obtained by mathematically integrating the MLBN burst to continuously
generate a neural estimate of physical eye position,
and the saccade is terminated when this estimate is
equal to the desired position of the eye (i.e. target
position, [4]). The exact nature of the feedback
signal, its location, and the parts of the burst
generator that receive the feedback are the subject
of ongoing investigation. Feedback from the
MLBNs, from the cerebellum, to the burst generator
itself, and to the superior colliculus are all partly
supported by data [reviewed in 2].

Bregma

Pathology
The neural circuitry that generates saccades is widespread throughout the brain, so central pathologies
frequently affect some aspect of saccade generation.
Pathology of the burst generator per se usually produces
slow saccades, sometime accompanied by undershooting.
Slowing of saccades in all directions may be due to damage
to the OPNs. Slowing, undershooting, or an inability to
produce vertical saccades is typically due to damage to the
midbrain; slowing, undershooting, or an inability to
produce horizontal saccades is typically due to damage
to the PPRF. Undershooting and especially overshooting
of saccades having normal amplitude-velocity relationships is most likely due to damage to the cerebellum.
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horizontal and vertical saccade generators are located
in the ponto-medullary reticular formation and the
midbrain reticular formation, respectively.
▶Saccade, Saccadic Eye Movement

Brainstem–cerebellar Vestibular
Disorders
▶Central Vestibular Disorders
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Brain-stimulation Reward
Definition
Electrical stimulation via chronically implanted electrodes
aimed initially at the medial forebrain bundle within the
lateral hypothalamus was shown by Olds and Milner
(1954) to provide positive reinforcement in both instrumental (operant) and Pavlovian conditioning procedures.
This phenomenon was subsequently called intracranial
self-stimulation (ICSS) and was used to located neural
systems involved in motivation and reward processes.
Subsequent experiments showed that the neurotransmitter
dopamine is essential for brain stimulation reward in
many(but not all) regions of the brain. Facilitation of ICSS
by psychostimulant and opiate drugs, also known for their
abuse liability, supported the hypothesis that drug-reward
is also involves activation of brain dopamine neurons.
▶Learning and Motivation

Breathing Cycle
▶Nasal Passageways

Bregma

Definition

Definition

Areas that contain neurons that generate signals
necessary for saccadic eye movements and send them
to motoneurons of the extra-ocular muscles. The

Bregma is a horizontal plane reference point. It is the
meeting point of the sagittal and coronal sutures located
on the dorsal surface of the skull.
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Breuer-Hering Reflexes

Breuer-Hering Reflexes

aloud and writing. Moreover, these patients often exhibit
right ▶hemiparesis and ▶homonymous hemianopsia.

▶Respiratory Reflexes

Broca’s Speech Area
Definition

Bridge Laws
Definition
The connecting laws between higher level sciences and
lower level sciences. So, for example, genes are
identified (in eukaryots) with DNA sequences.
▶Reductionism (Anti-Reductionism, Reductive Explanation)

The inferior frontal gyrus comprises the following:
– Inferior frontal gyrus, orbital part
– Inferior frontal gyrus, triangular part
– Inferior frontal gyrus, opercular part
In the areas of the frontal gyrus close to the precentral
gyrus is situated the premotor cortex, which plays an
important role in planning effector voluntary movements and has close interaction with the cerebellum,
thalamic nuclei and basal ganglia.
In the inferior frontal gyrus, opercular part, lies the
motor speech center (Broca). Here speech is planned
but not executed.
▶Telencephalon

Broad-Band Noise
Definition
Broad-band noise is noise of neural origin made up
of a wide range of frequencies (e.g., 0.1–1,000 Hz)
and giving the appearance of a completely random
signal while it may, in fact, be fractal rather than
random.

Broca’s Aphasia
Definition
Broca’s aphasia is characterized by retained language
comprehension, but impaired speech production, resulting from lesions of ▶Broca's area (posterior regions of
the left third frontal gyrus: ▶Brodmann's areas 44 and
45) and, in severe cases, of areas 6, 8, 9, 10 and 46.
Symptoms range from muteness to slowed deliberate
speech using only key words without coordinated
grammatical structure, and include difficulty reading

Brodmann’s Areas (by Douglas
Bowden)
Definition
Brodmann’s areas are regions of the cerebral cortex
distinguished from one another by differences in
cellular organization (cytoarchitecture) and white
matter patterns (myeloarchitecture). Brodmann (a
German neurologist in the late ninetieth and early
twentieth centuries) laid these areas out on comprehensive map of the medial and lateral surfaces of the
cerebral hemispheres. Brodmann's diagrams are by far
the best known of the cerebral cortex subdivided on the
basis of internal structure.
Students of cerebral architecture are blessed with half
a dozen classical maps that vary in terms of underlying
methodology, complexity, nomenclature and accessibility to English-bound readers. Brodmann’s maps,
published in German between 1908 and 1914, were the
earliest comprehensive product of the Vogt Institute in
Berlin. Brodmann established a basic nomenclature and
numbering system that was elaborated in maps
developed by the Vogts themselves into the 1920s.

Brownian Motion
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a

b
1
2
3
4

Occipital pole
Occipital lobe
Parietal lobe
Temporal lobe

c

5
6
7
8

Frontoparietal operculum
Temporal operculum
Frontal operculum
Temporal pole

9 Frontal lobe
10 Frontal pole
11 Limbic lobe

d

Brodmann's Areas (by Douglas Bowden). Figure 1 a–d Subdivisions of the right cerebral hemisphere into lobes. a
Lateral view; b medial view; c superior view; d inferior view (1/2×).

Their maps were further refined and documented with
high resolution photomicrographs in the maps of
Sarkisov and Filimonov, which were published in
Russian in 1955. A second classical series began in
1927 with the highly detailed maps and extensive
photomicroscopic documentation published in German
by Economo and Koskinas. They developed a somewhat different nomenclature and very different lettering
system, which were adopted by Bonin and Bailey for
maps published in 1951. Few if any comprehensive
maps of human cortex have been published since the
mid-1950s.
In subsequent decades neuroanatomists have tended
to focus on more detailed investigation of particular
cortical areas using stains for cellular features other than
the classical Nissl and myelin stains. Perhaps more
importantly, surface views show only about a third of
the total area of cerebral cortex. Development of
computerized image processing has made it possible
to generate flat maps, inflated models, and spherical
models that allow one to view relations among all
cortical areas, including those ordinarily hidden in the
walls and floors of sulci.

Brownian Motion
R ACHID A IT-H ADDOU, WALTER H ERZOG
University of Calgary, Human Performance Laboratory,
Calgary, AB, Canada

Synonyms
Stochastic Processes

Definition
Any entity that is constantly undergoing small, random
fluctuations.

Characteristics
In 1827, the botanist Robert Brown [1] investigated,
under his microscope, the irregular and jittery motion of
pollen particles floating in water. He believed that
he had found the “primitive molecule” of living matter.
A quantitative and physical explanation of this movement had to await the 1905 work of Albert Einstein [2].
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Postulating the ▶atomic hypothesis of matter (still
controversial at that time) and Boltzmann’s statistical
physics, Einstein was able to derive the fluctuationdissipation theorem, relating the observed diffusion of
the Brownian particles to the viscosity and temperature
of the medium. In simple terms, a suspended particle is
constantly and randomly bombarded from all sides by
molecules of the fluid. If the particle is very small, the
hits it takes from one side may be stronger than hits
from the other side, causing it to jump. These small
random jumps are what make up ▶Brownian motion
(Fig. 1).
Experiments performed by Jean Baptiste Perrin [3]
confirmed the quantitative results of Einstein and the
victory of the atomic hypothesis. Perrin was awarded
the 1926 Nobel Prize for his work.
Einstein considered the motion of a free particle in
which the only forces acting on the particle are those of
the molecules in the surrounding medium. Consider the
projection of the motion of the free particle in the x-axis,
and denote by X(t) the position of the particle at time t.
Since the collisions of the particles in the medium with
the target particle are chaotic, the position of the particle
cannot be precisely determined, and the function X(t) is
a random process. However, we can calculate the
probability, pðx0 =X ðtÞ ¼ x1 Þ; of finding the particle at
point x1at time t, when starting at point x0 at time t = 0.
To do so, Einstein made a few general assumptions
about the physical phenomena. The medium was
assumed homogeneous; therefore, the velocity of the
colliding molecules is independent of the position and
the velocity of the molecules in the medium. Therefore,
if it is assumed that the mass of the target particle is
negligible, the displacement of the particle from an
arbitrary position and within a time interval, Δt, is

independent of the particle or its previous motion.
Assuming that the state of the medium does not change
over time, the process X(t) is continuous and homogeneous in time. Since the direction of collision of the
molecules in the medium is independent of the position
of the particle, the mean displacement of the particle
vanishes at every instant. Therefore, the process X(t) is a
Gaussian process with a mean of zero and a variance,
Dt, proportional to the time, t; that is, the probability of
finding the particle between x1 and x2 at time t, when
starting at x0 at time t = 0 is
1
pðx0 =x1  X ðtÞ  x2 Þ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Dt

Zx2

2

eðxx0 Þ =4Dt ð1Þ

x1

where D is the so-called diffusion coefficient. The
density probability of (1) satisfies the ▶diffusion
equation
@pðx; tÞ
@ 2 pðx; tÞ
¼D
@t
@x2

ð2Þ

A different way of arriving at the same result consists of
discretizing the motion of the particle in space and time.
Assume that the particle moves along the x-axis
by a single discrete step of length delta to the right
or to the left, and that the duration of the step is τ.
Furthermore, let us assume that we are dealing with
a free particle, and that the probability of moving
to the left or right is the same (i.e. 1/2). Now, denote
by pðn=m; sÞ the probability that the particle
is at mΔ at time sτ, if it starts at nΔ. This probability is
equal to
8
1
s!
<
2s ðsþjmnj=2Þ!ðsjmnj=2Þ! if
pðn=m; sÞ ¼ jm  nj  s and jm  nj þ s even
:
0 otherwise
Letting Δ and τ approach 0 in such a way that
2
¼ D;
2

n ! x0 ;

s ¼ t

it follows from the classical Laplace-Moivre theorem
that
X

1
lim
pðn=m; sÞ ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4Dt
x1 <m<x2

Zx2

2

eðxx0 Þ =4Dt

x1

Which gives the same fundamental result as found by
Einstein.

Brownian Motion. Figure 1 Random Brownian motion
of a microscopic particle that is suspended in fluid.

