Neurons and Sensory Receptors

INTRODUCTION

Virtually all animal cells react in some way to the physics
and chemistry of the environments that they inhabit. Some
multicellular animals, however, have evolved a special network
of cells (neurons) that have the ability to communicate with
specific groups of other neurons in a highly precise manner.
This cellular communication network is the nervous system.
Among the advantages of a nervous system are that it is able
to take information about the surrounding environment and
process it in some way before the animal reacts. This processing
provides the animal with options such as to respond or not
respond to a stimulus, or to respond one way or another way. In
addition, a nervous system offers the ability to store information
about the consequences of a particular response to a particular
environmental stimulus; this information can then have an im-
pact on the course of future action when a similar stimulus
next occurs. Because of the wide range of chemical and physical
events that are of importance to animals, certain neuron or
neuron-like cells became specialized for the detection of these
stimuli, such as light, pressure, chemical, and temperature de-
tectors. These nervous system specializations, known as recep-
tors, along with specializations of various body parts, permitted
animals to enter and exploit new regions of the environment.
To the extent that these explorations were successful, they led
to further specialization and adaptation.

In this chapter we will examine some of the fundamentals
of the anatomy of neurons and receptors as individual elements
of the nervous system. In subsequent chapters we explore the
organization of these elements into neuronal systems. Among
these systems are

*+ Sensory systems that acquire information about the exter-
nal and internal environments.
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* Integrative systems that process the incoming information,
evaluate this information, often in the context of past expe-
rience, and make decisions for action or inaction, depend-
ing on the circumstances.

* Motor systems that convert decisions into commands for
action (or inaction) by effector organs (muscles and
glands).

* Coordinating systems that organize the patterns of com-
mands to the effector organs, especially muscle groups, to
assure that the individual effector organs or groups of
organs operate on the environment in a smooth, efficient,
and orderly way.

THE NERVOUS SYSTEM

The nervous system, like all organs of the body, is made
up of cells. Like many organs, the nervous system contains
more than one specialized type of cell. Unlike other systems
of the body, however, the nervous system has a great variety
of cell types and sizes arranged in highly specific ways, which
are fundamental to the operation of the nervous system. Indeed,
these highly specific relationships between its cellular constit-
uents are what give the nervous system its unique character,
which permits us to have automatic central control over our
internal organs, to sense the external and internal environments,
to remember, to think, to communicate, and so 6n. These func-
tions depend on precise interconnections between specific cell
populations. In no other biological system, does the functioning
of that system depend on such precise and rapid communica-
tion between one particular cell and another. Moreover, the
sequences in which the cells communicate is fundamental to
the way in which the nervous system functions. If, for example,
these relationships are interfered with by injury, disease, or
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developmental malformation, important visceral and behavioral
functions that the nervous system performs will be im-
paired.

Another major difference between the nervous system and
other organs is the distance over which many of the cellular
components communicate. In large animals such as humans,
whales, elephants, and giraffes, the distances over which a
single neuron communicates with other neurons can be a meter
or more. In addition, in these large creatures, the lengths of
the cells that carry information from the body surface to the
nervous system and those that carry the nervous system’s com-
mands to the muscles can be many meters in length.

The cells of the central nervous system fall into two broad
categories: neurons and glia. The neurons are the communica-
tion and information-processing elements of the nervous sys-
tem. The glia are support elements; they protect and nurture
the neurons and may play a subtle role in the processing of
information. In addition to its cells, the nervous system contains
a rich supply of blood vessels to bring oxygen and nutrients
to the cells and to remove waste products.

Neurons communicate with each other by means of signals
that are mostly chemical, sometimes electrical, and occasionally
a mixture of the two. When the communication must be carried
out at a distance, the transmission of the signal along the length
of the neuron is carried out by means of an electrochemical
process known as the nerve impulse or action potential. Be-
cause so much of the mechanism of transmission of the signal
from cell to cell is by means of the rapid secretion of chemicals
into the minute space between cells, neurons may have evolved
from secretory cells that became specialized for secretion to
one particular cell rather than to any cells that happen to be
in its vicinity. As the nervous system grew in size and neurons
became spatially separated, they developed the capability to
maintain their specific-cell-to-specific-cell contacts over larger
and larger distances.

Because the nervous system is the organ of behavior, it
must acquire information about the external world and the
condition of internal organs and systems. This information is
acquired by means of specialized cells called sensory recep-
tors. Many receptors are specialized neurons; others are
neuron-like cells that have a number of properties in common
with neurons and are innervated by neurons that relay the
sensory signals to the central nervous system.