Fluctuation-Dissipation Relationship
Smoulowski extended Einstein’s theory to take into
account outside forces. In particular, he showed that for
a constant force F(x)= − a and a friction constant η,
equation (2) must be modified to

Brownian Ratchet



@pðx; tÞ
@ a
@ 2 pðx; tÞ
¼
pðx; tÞ þ D
@t
@x 
@x2

ð3Þ

Assume now that a large number of Brownian particles
are in a cup of fluid under the action of gravity and with
a reflecting barrier at the bottom. Therefore, the flow of
the particle at the bottom vanishes and equation (3) has
the stationary solution
pðxÞ ¼ Const

g

eDx

ð4Þ

where Const is the normalization constant and g is the
gravitation constant.
Postulating the atomic hypothesis of matter and
Boltzmann’s statistical physics, such a physical system
has a stationary solution of the shape
pðxÞ ¼ Const

mg

e kB T

x

ð5Þ

where T is the temperature of the medium, kB is the
Boltzmann constant and m the mass of the Brownian
particle.
Equating (4) and (5), we arrive at the famous Einstein
fluctuation-dissipation theorem, relating the observed
diffusion of Brownian particles to the viscosity and
temperature of the medium.
D¼

kB T
m
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Brownian Ratchet
R ACHID A IT-H ADDOU, WALTER H ERZOG
University of Calgary, Human Performance Laboratory,
Calgary, AB, Canada

Synonyms
Noise-induced transport

Definition
▶Brownian ratchet theory refers to the phenomenon
that non-equilibrium fluctuations in an isothermal
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medium and anisotropic system can induce mechanical
force and motion. This concept of ▶noise-induced
transport has motivated an abundance of theoretical
and applied research. One of the exciting applications of
the ratchet theory lies in the possible explanation of the
operating mode of biological molecular motors, such as
the myosin II motor involved in muscle contraction or
the F-motor involved in ATP synthesis.

Description of the Theory
In his lectures [1], Feynman designed a theoretical
model, the so-called ▶Feynman ratchet and pawl, to
demonstrate the subtleties of the second law of thermodynamics. The model consists of (Fig. 1) a ratchet that
is wheel-shaped, like a circular saw with asymmetric
teeth, i.e. one face of the teeth is oriented orthogonal to
the circumference of the wheel, while the other face is at
an angle of inclination smaller than π/2.
A spring is attached to a pawl that prevents free
rotation of the ratchet. The ratchet is connected to a vane
by means of a rod. A load is attached to the vane. We
assume that all elements of the machine are perfect
isolators and that the vane and spring are in two
separated, isolated boxes filled with a gas of temperature T1 and T2, respectively. We further assume that the
device is of microscopic size. Therefore, fluctuations of
the thermal bath become important in the operation
of the device. Denote by ε = kh2 the energy needed to
lift the pawl above the tooth and against the spring
attached to the pawl. k is the stiffness of the spring and
h the height of the teeth. Due to the heat bath, Brownian
particles hit against the vane. They provide enough
energy to move the ratchet to the next tooth at a rate
equal to eð"þLÞ=kB T1 ; where L is the torque acting on
the wheel (produced by a load attached to the vane), α is
the angle between two teeth of the ratchet, τ is the
entropic barrier and kB the Boltzmann constant. The
fluctuations of the spring that is attached to the pawl
allow for backward rotation of the wheel at a rate
equal to e"=kB T2 : Therefore, the net counter-clockwise
velocity of the ratchet is given by
V ¼ V0 ðeð"þLÞ=kB T1  e"=kB T2 Þ;

ð1Þ

where V0 is the maximal speed of rotation, corresponding, heuristically, to the case in which T1 ! 1
and T2 ! 0: In the absence of a load, no directed
movement of the ratchet can be induced if the vane and
spring are embedded in thermal baths of equal
temperature, despite the asymmetry of the system.
However, from (1), we can deduce that if the spring is
embedded in a thermal bath with a temperature T2 that is
lower than T1, the ratchet will move counter-clockwise.
Conversely, if temperature T2 is greater than T1, the
ratchet will move clockwise. Therefore, thermal
gradients can drive the ratchet in a directed motion
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Brownian Ratchet. Figure 1 Ratchet and pawl introduced by Feynman to illustrate the subtleties of the second
law of thermodynamics (adapted from [2]).

or they can perform work against a load. Denoted
by T ¼ ðT1  T2 Þ=2 and T ¼ ðT1 þ T2 Þ=2: If we
assume that T << T (low thermal gradient), then by
Taylor expansion of (1), it can be shown that the
velocity of the ratchet is given by
V  V0

"T "=kB T
e
2kB T 2

Flashing Ratchet
Consider an overdamped particle E, moving along a one
dimensional, periodic, asymmetric sawtooth potential
of period L (Fig. 2).
Neglecting inertial effects, the motion of the particle
follows the Langevin equation
dx
0
 ¼ V1 ð xÞ þ ðt Þ;
dt

Brownian Ratchet. Figure 2 Schematic illustration of a
particle (E) moving along a one-dimensional,
periodic, asymmetric sawtooth potential (V1) of period L.

where η is the coefficient of viscous friction of
the medium, ζ(t) represents the Gaussian white
noise with zero average and autocorrelation function
< ðt Þ ðsÞ >¼ 2kB T ðt  sÞ;
Where δ is the Dirac function and T the temperature of
the medium.
The diffusion equation, describing the probability
distribution of the position of the particle, is given by
the ▶Fokker-Planck equation
0

@pðx; tÞ
@ V ð xÞ
@ 2 pðx; tÞ
¼ ð 1 pðx; tÞÞ þ D
;
@t
@x 
@x2

ð2Þ

where we denote by p (x, t) the probability of finding
particle E at position x at time t, and by D the diffusion
coefficient that is related to the friction coefficient
and temperature by the Einstein fluctuation-dissipation
theorem: D ¼ kB T = (we normalize the mass of the
particle to unity). The mean position of the particle
is given by

Z
< x > ðtÞ ¼

þ1

xpðx; tÞdx;
1

while the velocity of the particle is related to the flux
probability
0

J ðx; tÞ ¼ 

kB
V ð xÞ
T @x pðx; tÞ  1 pðx; t Þ



by
d < x > ðtÞ
¼
dt

Z

1

1

J ðx; tÞdx:

When the motion of the particle becomes steady, and if
we are only interested in the mean velocity of the particle,
we only need to consider the steady-state solution over a
period, with periodic boundary conditions. In other
words, we sit at the end point of a period, and every time
the particle reaches the end point, we return it to the
origin of the period. In this case, the steady-state velocity

Brownian Ratchet

of the particle is v = LJ. Since the energy potential profile
satisfies V1(0) = V1(L), the stationary solution of (2) gives
no net flux. In other words, because of the thermal
fluctuations of the medium, the charged particle takes
energy from the bath to overcome the energy barrier to
the left or to the right. The probability for going to the left
or to the right is the same despite the asymmetry of the
potential.
Now, assume that the motion of the particle depends
on two potentials that can be switched on and off at a
rate k. Once the potential is switched off, that is, we
have a flat potential, V2(x), the particle E undergoes a
free Brownian motion. In the first potential, V1(x),
particle E is near a local minimum, while in the second
potential, V2(x), the particle diffuses freely. Clearly, if
the potential V1(x) is symmetric, the average displacement of the particle exposed alternatively to both
potentials must be zero. However, if V1(x) is asymmetric, as shown in Fig. 3, the particle will, on average,
move to the right [3,4].
In order to understand this phenomenon, let us
assume the conditions shown in Fig. 3, where one slope
of the potential, V1(x), is taken infinitely steep and the
rate constants satisfy:
kB TL
1
<< ;
FD
k
0

2

1
L
<<
and kB T << FL;
k
D

ð3Þ

where F ¼ V1 ð xÞ is the finite slope of the potential
V1(x). The first inequality of (3) ensures that the particle,
once in potentialV1(x), has reached a local minimum of
the potential before the potential is switched off. The
second inequality indicates that when the particle diffuses
freely, it can rarely travel the distance L before the
potential is switched back on. The third inequality states
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that the deviation of the particle from a local minimum,
when subjected to potential V1(x) can be neglected.
The motion of the particle thus follows the following
path: The particle in V1(x) is located near a local
minimum. Once V2(x) is activated, the particle diffuses
freely but typically no farther than the period L.
Therefore, once V1(x) is switched back on, the particle
moves to the same local minimum or to the next local
minimum to the right with equal probability. Another
way of looking at the mechanism of transport is as
follows: In V2(x), the probability distribution of the
position of the particle follows a Gaussian function with
the mean located near a local minimum of the potential
V1(x). Once V1(x) is switched on, half of the area of the
Gaussian function is located on the slope leading to
the right-neighboring local minimum, and the other half
on the slope leading to the same local minimum at
which the particle was located in the previous step.
Therefore, the movement of the particle is biased towards
the right (Fig. 3). The average velocity of the particle is
v¼

Lk
:
4

Switching between diffusion, which spreads the particles
uniformly through the medium, and transport, which
concentrates the particles at specific sites, creates a nonequilibrium situation in which particles undergo directed
motion.
Application to Muscle Contraction
In the following, we present a simple two state model for
a possible mechanism of muscle contraction (Fig. 4),
emphasizing the role of thermal noise and the ▶flashing
ratchet behavior [5].

Brownian Ratchet. Figure 3 Schematic illustration of particle moving along in a flashing ratchet. The flashing
ratchet shown has a periodic, asymmetric potential (V1) of period L, and a flat potential (V2) in which the particle
undergoes free Brownian motion. Switching between the two potentials occurs at a characteristic rate K.
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Brownian Ratchet. Figure 4 Flashing ratchet model for muscle contraction using two potentials (from [5]).
V1 represents an asymmetric, periodic potential, while V2 represents a flat potential. In state 1, the myosin
cross-bridge head is attached to the actin filament in the post-power stroke configuration; states 2 and 3 represent the
detached cross-bridge head; while state 4 represents initial attachment of the cross-bridge head to actin in the
pre-power stroke configuration.

Denote by x the position of the center of mass of
the myosin head. Assume that the chemical variable
takes two discrete states: A (attached state) and D
(detached state) from the following scheme:
1 ðxÞ

M þ ATPÐ M  ADP  P
2 ðxÞ

1 ðxÞ

M þ ADP þ PÐ M  ADP  P
2 ðxÞ

where M refers to the myosin motor. The state M.ADP.P
corresponds to the detached state D in which the myosin
head is detached from the thin filament. In this state, and
because the myosin head is assumed to move freely and
far away from the actin filament, the free energy potential
of the mechanical variable x can be chosen to be constant,
V2(x) = const, reflecting that the different conformations
of the myosin head possess the same free energy and are
independent of the position of the myosin head relative
to the actin filament. The two other states, M + ATP and
M + ADP + P, refer to the attached state (A), in which the
myosin head is attached to the thin filament, and
therefore, its motion depends on the myosin-actin
filament interaction. Due to the geometric periodicity
of the actin filament, and the asymmetry of its monomers,
we can assume that the free energy potential in this state
is periodic and asymmetric over a period. Assuming a
detailed balance for each chemical reaction, we have
1 ðxÞ
V1 ðxÞ  V2 ðxÞ þ m
¼ expð
Þ
2 ðxÞ
kB T
V1 ðxÞ  V2 ðxÞ
¼ expð
Þ
kB T

and

1 ðxÞ
2 ðxÞ

where m ¼ mATP  mADP  mP is the difference in the
chemical potential.
The functioning of the myosin motor can now be
understood as follows: In the detached state, the myosin
head is at a position x and is subjected to free Brownian
motion. The probability distribution of the position
of the myosin head follows a Gaussian function that
spreads out over time. Once the chemical reaction has
advanced the myosin head to the attached state, and
because of the asymmetry of the potential in this
state, the myosin head is more likely to be located
in the region of the potential with negative slope than
the region with positive slope (Fig. 4). Therefore, the
myosin head is more likely to be in a position to exert
positive force (which would tend to shorten the
sarcomere) than negative force.
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a-bungarotoxin

Brown-Séquard Syndrome
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and action potential discharge. The respiratory
neurons interact with each other using chemical
neurotransmission.
The respiratory neurons are excitatory or inhibitory.

Definition
This syndrome provides a very clear demonstration of
differential sensory (and motor) loss, which can be
easily derived from the spinal tract anatomy. For
example, if the left side of the ▶spinal cord is severed,
a number of functions fail ipsi- and contralaterally. Since
descending tracts to ▶motoneurons and ▶preganglionic
sympathetic neurons are cut, the ipsilateral side becomes
▶hemiparetic and vegetative functions such as vasomotor tone and sweat production are reduced, leading to
an initial overwarming, reddening and dryness of the
skin. Due to interruption of the ▶dorsal columns, deep
kinaesthetic and vibration sensitivity is gone ipsilaterally. On the contralateral side, pain and temperature
sensation are abolished and touch sensitivity is slightly
reduced, leading to a dissociated sensibility disturbance.

Bruce Effect
Definition
Egg implantation failure resulting from exposure of a
recently mated female mouse to the urine of a male
genetically different from the inseminating male,
coupling a pheromone effect with the detection of
“individuality cues.”
▶Accessory Olfactory System

Buccal Mucosa
Definition
Epithelium that lines the cheeks intraorally.

▶Anatomy and Function in the Respiratory Network
▶Respiratory Neurotransmitters and Neuromodulators

Bulbospinal Fibers
Synonyms
▶Tractus bulboreticulospinalis; ▶Buboreticulospinal
tract

Definition
Fibers coming from the brainstem (often called the
bulb) to the spinal cord. These fibers constitute the
bulbospinal tract, come from the medial reticular
formation (e.g. gigantocellular reticular nucleus) and
pass on to the ventromedial area of the spinal
intermediate zones accommodating the interneurons,
which generate an influence on the motoneurons of the
axial and proximal muscles of the extremities.
▶Myelencephalon

Bulimia Nervosa
Definition
Attacks of binge eating, often followed by self-induced
vomiting. Neurobiological risk factors are becoming
apparent.
▶Neuroendocrinology of Eating Disorders

▶Tactile Sensation in Oral Region

Bulbar Respiratory Neurons

a-bungarotoxin
Definition

Definition
Six types of respiratory neurons are classified according to the pattern of membrane potential fluctuation

α-bungarotoxin is a neurotoxin from snakes that
irreversibly binds to nicotinic acetylcholine receptors and thereby prevents depolarization of muscle
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Burrowing Lizards and Snakes

membrane in response to acetylcholine that is released
from the active nerve terminals at the endplate region on
muscle fiber. The toxin is therefore a paralytic agent.

Burst Cells – Long Lead (LLBNs)
in Eye Movement

▶Neuromuscular Junction

Definition

Burrowing Lizards and Snakes
Definition
Living in the soil, or in termite mouds (Typhlopidae and
Leptotyphlopidae snakes, Amphisbaenidae lizards).
▶Evolution of the Brain: At the Reptile-Bird Transition

Burst Cells in Eye Movement
Definition
When unqualified, refers to saccadic burst neurons, a
varied class of neurons that discharge a high frequency
burst of spikes at the time of saccades, and are silent or
nearly silent, during fixations or smooth eye movements (smooth pursuit or the vestibulo-ocular reflex
(VOR)). The bursts of medium-lead burst neurons and
long-lead burst neurons precede saccade onset and are
often involved in the generation of saccades. The bursts
of “following burst neurons” follow saccade onset.
Burst neurons also have a variety of spatial properties,
e.g., firing only for ipsiversive saccades, contraversive
saccades, upward, downward, or saccades to a
circumscribed region of visual space.
More recent discoveries have shown that some burst
neurons encode the metrics of gaze movements and not
just the eye component of the gaze-saccade. The term
can be qualified to refer to “head burst neurons”, which
discharge in relation to the head component of gaze
saccades.
Burst neurons are found in the brainstem reticular
formations, the cerebellum, the deeper layers of the
superior colliculus, the caudate nuclei, particular
thalamic nuclei, and in circumscribed regions of the
cerebral cortex.
▶Brainstem Burst Generator
▶Saccade, Saccadic Eye Movement
▶Smooth Pursuit Eye Movements
▶Vestibulo-ocular Reflexes

Like other burst neurons, these neurons discharge a highfrequency burst of spikes at the time of saccades, and are
silent or nearly silent, during fixations or smooth eye
movements. Long-lead burst neurons (LLBNs) are
distinguished from medium-lead burst neurons primarily
on the basis of the onset of their discharge relative to
the onset of saccades. The dividing line is somewhat
arbitrary, but in macaques, neurons having bursts that lead
saccade onset by more than 15 ms are considered to be
long-lead. Leads can be as long as 300 ms. A frequent
discharge pattern is a gradual buildup in firing rate to a
peak near saccade onset, while another has a lowfrequency prelude leading to a sudden high-frequency
burst that precedes saccade onset. Spatial properties range
from discharging for all saccades with a component in a
given direction, e.g., ipsiversive, contraversive, upward,
downward (called directional LLBNs), or discharging
only for saccades to a narrowly circumscribed region of
visual space (called vectorial LLBNs). Populations of
LLBNs are found in large parts of the brainstem reticular
formation, the superior colliculus, the caudate nuclei, the
thalamus, and cerebral cortex, and the axonal projections
of each population are equally varied (e.g., ponto-pontine,
precerebellar, or reticulospinal LLBNs).
Each population has a characteristic spatial and
temporal discharge pattern.
▶Brainstem Burst Generator
▶Ponto-Pontine Long-Lead Burst Neurons
▶Precerebellar Long-Lead Burst Neurons
▶Reticulospinal Long-Lead Burst Neurons
▶Saccade, Saccadic Eye Movement

Burst Cells – Medium Lead –
Horizontal
C HRIS R. S. K ANEKO
Department of Physiology and Biophysics, Washington
National Primate Research Center, University of
Washington, Seattle, WA, USA

Synonyms
Medium lead burst neurons, mlbns; Short lead burst
neurons, slbns; Excitatory burst neurons, ebns; Inhibitory burst neurons, ibns; HMBLs

Burst Cells – Medium Lead – Horizontal

Definition
Horizontal medium lead burst neurons (HMLBs) are
the neurons that produce laterally-directed saccadic eye
movements. These neurons are located in the medial
pons and medulla, and are normally silent but discharge an intense burst of action potentials (up to 1,200
▶spikes/s in ▶rhesus monkey) in association with
ipsilateral saccades (Fig. 1). Their discharge begins just
before (10 ms) the onset of the movement and the
metrics of the discharge are linearly related to the metrics
of the ipsilateral movement (Fig. 2). That is, the number
of action potentials in the burst is correlated well with the
size of the movement (Fig. 2a), the peak firing frequency
with the peak eye velocity (Fig. 2b), and the duration of
the burst with the duration of the movement (Fig. 2c).
Thus, their discharge can account for the ▶kinematics
of the eye movement. Anatomical investigations have
shown that HMBLs are the immediately pre-motor
neurons that drive the saccadic burst in abducens neurons
(i.e. both motoneurons and ▶internuclear neurons).
Since abducens motoneurons innervate the lateral rectus
muscle and abducens internuclear neurons innervate the
▶contralateral medial rectus motoneurons that, in turn,
drive the medial rectus muscle, and since all abducens
neurons receive identical inputs, burst neuron discharge
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accounts for nearly all of the drive necessary to evoke
horizontal conjugate saccades. Finally, inactivation of
HMLBs, either transiently or permanently, leads to a loss
of horizontal saccades. Taken together, the available
evidence demonstrates that HMLBs are necessary and
sufficient to produce horizontal saccades.
The evidence that has led to this conclusion has
accumulated over the last 30 years and has been
extensively reviewed (for recent discussions, see [1,2]).
Much of the functional role has been inferred from
studies in alert monkeys and cats, while the connections
mediating those functions have been demonstrated
mostly in studies on cats. In summary, pioneering lesion
studies [3] of the medial pons, which Cohen and
colleagues named the paramedian pontine ▶reticular
formation (pprf), showed that the pprf was essential for
horizontal eye movements. More recent studies using
progressively more punctate, chemical inactivation of
the pprf, and specifically of ebns, has shown that the
region is essential for the generation of normal
horizontal saccades. HMLBs were first identified by
Eric Luschei and Albert Fuchs [4] and Bernard Cohen
and Volker Henn [5] during recordings in the pontine
and medullary reticular formation of alert monkeys.
Luschei and Fuchs named them medium lead burst

Burst Cells – Medium Lead – Horizontal. Figure 1 HMLBs Discharge. Discharge of a horizontal medium lead
burst neuron recorded from the left pprf of an alert, trained monkey. Examples of 5°, 10°, 15° and 20° leftward
saccades (columns). Traces are (top to bottom) eye position, eye velocity, raster of neuronal discharge, and
histogram of 3–5 saccades of each size). Note the saturating peak velocity and peak discharge.