The following sections contain a brief description of some
characteristics of neurons and receptors that will be especially
useful for readers of this book. We assume that the reader
already has a basic familiarity with the structure of neurons,
their component parts, and the basic principles of axonal con-
duction and synaptic transmission. Readers who lack this back-
ground or wish to refamiliarize themselves with it will find a
separate listing of introductory works on these subjects at the
end of this chapter.

THE COMPONENTS OF NEURONS
AND SENSORY RECEPTORS

The main components of the neuron are the cell body or
soma, and its processes or outgrowths, the axon with its axon

nucleus

terminals, and the dendrites with their dendritic branches and
spines. Each of these components can be found in a seemingly
endless variety of configurations. Figure 2—1 shows some exam-
ples of the variety of neuron types. In each of the examples,
the arrows indicate the direction of flow of the nerve impulse.
The neuron shown in Figure 2—1(A) shows the main compo-
nents. The star-shaped, solid black region represents the soma,
which consists of a cell membrane that contains cytoplasm and
the nucleus.

The large extensions or processes that give the soma its
star shape are the dendrites. The dendrites themselves may
have further processes extending from them and are known as
dendritic branches. These branches in turn often subdivide
further into smaller and smaller branches until they take on the
appearance of a leafless tree in winter. The soma and its den-
dritic tree are the most frequent points of contact between a
neuron and those other neurons that are sending their commu-
nication signals to it. The size and shape of the soma can vary
enormously among neuron types. The soma may be as small
as a few micrometers (um) to more than a millimeter (mm),
as in the giant cell of Mauthner, which is discussed in Chapter
8. It may be star shaped, as in the example, or it may have
many other forms, such as that of a pyramid (pyramidal cell),
a pear (piriform cell), or a spindle (fusiform cell). Dendrites
can vary in length from a fraction of a micrometer to many milli-
meters.

Also projecting from the soma is the axon, which is the
component of the neuron that permits long-distance communi-
cation. Often axons are also referred to as “nerve fibers” or
simply fibers. In this book, we will use the terms axons and
fibers interchangeably. The axon leaves the soma from a gentle
swelling called the axon hillock and travels over distances that
can vary greatly among cell types from a few micrometers to
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FIGURE 2-1. Examples of three types of neurons. (A) A typical motor
neuron with a roughly star-shaped soma, dendrites, axon, and axon termi-
nals. (B) A typical sensory neuron with a pear-shaped soma that is separated
from the axon by a stem. This type of neuron does not have dendrites.
(C) A receptor neuron, in this case a photoreceptor from the retina, that
has neither an axon nor dendrites.
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a meter or more. Most axons remain within the central nervous
system and terminate on interneurons, which constitute the
overwhelming majority of neurons in the central nervous sys-
tem.! But some axons leave the nervous system and end on
muscles or glands; these axons are called effectors or motor
neurons. The neuron illustrated in Figure 2—1(A) is typical of
motor neurons that control muscles of the skeleton. Its axon
would leave the central nervous system and travel to a muscle
where it would divide in a series of branches before terminating
on the muscle fibers.

Not all neuron somata (plural of soma) have dendrites,
however. Figure 2—1(B) illustrates a different neuron type that
has no dendrites on its soma. Indeed, it has no dendrites at all,
in the conventional sense. Its principal source of stimulation is
not another neuron at all, but rather is some event outside of
the central nervous system. It is a sensory receptor neuron and,
like the effector neuron in Figure 2—1(A), it too has most of its
extent in the environment outside of the central nervous system.
At the right are its receptor branches, which might be under
the surface of the skin or wrapped around a muscle fiber to
detect muscle stretch. Other such sensory branches might be
in contact with specialized receptor cells such as those that
detect electric fields or one of the different types of hair cells
that detect the movement of fluids in the auditory or vestibular
systems. Mechanical deformation of the receptor branches or
activation of the specialized receptor cell activates this sensory
or receptor neuron to send a signal along the axon to the axon
terminals that end on interneurons within the central nervous
system. Other receptor types detect chemical changes in the
external and internal environments.

The soma of this type of neuron typically remains outside
of the central nervous system in a sensory ganglion and does
not participate directly in the process of conduction of the
axonal signal. It provides nutritional and metabolic support to
the axon, but is not an active player in the flow of information
into the central nervous system. Some sensory neurons,
however, have their somata within the central nervous
system.