B

508

Burst Cells – Medium Lead – Horizontal

Burst Cells – Medium Lead – Horizontal. Figure 2 Correlation of HMBL Discharge and Saccade metrics.
Scatter plots of Number of action potentials within the burst against saccade size in the leftward (on-) direction
(a); peak firing frequency vs. peak saccade velocity (b); and burst duration vs. saccade duration (c). Each scatterplot
has been fitted with a linear regression (black lines) whose equation is inset. Same neuron as in Fig. 1.

neurons (mlbns), to distinguish them from abducens
neurons that also discharged a burst of action potentials
at an even shorter (8 ms) lead before and during
saccades. At a meeting in Reisensberg Germany [6], it
was decided to rename them short lead burst neurons
(slbns) to further distinguish them from long-lead burst
neurons (LLBs; see ▶PPLLBs (ponto-pontine LLBs),
▶PCbLLBs (precerebellar LLBs), and ▶RSLLBs

(reticulospinal LLBs)) that had also been identified
and were beginning to accrue a potentially distinct role
in saccade generation (see ▶Burst generator). After
their initial identification, Ed Keller [7] offered the first
quantitative analysis of their discharge. Since then several
labs have agreed that the discharge in a number of
different species can be characterized by a burst duration
that is equal to the saccade duration, with a slope of

Burst Cells – Medium Lead – Horizontal

the linear regression for burst duration and saccade
duration that is equal to one and has a correlation
coefficient of about 0.8, on average (Fig. 2c). In addition,
the number of action potentials within each burst is
linearly related to horizontal amplitude of the associated
saccade (Fig. 2a). The linear regression of these two
metrics is a line with a slope (gain) that ranges from less
than 1 (Fig. 2a) to more nearly 3 spikes/deg, and
averages around 2 spikes/deg across animals and
studies. The correlation coefficients are the highest of
the correlations between burst and saccade metrics and
range between 0.8 and 0.9 in different studies. Finally,
although both the peak velocity of saccades and the
peak firing rate of HMLBs saturate for larger saccades
(Fig. 2c), the peak velocity and peak firing are linearly
correlated with an average slope of about 0.8 spikes/s/
deg/s and a correlation coefficient slightly lower than
that for the number of spikes and size of about 0.8
(0.6–0.9 in different studies, Fig. 2b). The slopes are
somewhat lower for cats and higher in squirrel monkeys
than in rhesus monkeys, and the correlation coefficients
are somewhat lower in squirrel monkeys than in
macaques.
Intracellular labeling with horseradish peroxidase
(e.g. [8]; see below) proved that functionally identified
HMBLs in alert squirrel monkeys project to the
abducens nucleus (Fig. 3). These studies substantiated
many previous investigations that had used anatomical
tracers, including orthograde, retrograde and, most
recently, transynaptic labeling techniques, to show
connections between the two regions (e.g. [9]). Parallel
and continuing electrical activation studies from several
labs (see below) have elucidated the detailed connections of HMBLs. Older studies showed that stimulation, specifically at the site of these slbns, produced
depolarizing ▶post-synaptic potentials (psps) in identified abducens motoneurons and internuclear neurons
so they are excitatory burst neurons (ebns). The parallel
work of Hikosaka et al. (e.g. [10]) distinguished a
second group of HMLBs, the inhibitory burst neurons
(ibns), which also discharged for ipsilateral saccades
but were located in the medullary reticular formation
just caudo-medial to the abducens nuclei and inhibited
contralateral abducens neurons [10]. Analogous, alert
animal investigations of ibns showed that their discharge is actually more tightly correlated (i.e. modestly
higher correlations coefficients) with saccade metrics
than ebns, and that they provide monosynaptic inhibition of contralateral abducens motoneurons and internuclear neurons. Thus, ibns provide symmetrical,
conjugate inhibition of contralateral medial and lateral
rectus motoneurons. More recent investigations have
elegantly confirmed these details and added the likelihood of interconnections between ebns and ibns
as first indicated from intracellular staining studies
(see below).
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Characteristics
Higher Order Structures
HMLBs receive input from the contralateral Superior
colliculus that is relayed, at least in part, by LLBs. In
cat, inputs are both direct and indirect but they may be
entirely indirect in monkeys. There are also inputs from
the Frontal Eye Fields that are relayed via the superior
colliculus as well as those projecting directly to the
pons, and these latter may also be relayed by LLBs.
There may also be inputs from the ▶supplementary
eye fields. Finally, HMLBs receive direct input from
the caudal fastigial nucleus of the cerebellum. The
fastigial input may play a role in adaptive plasticity of
saccade amplitude and/or saccadic error correction
during on-going saccades.
Parts of this Structure
The somata of HMLBs (Fig. 3a and d) are located in the
medial portions of the nucleus reticularis pontis oralis
and caudalis (ebns; Fig. 3e) and the supragigantocellular
medullary reticular formation (ibns; Fig. 3b). They are
small-to-medium (25 μm diameter), multipolar neurons (Fig. 3a and d); ibns being slightly larger. They
have 4–9 primary dendrites that arborize relatively
sparsely (Fig. 3b and e). Ebn axons (Fig. 3e, arrow)
project only ipsilaterally to the ibn region and medial
vestibular nucleus (mvn), as well as the aforementioned
abducens and nucleus prepositus hypoglossi (Fig. 3f).
Ibn axons (Fig. 3c, arrow) project solely contralaterally to the ebn region and the lateral and superior
vestibular nuclei, in addition to the same places as
ebns (Fig. 3c). Both axons are about 3 μm in diameter,
but ibns have slightly larger boutons (1.5 μm diameter
cf. 1.1 μm; Fig. 3c cf. Fig. 3f ) that are the largest
in the contralateral abducens nucleus. The reciprocal
connections between HMLBs may explain clinically
observed ocular oscillations.
Function of This Structure
HMLBs provide the immediate pre-abducens input that
conveys the saccadic drive. Thus, they provide the
symmetric push-pull (i.e., excitation and inhibition) as
well as the conjugate drive for saccades. Therefore, they
mediate ▶Hering’s Law of equal innervation for
saccades. In addition, they synapse on neurons in the
nph. The nph integrates (mathematically) their burst
discharge (pulse) into a tonic holding input (step) to the
abducens to maintain eye position following the
saccade (see burst generator).
Higher Order Function
HMLBs are low-level premotor neurons with no higher
order (e.g., cognitive) functions yet indicated. The
function of the direct, cortical inputs is not yet clear, but
all of the HMBL inputs seem to share at least a portion
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Burst Cells – Medium Lead – Horizontal. Figure 3 HMLBs. Top row – photomicrographs showing horseradish
peroxidase, intracellularly-stained soma and initial dendrites from a left ibn (a) and right ebn (d). Middle row – camera
lucida, drawings of coronal sections of the ibn (b) and ebn (e) pictured in top row showing the reconstructed
soma-dendritic structure and initial axon (arrows). Calibration for top row is 50 μm and middle row is 100 μm for
bottom. Bottom row-horizontal section showing the reconstructed trajectory of a representative ibn (c) and ebn (f).
Dots on branches represent buttons indicating synaptic terminations, soma indicated in black, dashed line is midline.
Abbreviations: Ab, abducens nucleus; dvn, descending vestibular nucleus; mlf, medial longitudinal fasciculus; mvn,
medial vestibular nucleus; nph, nucleus prepositus hypoglossi; svn, superior vestibular nucleus; vlvn, ventrolateral
vestibular nucleus. After: Strassman A, Highstein SM, McCrea RA (1986) Anatomy and physiology of saccadic burst
neurons in the alert squirrel monkey. I. Excitatory burst neurons. J Comp Neurol 249:337–357 and [8] (Reprinted by
permission of Wiley-Liss, a subsidiary of Wiley).

of the responsibility for commanding, coding, triggering, and modifying saccades to varying degrees.
Although still somewhat controversial, there don’t
appear to be any HMBLs that are specialized either
for head or coordinated eye and head movements, even
though some LLBs are so specialized. In contrast,
HMBLs are responsible for a number of higher order
motor functions in the saccadic system. As mentioned,
their connectivity imparts conjugacy of saccades

(Hering’s Law of equal innervation), and the push-pull
organization of ebns and ibns results in relaxation of
antagonist during agonist activation (▶Sherrington’s
law of reciprocal innervation). It should be noted that
there are a number of outstanding issues in oculomotor
physiology. Two prominent current questions center on
the dynamics of oculomotor motor units and the
coordinate transformations from spatially coded (i.e.,
two-dimensional) visual commands for movements into
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temporally coded motoneuron discharge that remain to
be understood. Whether HMBLs play a role in either of
these functions remains to be determined. Finally,
recent evidence indicates that some HMBLs discharge
in relation to the movements of only one eye, and that
that eye can be the contralateral one, suggesting a role
for some HMBLs in coordinated ▶vergence and
versional (▶Version) eye movements during saccades.
This coordination is necessary to focus the eyes on
objects at different depths in space.
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9. Büttner-Ennever JA (ed) (1989) Neuroanatomy of the
oculomotor system. Reviews of oculomotor research,
vol 3. Elsevier, New York, pp 1–489
10. Hikosaka O, Igusa Y, Nakao S, Shimazu H (1978) Direct
inhibitory synaptic linkage of pontomedullary reticular
burst neurons with abducens motoneurons in the cat. Exp
brain Res 33:337–352
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Quantitative Measure for This Structure
The number of HMLBs is not clear because of technical
limitations in marking all of them so that they may be
counted. Perhaps transneuronal retrograde labeling
techniques will allow an estimate in the near future.
About 60% of ibns evoke unitary inhibitory psps (ipsps)
in contralateral abducens motoneurons, with an average
latency of 0.7 ms and a range of amplitudes between 18
and 220 μV [10]. Comparable data are not available for
unitary excitatory psps (epsps) evoked by ebns in
abducens neurons, but stimulation in the ebn region
evokes summated epsps of a few millivolts amplitude at
similar, monosynaptic latencies to the ipsps from
ibns. Membrane biophysical measurements are still
completely lacking, but specialized currents have been
hypothesized to explain a number of phenomena
including saccadic oscillations and slowed saccades
following inactivation of omnipause neurons (see burst
generator).
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Synonyms
VMLBs

Definition
Neurons discharging a compact burst of discharge before
and during upward or downward saccades with latencies
intermediate between those of extraocular motoneurons
(OMNs) and long-lead burst (LLB) neurons.

Characteristics
Higher Order Structure
VMLBs are crucial components of the burst generators
of the vertical saccadic system.
Parts of this Structure
The morphological features of VMLBs were elucidated
when their axons were injected with HRP and the
behavioral relevance of their discharge was recorded
intraaxonally in alert monkeys [1,2]. Fig. 1. illustrates
two typical premotoneuronal VMLBs, one preferring
upward (UMLB, in blue) and one preferring downward
(DMLB, in red) saccades. UMLB somata are quite
small in size and are located in the rostral interstitial
nucleus of the medial longitudinal fasciculus (▶riMLF)
intermingled with the somewhat bigger somata of
DMLBs. The relatively thin axons of premotoneuronal
VMLBs (1.7–5.2 μm in diameter) course caudally
through the ipsilateral riMLF, the interstitial nucleus of
Cajal (NIC) and the medial longitudinal fasciculus
(▶MLF). As shown in Fig. 1, they emit several
collaterals that ramify extensively within the NIC,
the adjacent mesencephalic reticular formation and
the oculomotor complex, mainly bilaterally (UMLBs)
or ipsilaterally (DMLBs). The former are consistent
with the signals that the vertical burst generators are
expected to send to the vertical “velocity to position
integrators” and the fact that the latter are housed in
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Burst Cells – Medium Lead – Vertical. Figure 1 Salient morphological features of VMLBs. (a–e) Reconstruction
of the axonal system of an intraaxonally HRP injected UMLB (blue; modified from [1], with permission) and DMLB
(red; modified from [2], with permission). Relative location of sections is indicated in (f). Encircled symbols indicate
fibers that can be followed in an adjacent section either rostrally (solid circle) or caudally (x). Abbreviations: III,
oculomotor nucleus; IV, trochlear nucleus; MLF, medial longitudinal fasciculus; NIC, interstitial nucleus of Cajal;
riMLF, rostral interstitial nucleus of the MLF.

the NIC. The connections that VMLBs establish with
vertical OMNs are also important as they account
for the presaccadic pulse of activity that motoneurons
display during saccades in their on-direction. The
existence of excitatory connections between VMLBs
and vertical MNs is suggested by the disclosure of
monosynaptic EPSPs in superior rectus (SR), and
superior oblique (SO) MNs in response to the electrical
stimulation of the mesodiencephalic junction in the
cat (e.g. [3]). Excitatory vertical MLBs of the cat utilize
glutamate and aspartate as neurotransmitters [4].

As does the horizontal system (IBNs), the vertical
saccadic system contains inhibitory premotoneuronal
VMLBs [1]. Like excitatory neurons, inhibitory VMLBs
deploy terminal fields within the NIC, but in contrast to
excitatory neurons, their axonal system contains recurrent
collaterals ramifying in the riMLF and deploys terminal
fields in territories occupied by extraocular motoneurons
with the opposite on-direction. In the cat, the existence
of inhibitory premotoneuronal VMLBs is supported
by the disclosure of monosynaptic IPSPs in SR and
SO MNs in response to the electrical stimulation of the
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mesodiencephalic junction [3]. Inhibitory vertical MLBs
of the cat utilize GABA as a neurotransmitter [4].
Not all neurons emitting similar bursts of discharge for
vertical saccades (in terms of latency, intensity, time
course and relationship to the metrics and dynamics of
eye movements, described in the next paragraph) are last
order premotoneurons nor are they all located in the
riMLF [1,2]. Fig. 2. illustrates two such examples.
The one preferring downward saccades (in red) was
encountered in the NIC while the one preferring upward
saccades (in blue) was found in the nucleus of posterior
commissure (nPC). Neither projected to extraocular
motoneurons. Instead, their axons ramified within the
NIC and the riMLF, ipsilaterally (the downward neuron
of the NIC) or contralaterally (the upward neuron of
the nPC), and then continued rostrally towards the
thalamus. The existence of neurons with such dissimilar
connections despite virtually identical firing patterns
emphasizes the need to be cautious when interpreting a
neuron’s role on the basis of knowledge about its
discharge pattern alone.
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Functions of the Structure
During periods of drowsiness, VMLBs show an
irregular low-frequency activity. When the subjects
are fully alert, their VMLBs emit high frequency bursts
for saccades whose onset does not differ much from
those of extraocular MNs with vertical on directions;
they precede saccade onset by 5.6 ms, on average
(S.D. = 4.7; range: −4.0–12.8 ms) for UMLBs and 4.6 ms
(S.D. = 4.0; range: −3.9–15.8 ms) for DMLBs.
Depending on the on-direction of the neuron (upward
or downward), VMLB bursts precede saccades with an
upward (Fig. 3a) or downward (Fig. 3b) component.
Finding the on-direction of a VMLB, involves the
statistical analysis of the relationship between its
neuronal discharge and the vector projection of
saccades onto a test direction (φ). To see how this
is done, suppose that their discharge has been sampled
for saccades of horizontal component h, and vertical
component v. From these values the amplitude
ΔE (=(h2 + v2)1/2) and direction θ (=tan−1v/h) of
each saccade is computed. Then the amplitude of their

Burst Cells – Medium Lead – Vertical. Figure 2 Examples of non-premotoneuronal VMLBs. (a, b) Reconstruction
of the axonal system of an intraaxonally HRP injected nPC UMLB (blue; modified from [1], with permission) and
an NIC DMLB (red; modified from [2], with permission). Abbreviations: Aq, aqueduct of Sylvius; E-W, nucleus
Edinger-Westphal; nPC, nucleus of posterior commissure; PAG, periaqueductal gray; PC, posterior commissure;
TH, thalamus. Other symbols and abbreviations as in Fig. 1.
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Burst Cells – Medium Lead – Vertical. Figure 3 Saccade related discharge pattern of VMLBs. (a) DMLB discharge.
(b) UMLB discharge. Upward deflections of the spike train trace (spikes) correspond to one or more spikes.
Abbreviations: H, instantaneous horizontal eye position; V, instantaneous vertical eye position; f, instantaneous firing
rate. (c) Distribution of UMLB and DMLB on-directions.

component ΔEcos(θ−φ) on the test direction (φ) is
computed for all saccades within 90° of φ, and linear
regression analyses are performed between the number
of spikes in the burst (Nb) and ΔEcos(θ−φ), while φ is
rotated systematically between 0° and 360° at 1° or 5°
intervals. The on-direction of the cell is defined as
the one that maximizes the goodness of fit of these
linear regressions. When defined in this manner, the
on-directions of UMLBs vary between 46° and 121°
(Fig. 3c) but, on average, they do not differ significantly
from vertical up. Similarly, the on-directions of DMLBs
vary between 221° and 300° (Fig. 3c), but the average
on-direction for the population (264°) does not differ
significantly from purely down.
Knowledge of the relationship between parameters of
VMLB discharges and parameters of vertical saccades
can help elucidate the neural mechanisms responsible
for the neural control of movement variables. Quantitative descriptions of the relationship between neuron
discharge and saccade metrics was first described for
riMLF VMLBs in the riMLF with the help of the
extracellular recording technique [5]. The strongest
correlation between a parameter of VMLB discharge
and a movement metric is the one between the number
of spikes in the burst (Nb) and the amplitude of the
upward (for UMLBs) or downward (for DMLBs)
component of saccades. An example of such a
relationship is illustrated in Fig. 4a for one DMLB.
Also, the duration of DMLB bursts (Bd) is well
correlated to the duration of saccades (Sd) as illustrated
in Fig. 4b. The constants of proportionality of these

relationships vary for different neurons, as does the
reliability with which Nb and Bd encode the amplitude
of the downward components and the duration of saccades, respectively. Similar relationships apply to UMLBs.
The pattern of termination of single identified vertical
MLBs inside the oculomotor complex indicates that they
do not influence one muscle but at least two different
ones, simultaneously, in a manner that respects the first
corollary of ▶Hering’s “law of equal innervation” [6].
To see how this could be realized in the brain, at least for
vertical saccades, consider that there are four pairs of
synergistic muscles acting in the vertical plane: (i) left
SR-right inferior oblique (IO), (ii) left SO-right inferior
rectus (IR), (iii) left IO-right SR, and (iv) left IR-right SO
(pairs 1 and 2 are innervated by MNs in the right
oculomotor complex, while pairs 3 and 4 are innervated
by MNs in the left oculomotor complex). To implement
Hering’s law, the axonal branches of single excitatory
VMLBs would need to contact both of the MN pools that
supply the two muscles of each pair. The pattern of
DMLB axonal terminations indicates that this is indeed
the case [7]. DMLBs of the left riMLF contact MNs
supplying pair 4 (the IR muscle of the left eye and the SO
muscle of the right eye), while DMLBs of the right riMLF
contact MNs supplying pair 2 (the IR muscle of the right
eye and the SO muscle of the left eye). Since the isofrequency curves of all upward MNs are indistinguishable, each UMLB could contact all four upward MN
pools. This is indeed the case as shown by the pattern of
axonal terminations of single VMLBs visualized with
the help of the intraaxonal HRP injection technique [7].
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premotoneuronal VMLBs. For example, they are
related through the expressions Nb = 0.93ΔV + 8.7
(r = 0.7) and Bd = 1.2Sd-7.1 (r = 0.6) in the case of the
NIC cell illustrated in Fig. 2, and through the
expressions Nb = 0.94ΔV + 5.6 (r = 0.63) and
Bd = 1.33Sd-22 (r = 0.94) in the case of the nPC cell.
The role played by non-premotoneuronal VMLBs
remains speculative. Due to their discharge pattern
and their projections to a nucleus containing UMLBs
(the riMLF), non-premotoneuronal UMLBs of the nPC
are good candidates for playing the role of Resettable
Integrator Neurons (RINs), as postulated in a model of
the upward burst generator [10]. Similarly, because of
their discharge pattern (similar to that of DMLBs), their
location in a nucleus targeted by riMLF DMLBs (the
NIC) and their projections to a nucleus containing
DMLBs (the riMLF), DMLBs of the NIC are the only
candidates known to date that could play the role of
Inhibitory Feedback Neurons (IFNs), the existence of
which was predicted for the horizontal burst generator
by Scudder [11]. On the other hand, the average firing
rate of about 50% of all NIC DMLBs of the cat is well
correlated with the average downward smooth pursuit
velocity of the eyes [8], and thus such neurons could
underlie the confluence of saccade and smooth pursuit
commands.
Burst Cells – Medium Lead – Vertical.
Figure 4 Relationship between parameters of DMLB
discharge and saccade metrics. (a) Plot of the number of
spikes in the burst (Nb, ordinate) versus amplitude of
downward saccades (ΔV, abscissa). The solid line is the
linear regression line for downward saccades (solid
circles) and obeys the expression Nb = −1.5ΔV + 4
(r = 0.86). (b) Plot of saccade duration (Sd, ordinate)
versus burst duration (Bd, abscissa). The solid line is the
linear regression line for downward saccades (solid
circles) and is described by equation Sd = 0.53Bd + 23.8
(r = 0.84).