Figure 2—-1(C) represents a different type of sensory neu-
ron, a photoreceptor, which is specialized for the detection of
photons of light. These are the receptors of the eye that convert
the energy of light into signals that can be conducted to the
brain. The photoreceptor end is activated by photons of light
and in some sense can be thought of as a highly specialized
dendrite. But many sensory neurons or receptor cells belong
to a class of neurons that have no axons. Activationt of the
photoreceptor eventually leads to the development of a signal
that is conducted along the cell to a terminal where it contacts
an interneuron that conducts the signal further into the central
nervous system.

! The term “interneuron” is used in several ways in the contemporary
literature. Some writers use the term as we do in this book, to indicate
the broad class of neurons that are neither receptor nor effector neurons.
Others use the term “interneuron” to refer to neurons that remain
intrinsic to a neuronal population rather than interconnecting one popu-
lation with another. In this text, this second concept of “interneuron”
is referred to as a Golgi Type II neuron.

TRANSPORT WITHIN NEURONS

The soma produces many materials that are important for
the maintenance of the internal and external workings of the
neuron. These materials include enzymes and other substances
that participate in the synthesis of neurotransmitters and neuro-
modulators; proteins for use in the formation of synaptic vesi-
cles, ion channels, and membrane receptors; and proteins for
the maintenance of the neuron’s internal skeleton. Still other
materials are necessary for maintenance of the cell membrane,
which is the boundary between the inside and outside of the
cell. Finally, used synaptic vesicles, depleted mitochondria, and
other organelles must be returned to the soma for reuse or
for digestion in the lisosomes and subsequent “recycling” into
new membrane.

The often extreme separation between the soma and the
axon terminals and between the soma and the tips of the den-
dritic branches is too great for simple diffusion to function
effectively. Neurons therefore have a kind of intraneuronal cir-
culatory system to move secretion products from the soma to
the remote ends of the neuron. There are, in fact, three separate
transport systems within the neuron: a fast anterograde (forward
moving) transport system that carries materials from the soma
towards the axon terminals and dendritic branches, a fast retro-
grade (backwards moving) transport system in the reverse direc-
tion, and a slow axoplasmic transport system.

The fast anterograde transport system, which can move as
fast as a meter a day, makes use of one of the neuron’s internal
skeletal elements, the microtubules, which are slender tubes
that run the length of the axon. Rather than flowing through
these tubules, which have too narrow a diameter in any case,
the organelles are transported along the surface of the tubules
by a “motor molecule” called kinesin. The fast retrograde trans-
port, which is involved in the return of used materials to the
soma for recycling, moves at a slower speed than the antero-
grade fast transport. The returning materials are packaged in
membranes and are transported along microtubles in a manner
similar to that of the fast anterograde system except that a
different motor molecule, in this case dynein, moves the mem-
brane packages along the microtubules.

"The slowest (1-10 mm/day or slower) of the three transport
systems is the slow axoplasmic transport system, which consists
of two components: a slow system and a very slow system.
The slow system carries proteins that, among other things, coat
the synaptic vesicles. The very slow system carries the proteins
that maintain the filamentous internal skeleton of the neuron:
the microtubules, neurofilaments, and microfilaments. The abil-
ity to chemically mark many of the substances being transported
within neurons has served as one of the most powerful means
of visualizing the connections between neuronal populations.
The similarities and differences in the patterns of connections
are among the major criteria for determining evolutionary trends
within the nervous system.

CLASSIFICATION OF NEURONS

Somata

Neurons may be classified in a variety of ways. Figure 2—2
shows one type of classification. The figure shows a monopolar
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FIGURE 2-2. Three types of neurons classified according to the number of poles. The arrows indicate the

direction of conduction of the nerve impulse.

cell without dendrites on the soma. These are typical of inverte-
brate nervous systems. The bipolar cell has fine dendritic
branches at the left and its axon at the right. Such cells are
found in the retina of the eye. The multipolar cell is the most
common type found in the vertebrate central nervous system;
itis shown in Figure 2—2 with many dendrites and finer dendritic
branches on the left and an axon on the right. This cell type
is typical of interneurons and motor neurons of the central
nervous system.

Dendrites

Another system of neuronal classification is presented in
Figure 2—3, which shows neurons with several different types
of dendrites. The classification of dendritic types is based on
the work of Enrique Ramon-Moliner. The dendrites of the neu-
rons in Figure 2-3(A) are long and slender without many
branches and are called isodendrites. The neurons in Figure
2-3(B and C) have branched dendrites and can achieve fairly
high degrees of complexity and specialization. These are known
as allodendrites. The most specialized are called idioden-
drites, which are represented in Figure 2-3(D-G), typically
are found in regions of the nervous system such as the olfactory
bulb or cerebellar cortex.