The pattern of terminations of premotoneuronal VMLBs
contrasts with the case in the horizontal system where one
additional cell, the abducens internuclear one, must
convey to medial rectus MNs a copy of the inputs
received by lateral rectus MNs.
The NIC is also known to contain VMLBs. As in
squirrel monkeys, only downward neurons have been
found in the cat [8], while both upward and downward neurons have been found in macaques [9]. The
saccade related discharge pattern of non-premotoneuronal DMLBs of the NIC does not differ in any obvious
manner from that of riMLF premotoneuronal DMLBs.
Parameters of their discharge (Nb, Bd) are as well
correlated with saccade metrics (vertical component
size, ΔV, and saccade duration, Sd) as that of

Higher Order Function
The discharge patterns, synaptic relationships and
pattern of distribution of boutons of the inhibitory and
excitatory premotoneuronal VMLBs is such as to
provide the appropriate combination of synergist
motoneurons (as prescribed by macroscopic laws such
as Hering’s law) with the input signals they need to
generate discharges with the appropriate frequency
content while inhibiting the appropriate combination of
antagonistic motoneurons. On the other hand, the
discharge patterns, synaptic relationships and pattern
of distribution of boutons of non-premotoneuronal
VMLBs is that required of neurons embodying
the feedback paths of the relevant control loops. The
more general importance of VMLBs in oculomotor
control is indicated by the fact that their destruction
leads to vertical gaze palsy, a syndrome also known as
Parinaud’s [12]. Consistent with the presence of
UMLBs in the nPC and the course of their axons in
the PC, lesions of this nucleus and of the posterior
commissure in humans (usually due to pinealomas
or thalamic gliomas) cause paralysis of upward gaze
[12]. Also, consistent with the fact that it contains
both DMLBs and UMLBs, damage of the riMLF-NIC
region often results in paralysis of downward gaze,
either alone[13] or together with upward gaze paralysis
[14], in both the diseased human and the animal
preparation.
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Quantitative Measure for this Structure
Besides detailed quantitative descriptions of the pattern
of their discharge, as illustrated in the examples provided above, there is a wealth of quantitative information regarding morphological features of VMLBs in
several species. For example, the size and spatial
distribution of the riMLF neurons projecting to the
motoneuron pools of single extraocular muscles,
and the proportion of the total riMLF population
each of them comprises (22%), has been described in
rhesus monkeys [15] as has the distribution and relative
frequency of riMLF neurons projecting to different
oculomotoneuron pools of the cat [16]. Also, the 3D
spatial distribution of the terminals deployed in the
oculomotor complex by single functionally identified
VMLBs has been described in squirrel monkeys [7].

13. Bender MB (1980) Brain control of conjugate horizontal
and vertical eye movements. A survey of the structural
and functional correlates. Brain 103:23
14. Büttner-Ennever JA, Büttner U, Cohen B, Baumgartner G
(1982) Vertical gaze paralysis and the rostral interstitial
nucleus of the medial longitudinal fasciculus. Brain
105:125
15. Horn AKE, Büttner-Ennever JA (1998) Premotor neurons for vertical eye movements in the rostral mesencephalon of monkey and human: histologic identification
by parvalbumin immunostaining. J Comp Neurol
392:413
16. Wang S-F, Spencer RF (1996) Spatial organization of
premotor neurons related to vertical upward and
downward saccadic eye movements in the rostral
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Burst Cells – Short Lead in Eye
Movement
Definition
The term is usually synonymous with medium-lead
burst neurons, but was originally set aside to refer to
ocular motoneurons. When it became clear that no
motoneurons exhibit burst-only discharges, but rather
all exhibit burst-tonic discharges when adequately
tested, there was a brief effort to replace the term
“medium-lead” with “short-lead” when referring to
burst neurons. They include excitatory and inhibitory
burst neurons.
▶Brainstem Burst Generator
▶Burst Cells – Medium Lead – Horizontal
▶Burst Cells – Medium Lead – Vertical
▶Saccade, Saccadic Eye Movement

Burst Generator in Eye Movement
Definition
The group of neurons that creates the intense discharge
of action potentials (burst) in motoneurons that, in turn,
results in a saccadic eye movement.
▶Brainstem Burst Generator
▶Saccade, Saccadic Eye Movement

Burster-Driving Neurons

Burst Stimulation
Definition
Burst stimulation is electrical stimulation imitating the
irregular firing pattern of nerve fibers such as those
involved in salivary gland autonomic innervation.
Applying high frequencies in bursts may result in
increased release of VIP with augmented secretory and
vasodilator responses compared to the responses
obtained with continuous stimulation at a low frequency delivering the same total number of shocks.

Burster-Driving Neurons
T OSHIHIRO K ITAMA
Center for Life Science Research, University of
Yamanashi, Yamanashi, Japan

Synonyms
BDNs

Definition
Burster-driving neurons (BDNs) are located within
and immediately below the nucleus prepositus hypoglossi (NPH), in the cat. BDNs receive a short latency
excitation from the vestibular nerve and show ▶type II
response during natural vestibular stimulation by head
rotation. BDN axons cross the midline to project to the
region where the premotor burst neurons are located,
and make monosynaptic excitatory connections with
the ▶excitatory burst neurons (EBNs) and ▶inhibitory
burst neurons (IBNs) [1]. BDNs show irregular tonic
discharges during fixation and exhibit a burst of spikes
associated with quick phases of nystagmus and
saccades in the contralateral direction [1,2] (the terms
“contralateral” and “ipsilateral” are here defined with
respect to the side of the cell soma). The burst discharge
of BDNs resembles that of long-lead burst neurons and
contains information required to control the metrics of
rapid eye movements. BDNs also receive excitatory
input from the ipsilateral ▶superior colliculus (SC) [2].

Characteristics
Firing Characteristics of BDNs
BDNs were first described as neurons that mediate
an excitatory input from the ▶labyrinth (▶vestibular
labyrinth) to burst neurons [1]. They are activated with
short latencies (1.4–2.7 ms) after electrical stimulation
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of the contralateral vestibular nerve, indicating that the
shortest pathway from the contralateral labyrinth to
BDNs is disynaptic (Fig. 2a and b). The axons of BDNs
have been shown to cross the midline to terminate in
the contralateral EBN and IBN areas and to make
monosynaptic excitatory connections with the premotor
burst neurons, EBNs and IBNs [1]. BDNs are located in
the NPH and the underlying medullary reticular formation in the cat (their spikes can usually be recorded in
the region approximately 1.0–2.5 mm caudal to the
abducens nucleus, 1.0–1.5 mm from the midline, and
0.5–1.5 mm below the surface of the fourth ventricle).
BDNs are spontaneously active in the light and in the
dark, and display irregular tonic firing during fixation
periods. The firing rate of BDNs during periods of
fixation is not significantly correlated with horizontal or
vertical eye position. In response to natural vestibular
stimulation by head rotation in horizontal plane, they
exhibit type II responses of Duensing and Schaefer [3]
(Fig. 1a). When ▶vestibular nystagmus is induced
by head rotation, BDNs exhibit a high-frequency
burst of spikes associated with contralateral quick
phases, and are slightly suppressed during ipsilateral
quick phases of large amplitude (Fig. 1b and c). A
similar response pattern is found during ▶optokinetic
nystagmus. BDNs increase their tonic discharges with
surround motion directed to the ipsilateral side and
exhibit a burst in association with contralateral quick
phases. The tonic firing rate decreases when the
direction of surround motion is reversed. BDNs also
emit a burst of discharges for contraversive spontaneous
saccades both in the light and in the dark (Fig. 1d).
BDNs are therefore characterized by burst activity for
all rapid eye movements having a contraversive
component, regardless of how these eye movements
are induced.
During bursts, the firing rate of BDNs begins to
increase steeply 20–40 ms before the onset of saccades
(Fig. 1e) [2]. In many cells, the intense portion of the
bursts is preceded by a slow rise of firing rate that
begins 100–150 ms before the onset of saccades. The
number of spikes in the intense bursts has been shown
to linearly increase with the amplitude of the contralateral horizontal component of rapid eye movement
(Fig. 1f ). Similar slopes of regression lines are observed
for saccades and quick phases of nystagmus, suggesting
that the functional role of BDNs is similar for both
kinds of rapid eye movements. The average slope of
the regression line pooled for both kinds of rapid eye
movements is 1.14 spikes/deg, which is similar to that
previously reported for cat EBNs and IBNs (0.74 and
1.47 spikes/deg, respectively [4]). Significant correlation is also found between the mean firing rate in the
burst and the mean contralateral component velocity
(average slope of the regression line is 0.82 (spikes/s)/
(deg/s)).
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Burster-Driving Neurons. Figure 1 Firing pattern of BDNs (a–d) and characteristics of BDN burst (e–f). (a) type II
response of a BDN to sinusoidal horizontal rotation in light at 0.5 Hz. Horizontal eye position (H) and firing rate (FR)
are averaged over eight stimulus cycles. Superimposed sine wave indicates best-fitting response fundamental
calculated by the least-squares method. The firing rate is modulated approximately sinusoidally in phase with
contralateral head angular velocity. (b–d) sample records from a BDN showing activity during nystagmus and
spontaneous saccades. Traces indicate, from top to bottom, spike activity, its instantaneous firing rate (FR), and
horizontal (H) and vertical (V) eye position. Nystagmus is induced by contralateral (b) and ipsilateral (c) head rotation
in light. A difference in background firing rate between (b) and (c) shows type II response to head rotation. (e) burst
activity of a BDN associated with saccades. Traces indicate averaged horizontal eye position (top), raster of spike
activity (middle), and averaged instantaneous firing rate (bottom) for five saccades with similar amplitudes (15°–20°)
aligned on the onset of saccades. Vertical broken lines indicate the onset and the end of saccades. Horizontal bar
below eye position trace indicates the period over which the number of spikes was counted. (f) relationship between
the number of spikes in the burst and the amplitude of horizontal component of rapid eye movement for a BDN. The
correlation for contralateral component is highly significant (r = 0.86, p < 0.001). The slope of regression line: 1.28
spikes/deg (from Ref. [2]).

The similar burst firing properties of BDNs and
▶medium-lead burst neurons (MLBNs) suggest that
BDNs provide burst neurons with appropriate information for the direction, amplitude, and velocity of rapid

eye movements. The ON direction of MLBNs is
ipsilateral, which is consistent with a crossed projection
of BDNs to burst neurons. In contrast, during fixation
periods or slow phases of nystagmus, EBNs and IBNs

Burster-Driving Neurons

show no spontaneous discharges, whereas BDNs are
spontaneously active and display irregular tonic firing.
This difference may be caused by tonic inhibition from
omnipause neurons (OPNs) acting on MLBNs, but
probably not on BDNs.
In addition to the vestibular modulation of their tonic
firing, BDNs sometimes show a burst of spikes even
during fixation periods. Visual stimulation, such as the
abrupt presentation of an object in the contralateral
visual field, induces a brief burst of spikes even in
the absence of any eye movement [2]. The latency of
such bursts is 30–40 ms after the onset of visual
stimulation. When a saccade is induced in response to a
visual stimulus, BDNs exhibit a burst consisting of
early visual and later saccade-related components,
although the transition from the early to later responses
is not always distinct. Similar neuronal responses have
been observed in the deeper layers of the SC [5]. It may
be suggested that collicular efferent signals impinging
on BDNs arise from visually responsive deep layer
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neurons, which also discharge before saccades. Indeed,
BDNs receive excitatory input from the SC (see below).
Afferent Organization of BDNs
Moreover, there are several reasons to think that BDNs
could be a site of interaction between saccadic signals
and vestibular signals. As described above, BDNs
display vestibular type II responses during head rotation
and are activated disynaptically from the contralateral
vestibular nerve [1,2], suggesting that BDNs receive
excitatory input from ▶type I secondary vestibular
neurons on the contralateral side (Fig. 2e). Among
various functional types of vestibular nucleus neurons,
those which modulate their firing approximately in
phase with head angular velocity and have no significant correlation to eye position during fixation
would be candidates for supplying the BDNs. BDNs
also receive input from the ipsilateral SC [2]. BDNs are
excited di- or trisynaptically after single-pulse stimulation of the ipsilateral SC (the latency of the induced

Burster-Driving Neurons. Figure 2 Response of BDNs to stimulation of the vestibular nerve and the SC (a–d), and
input-output connections of BDN (e). (a) response of a BDN to stimulation of the contralateral vestibular nerve (five
superimposed traces). (b) latency histogram of excitation induced from the contralateral vestibular nerve for 87
BDNs. (c) response to stimulation of the ipsilateral SC (five superimposed traces). Same cell as in (a). (d) latency
histogram of excitation induced from the ipsilateral SC for 85 BDNs. (e) only excitatory connections relating to
rightward (contralateral to BDN) rapid eye movement are shown. Mn, abducens motoneuron; EBN, excitatory burst
neuron; IBN, inhibitory burst neuron; BDN, burster-driving neuron; HC, horizontal semicircular canal; SC, superior
colliculus; Type I VN, type I secondary vestibular neurons. Intercalated neuron(s) along the pathway from SC to BDN
(dotted lines) have not been identified (From Ref. [2]). Monosynaptic connections of SC efferent neuron to EBN and
IBN have been suggested in the cat.
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spikes ranges from 1.7 to 3.5 ms) (Fig. 2c and d).
The crossed descending pathway through the predorsal
bundle is likely to mediate the collicular excitation of
BDNs (Fig. 2e), because electrical stimulation of the
contralateral predorsal bundle can activate BDNs with a
slightly shorter latency (shortest latency: 1.5 ms) than
that following collicular activation [2]. No short-latency
excitation is induced from the contralateral SC. Neurons
that transmit collicular effects to BDNs have not been
identified, but may be located in the pontomedullary
reticular formation or the NPH on the contralateral side
where collateral axons of ▶tecto-reticulo-spinal neurons
terminate. ▶Long-lead burst neurons (LLBNs), which
show a prelude of activity similar to that of BDNs, are
known to receive monosynaptic excitation from the
contralateral SC in the monkey [6], and might provide a
relay station. However, the pathway from LLBNs to
BDNs has not been verified.
The response of BDNs to ipsilateral SC stimulation
is greatly affected by head rotation [2]. Collicular
activation of BDNs is facilitated during contralateral
head rotation and suppressed during ipsilateral rotation
as compared with their response in the absence of
rotation. The latency of the response becomes shorter
during contralateral rotation than during ipsilateral
rotation. Convergence of afferent inputs from the
contralateral horizontal ▶semicircular canal and the
ipsilateral SC makes sense in terms of the generation of
spike bursts in BDNs, since activation of both afferents
leads to the induction of rapid eye movements to the
contralateral side. In view of the convergence and
interaction of vestibular and collicular inputs to BDNs,
it seems likely that their saccade related burst discharges are also affected by inputs from the horizontal
semicircular canal, resulting in modulation of the
amplitude of saccades induced by SC stimulation.
It has been shown that the amplitude of the horizontal
component of saccades evoked in response to stimulation of the SC in the cat is larger during contralateral
and smaller during ipsilateral head rotation than in
the absence of rotation [7]. Similar effects of rotation on
SC-induced saccades have also been reported in the
monkey [8]. As the interaction between saccade signals
and the vestibular signals takes place at the level of
BDNs, changes in the excitability of BDNs would
modify the mode of interaction between eye and head
movements.
The firing characteristics and connections of BDNs
described above are based on experiments concerning
the horizontal system controlling rapid eye movements.
In the vertical system, putative BDNs with a downward
ON direction have been reported in the region of the
interstitial nucleus of Cajal in the cat [9]. However,
similar populations of BDNs have not been found in
either the horizontal or the vertical system of the
monkey despite extensive searches [10]. The fact that

different results were obtained in these two species
might be due to the different strategies they employ
during eye-head coordination.
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Bursting
Definition
The endogenous ability of a neuron to oscillate in
membrane potential and to fire rhythmic bursts of action
potentials. This is a voltage-dependent mechanism,
based on the set of active voltage-dependent currents
expressed by the neurons. Some neurons can only burst
in the presence of specific neuromodulators: these are
conditional bursting neurons.
▶ Action Potential
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Synonyms
Bursting neurons; Pacemaker neurons

Definition
A pacemaker neuron is a neuron with the intrinsic
ability to generate rhythmic bursts that emerge through
voltage- and time-dependent ion fluxes. These ion
fluxes give rise to rhythmic membrane fluctuations that
are defined as “drive potentials” or “▶pacemaker
potentials.” The ion fluxes leading to drive potentials
are carried by sodium, calcium, and/or non-specific
cations, but there are also other ionic conductances
contributing to the shape and frequency of these
potentials. The drive potentials can, but do not always,
give rise to a series of action potentials. A drive
potential that gives rise to action potentials is called a
“burst.” The ability to generate pacemaker activity is a
universal property of many cell types and is not
restricted to neurons. Pancreatic beta cells, gut cells,
oocytes and cardiac myocytes are well-known cells
with pacemaker properties.

Characteristics
Quantitative Description
The identity of a pacemaker neuron is not necessarily
genetically determined, as many non-pacemaker neurons
can be turned into pacemaker neurons by just modulating
the strength of their ion channels. Conversely, pacemaker
neurons can also become non-pacemakers. Such transformations may be more common in the nervous system
than generally appreciated. For example, the discharge
patterns of neocortical and thalamic neurons change
dramatically during the transition from wake to sleep
[1,2], and there are numerous other examples in which
neurons can loose or attain pacemaker properties.
Mechanistically, this is not surprising as the ion channels
that give rise to pacemaker properties are continuously
modulated by ▶neuromodulators, such as amines and
peptides. A neuron that generates pacemaker activity only
in the presence of a neuromodulator is called a “▶conditional pacemaker.” However, the term “conditional
pacemaker” is not always used in a very strict manner.
Neurons are sometimes referred to as “conditional
pacemaker” if they generate pacemaker activity only at
certain de- or hyperpolarizing membrane potentials. For
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example, relay neurons in the thalamus are tonically
active at depolarized membrane potentials, and intrinsically bursting when hyperpolarized [1]. To use the term
“▶conditional pacemaker neuron” in this context is
justified, as not only current injections, but also different
neuromodulators can change the mode of these neurons
[1]. The more we learn about pacemaker neurons, the
more we realize how flexible their properties are. In fact, it
may well be that all pacemaker neurons are conditional in
one way or the other.
The major challenge in demonstrating that a neuron
is a pacemaker is to show that the rhythmicity recorded
in a neuron is generated intrinsically, and is not the
result of rhythmic synaptic input that emerges through
network interactions. This can be achieved in several
different ways, but most methods have certain caveats.
For this reason, different mechanical, electrophysiological and pharmacological approaches are usually
combined. One approach is the acute mechanical
dissociation of portions of the CNS that yields isolated
neuronal cell bodies. These cell bodies may or may not
contain the ion channels required for the expression of
pacemaker properties, which are often located in the
dendrites. Long-term culture of isolated neurons will
lead to the recovery of dendritic arborizations. However, these dendrites may have different ion channels from
those of the original neuron, which will potentially alter
the activity patterns of these neurons. A very elegant
method to isolate pacemaker neurons without damaging
dendritic processes is the ▶photo-inactivation technique [3]. Fluorescent dyes are injected into all cells that
provide synaptic input to a putative pacemaker neuron.
Upon illumination by a laser beam or ultraviolet light
source, injected neurons die leaving the putative
pacemaker neuron intact and isolated. This technique
has been successfully used in the stomatogastric
ganglion of crustaceans. However, this approach is
not very useful for investigating pacemaker neurons in
the much larger mammalian neuronal networks. Thus,
most studies in the mammalian nervous system employ
pharmacological approaches to isolate pacemaker
neurons [1,4,5]. By exogenously applying neurotransmitter antagonists, it is possible to block inhibitory and
excitatory neurotransmission, thereby blocking possible rhythmic synaptic inputs. The pharmacological
approaches are usually combined with electrophysiological approaches that take advantage of the
voltage-dependency of ion channels [5]. Brief de- or
hyperpolarizing current injections can reset ongoing
pacemaker activity by advancing or delaying the
generation of a pacemaker burst. Long-lasting de- or
hyperpolarizing current injections can accelerate or
slow the frequency of pacemaker activity. Brief depolarizing current pulses can prematurely trigger, while
hyperpolarizing current pulses can prematurely terminate ongoing pacemaker bursts.