Figure 2—4 depicts two neurons with their dendrites and
a portion of their axons. The cell on the left is known as a
pyramidal cell because its soma has the shape of a pyramid;

the other is called a piriform cell because its soma is roughly
in the form of a pear. In each case, two sets of dendrites are
shown: a long dendrite ascending from the peak or apex of
the cell (hence called “apical” dendrites) and other dendrites
protruding from the base of the cell (the “basal” dendrites).
Each of these dendrites subdivides into dendritic branches that
increase the dendritic surface area.

Dendrites offer an enormous surface area for axon termi-
nals to end upon. The huge dendritic surface area provides
termination sites for thousands of axon terminals. Some of these
terminals are excitatory and contribute to the generation of the
electrical signal; others are inhibitory and thus participate in
suppression of the action potential. Rarely does a single axon
terminal have sufficient influence to excite a neuron to produce
an action potential or to inhibit it. Summation of the activity of
many synapses therefore usually is required in order to influ-
ence a neuron’s actions. Often the generation or suppression
of an action potential is the result of a kind of algebraic summa-
tion of the excitatory and inhibitory influences on the cell. If
the sum of the excitatory influences outweighs the sum of the
inhibitory influences, and if the net excitatory influences are
present in sufficient quantity, the action potential or nerve im-
pulse will be generated in the axon hillock and conducted
down the axon. Dendrites thus are the battleground on which
the opposing forces of excitation and inhibition compete. Be-
cause of their varying thicknesses and varying distances from
the axon hillock, dendrites serve not merely as the input end
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FIGURE 2-3. A classification of neurons according to the type of dendritic tree. Their axons are not shown.

of the neuron, but as integrators of neuronal activity.
They provide areas in which weak incoming signals can com-
bine to form stronger influences on the ultimate action of the
cell.

Axons

Neurons also may be classified according to their axons.
At one extreme are the many small interneurons that have no
axons at all. These axonless interneurons are involved only in
local neuronal activity that is confined to a circumscribed cell
population; since they do not exert an influence on distant
cells, they need no axons. At the other extreme are neurons
with extremely long axons, such as those that travel from the
spinal cord down the length of the hind leg of a tetrapod and
move its toes. Axons also vary in thickness, from the giant axon
of the Mauthner cell to the tiny axons of the olfactory nerve.
The effective thickness of an axon depends in part on the
diameter of the axon itself, and in part on the diameter of its
myelin sheath. The total diameter of the axon (axon plus sheath)
is a major determiner of the velocity of conduction of the action
potential. In general, larger diameter axons conduct more rap-
idly, although other factors play a role as well.

SYNAPSES

Chemical Synapses

The surface of the axon terminal where it contacts the
neuron is known as the presynaptic membrane; the specialized
surface of the neuron that receives the axon terminal is known
as the postsynaptic membrane, below which is a specialized
region of the dendrites’s cytoplasm. The synapse itself is a small
extracellular space that is about 20-30 nm across (1 nm is 1/

1000 of a um). Within the axon terminal are small, membrane-
bound packets or “vesicles,” which contain chemical sub-
stances that are released into the synaptic space by the arrival
of the action potential. These chemicals excite or inhibit the
postsynaptic membrane and are one of the ways that one neu-
ron can affect the activity of another neuron. Also contained
within the axon terminal are one or more mitochondria. The
mitochrondria are sources of energy for biological processes
and are found in the soma, the synaptic vesicles, and wherever
the neuron is highly active. Because the transmission of a signal
across the synapse in this case is chemical, this synapse is
known as a chemical synapse.