B

522

Bursting Pacemakers

Higher Level Structures
Pacemaker neurons are found throughout the nervous
system [6]. In fact, the majority of neuronal networks
generate rhythmic activity, including the networks within the spinal cord, medulla, neocortex, basal ganglia,
thalamus, locus coeruleus, ventral tegmentum area (VTA),
hippocampus and amygdala. Neuronal structures that
generate rhythmic activity are associated with sleep,
wakefulness, arousal, motivation, addiction, memory
consolidation, cognition and fear. However, in many
cases it is unclear how the rhythmicity in general and
how pacemakers in particular contribute to these higher
brain functions. While it is easy to imagine how
strengthening synaptic interactions could engrave
memory, it is less easy to understand how rhythmicity contributes to memory, arousal, motivation, or
addiction [6].
Lower Level Components
The ionic mechanisms that give rise to pacemaker
activity are very heterogeneous, and typically involve a
complex interaction between voltage-dependent and
voltage-independent components of ion channels within their intra- and extracellular environment [7]. In
general, a neuron depolarizes and ultimately bursts
either in response to the activation of inward currents
that are carried by sodium and/or calcium ions, or in
response to the cessation of outward currents that are
carried by potassium ions. The inward currents include
the hyperpolarization-activated current (Ih current), the
persistent sodium current, various low- and highvoltage activated calcium currents and the ▶calciumactivated non-specific cation (CAN) current [7]. The
ongoing burst is commonly terminated by either of two
principal ionic mechanisms. (i) The channels responsible for the inward current inactivate. An example is
the inactivation of the T-type calcium channel, which
leads to burst termination of thalamic relay neurons [1].
(ii) The calcium or sodium influx during the ongoing
burst can activate calcium- or sodium-dependent
potassium currents that hyperpolarize the membrane
and thereby terminate the burst. The hyperpolarization
caused by these outward currents can subsequently
activate the Ih inward current, which will slowly
depolarize the pacemaker neuron to initiate the onset
of the next burst. However, the onset of the next burst
can also be caused by other ionic mechanisms. Possible
mechanisms include voltage-independent intracellular
signals, and slow activation or inactivation properties
of inward or outward currents.
Structural Regulation
There is no characteristic anatomical structure that
defines a pacemaker neuron. Similarly, there are many
different discharge patterns that characterize a pacemaker neuron, and pacemaker neurons with different

shapes and discharge patterns are found throughout the
CNS. “Irregular-” and “regular-bursting” neurons are
differentiated by the regularity of the burst periodicity.
A “one-spike bursting neuron” generates a single action
potential per drive potential. Such a neuron is sometimes called “beater neuron.” Given that rhythmic drive
potentials can arise through a variety of ionic mechanisms, it is not surprising that the same anatomical
region may contain different types of pacemaker
neurons. In the neocortex, “fast rapid bursting” (FRB)
neurons or “chattering neurons” generate fast-rhythmic
drive potentials that give rise to one or two action
potentials per drive potential [2]. The “intrinsic bursting
neurons” of the neocortex on the other hand generate
bursts that consist of many action potentials. The fact
that the same anatomical region contains more than one
type of pacemaker neuron is not the exception, but
presumably the rule [4,7,8]. It is assumed that different
types of pacemaker neurons play different roles in
the generation of network activity, an issue of much
ongoing research [2,4,9]. This complexity is not unique
to the nervous system: cardiac pacemakers for example
are also very diverse.
Higher Level Processes
Pacemaker neurons are embedded in complex neuronal
networks. Hence, there are many synaptic and modulatory processes that govern the activity of a pacemaker
neuron. Many principle insights into the interactions
between pacemaker neurons, synaptic transmission and
neuromodulators were gained from studying small
neuronal networks of invertebrates. These networks
exhibit the full complexity of larger networks, yet due
to the relatively small number of neurons are amenable
to rigorous cellular and systems level analysis. In
invertebrates, it is possible to study the contribution of
well-defined pacemaker activity to the overall network
output in intact behaving animals, and also in completely isolated portions of the nervous system, such as
the stomatogastric ganglion of crustaceans [3,7,8]. By
manipulating the activity of a single pacemaker neuron,
it is often possible to reset the activity of an entire
neuronal network. Although, this is also possible in the
mammalian whisker system, most mammalian neuronal
networks will not respond to changes in the activity of a
single neuron. Nevertheless, major advances into the
functional role of pacemaker neurons are also increasingly being gained in the mammalian nervous system.
Various mammalian preparations are now available that
are amenable to a rigorous cellular and systems level
analysis. Intracellular studies are routinely performed
in intact behaving animals [2,10] as well as brain slices
[1,4,5,9] in which rhythm generating networks are
functionally isolated. These isolated neuronal networks
continue to generate spontaneously rhythmic activity,
which is consistent with the definition of a ▶central
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pattern generator (▶CPG). ▶CPGs are neuronal networks that are capable of generating a specific rhythmic
activity that is characteristic of a specific behavior even
in the absence of rhythmic afferent feedback. For the
mammalian respiratory network, it has been demonstrated that following isolation an area called the
▶pre-Bötzinger complex is still capable of generating
three specific rhythmic activities that have many
characteristics of normal respiratory activity (eupnea),
gasping and sighing [4]. Pacemaker neurons within the
respiratory network differentially contribute to the
generation of these activity patterns [4]. These studies
further confirmed the notion that neuronal networks are
not hard-wired, but that they undergo considerable
▶reconfiguration as the behavioral, environmental and
metabolic conditions change [4].
Lower Level Processes
Neuromodulators play a critical role in modulating the
cellular events that govern the discharge pattern of a
pacemaker neuron. Endogenously released neuromodulators can phosphorylate voltage-dependent ion channels, or alter second messenger pathways and
intracellular calcium thereby changing ion channel
properties. This complex interplay between neuromodulators, the intracellular milieu and voltage-dependent ion
fluxes will significantly alter pacemaker activity. In doing
so, neuromodulators can determine the burst frequency,
amplitude and shape of the drive potential [7,8].
Neuromodulators are also responsible for the fact that
the pacemaker property itself is not a fixed property.
Function
Various functions have been ascribed to pacemaker
neurons. Pacemaker neurons can have a variety of
inhibitory or excitatory effects on other neurons, and/or
on non-neuronal cells such as muscle cells [7,8]. In
doing so, pacemaker neurons can release fast neurotransmitters, neuromodulators as well as neurohormones. Pacemaker bursts may entrain the activity of
neuronal ensembles, thereby giving rise to rhythmic
network activity. In this scenario, an individual pacemaker neuron or a group of pacemaker neurons will
theoretically act as the rhythmic driver of a given
neuronal network. However, pacemakers are typically
embedded in neuronal networks, and therefore pacemaker activity itself will be influenced by synaptic
inputs. Thus, in general, pacemaker activity will not
only drive network activity, but will in turn be driven by
synaptic inputs. Thus, assigning a specific function to a
pacemaker neuron becomes difficult if not impossible.
Many different scenarios are realized in invertebrate
and vertebrate neuronal networks. Tonic excitatory or
inhibitory synaptic inputs can determine the frequency
of pacemaker activity. Excitatory synaptic input can
prematurely trigger pacemaker activity, which means
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that synaptic inputs can determine the timing of pacemaker activity. A pacemaker burst can act as a nonlinear amplifier of synaptic excitatory inputs, while
synaptic inhibitory inputs can act as leak currents that
will greatly suppress pacemaker activity.
Process Regulation
The number, the types of pacemakers, and the degree
of their bursting properties in a functional neuronal
network will be continuously regulated by neuromodulators and synaptic interactions. Consequently, the
contribution of pacemaker properties to the overall
network output will not be fixed [4]. By altering, for
example, the number of active pacemaker neurons, a
network can assume different configurations that can
lead to different network outputs. These complex modulatory interactions imbue neuronal networks with a
high degree of plasticity. This is an essential prerequisite for generating a rhythmic behavior that has to
continuously adapt to changes in behavioral, environmental and metabolic conditions.
Pathology
It has been hypothesized that the induction of pacemaker
properties may play an important role in epileptogenesis.
Indeed, the number of intrinsic bursting neurons is
significantly increased in seizing tissue [2]. Conversely,
the suppression of pacemaker properties may lead to
the failure of gasping, and possibly ▶Sudden Infant
Death Syndrome [4].
Therapy
Consistent with the hypothesis that induction of
pacemaker properties may contribute to the generation
of seizure activity, is the fact that many anti-epileptic
drugs act on sodium and calcium currents that contribute to the generation of pacemaker activity. Consequently, a better understanding of the ionic basis
of pacemaker activity and their modulation may be
an important step towards developing rational therapies
for various neurological disorders including epilepsy.
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and tonic components each have a preferred direction,
which are typically the same, e.g., bursting only for
leftward saccades and increasing tonic discharge for
increasing leftward eye position. Prototypical burst/
tonic neurons include motoneurons that innervate the
extraocular muscles. These neurons exhibit a decline in
firing for saccades opposite to the preferred direction,
but this is not an essential part of the burst-tonic
discharge. Burst-tonic neurons are found in several
other parts of the brain in addition to the ocular-motor
(III, IV, VI) nuclei.
▶Brainstem Burst Generator
▶Saccade, Saccadic Eye Movement
▶Smooth Pursuit Eye Movements

Bushy Cells
Burst/Tonic Cells (BTNs)
Definition
Definition
Combine the firing properties of burst neurons and tonic
neurons, i.e., they discharge a burst of activity at the
time of saccadic eye movements and have a “tonic”
discharge during fixations or smooth eye movements
that covaries with eye angular position. Both the burst

Neurons in the ventral cochlear nucleus that receive
calyces of Held from auditory nerve fibers and project
to the superior olive.
▶Calyx of Held Synapse
▶Cochlear Nucleus
▶Superior Olive