The events that occur in a chemical synapse are shown in
Figure 2-5. Figure 2-5(A) shows a synaptic terminal at rest.
The axon terminal filled with synaptic vesicles is shown just
above the synaptic space. The terminal membrane that faces
into the space is the presynaptic membrane. Below the synaptic
space is the postsynaptic membrane with protein receptor sites.
When the action potential arrives at the terminal, it causes
calcium channels to open, which allows an influx of calcium
ions. The arrival of the calcium influx in turn results in a forward
movement of the vesicles with their contents of neurotrans-
mitter substances towards the presynaptic membrane. As
shown in Figure 2-5(B), the membranes of the vesicles fuse
with the neuronal membrane allowing the contents of the vesi-
cle to be released into the synaptic space where they can act
upon protein receptors in the postsynaptic membrane. If the
transmitter substance is excitatory (i.e., depolarizing), it gener-
ates an excitatory postsynaptic potential in the postsynaptic
membrane. If the substance is inhibitory, its action on the post-
synaptic membrane is as if it had increased the polarization of
the cell; that is, increased the resting potential thereby making
it more difficult to generate an action potential, a phenomenon
called hyperpolarization. Figure 2—5(C) shows that excess neu-
rotransmitter material that remains in the synaptic space may
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FIGURE 2-4. Examples of dendrites in neurons with different shaped somata. The initial segment of each

cell’s axon is shown at the bottom.

be taken back into the terminal by other channels to be reincor-
porated into vesicles for future use.

Neuro-Active Substances

Chemical synapses may be characterized by the chemical
compounds present in them. Apart from their functions in syn-
aptic transmission, these compounds are useful to comparative
neuroanatomists because they can serve as markers of neuronal
pathways and populations in different taxonomic groups. Thus
they become another indicator of brain evolution and adapta-
tion to the environment. Table 2-1 lists some of the major
compounds just described. These fall into a variety of catego-
ries. The two major categories are neurotransmitters and neuro-
modulators. Within each of these are several groups of chemi-
cals. The neurotransmitter category contains relatively few
compounds; the neuromodulator category has more than 30
compounds, only some of which are listed in the table. The
cholinergic neurotransmitter is acetylcholine, which is excit-
atory or inhibitory. The biogenic-amine neurotransmitters, epi-
nephrine (adrenalin), norepinephrine (noradrenaline), dopa-
mine, serotonin, and histamine may likewise have excitatory
or inhjbitory actions depending on the type of receptor they
encounter. The amino acid neurotransmitters consist of two
excitatory transmitters, glutamate and aspartate, and two inhibi-
tory transmitters, y-aminobutyric acid (GABA) and glycine.

The neuromodulators generally do not directly affect the
depolarization or hyperpolarization of neurons as do neuro-
transmitters (although some have been reported to have these
properties). Instead, the neuromodulators influence the dura-
tion or intensity of the action of the neurotransmitters by affect-

ing: the reuptake of transmitters; the effectiveness of the en-
zymes present in the synapse; the rate of transmitter release;
and a variety of other phenomena, which make the synapse
very different from a simple on—off switch. A vast array of
possibilities for subtle and sophisticated modifications of the
transfer of information between neurons is made possible by
these many substances.

In addition to modulating synaptic transmission, many of
these versatile chemical compounds play other roles in the
body; indeed many of their names may be familiar to you
in other contexts. Some of these peptides are gastrointestinal
peptides such as vasoactive intestinal potypeptide (VIP), sub-
stance P, cholecystokinin, and neurotensin. Others are hor-
mones that are secreted by the posterior division of the pituitary
(oxytocin and vasopressin) and are involved in the regulation
of blood pressure and affect maternal functions. Others are
releasing hormones that are secreted by the hypothalamus, such
as thyrotropin releasing hormone (TRH), luteinizing hormone
releasing hormone (LHRH), and growth hormone releasing hor-
mone (GHRHD. Still others are anterior pituitary hormones, such
as adrenocorticotropic hormone (ACTH), growth hormone, and
luteinizing hormone. Yet others are naturally occurring opioids,
such as met-enkephalin, leu-enkephalin, and B-endorphin. Fi-
nally, some second messenger substances, such as cyclic GMP,
also have been found to have neuromodulator properties.

Electrical Synapses

Not all synaptic junctions make use of chemical substances
as the transmitter or modulator. At many synaptic junctions,
the transmission is carried out by the passage of electrical cur-
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FIGURE 2-5. Transmission in a chemical synapse. (A) Neuroactive chemicals are stored in synaptic vesicles.
Calcium enters through a calcium channel. (B) The vesicles move towards the synaptic membrane and fuse
with it thereby releasing their chemical contents into the synaptic space where they are taken up by receptors
in the postsynaptic membrane. (C) Reuptake of excess neurotransmitter material from the synaptic space and

its reincorporation into vesicles for future use.

rent across the synapse. These are known as “electrotonic” or
“electrical” junctions or simply “gap” junctions. The synaptic
space of an electrotonic junction is only 2—4 nm across, which
is only about one-tenth the width of a chemical synapse. Present
on each side of the gap are matching pores or ion channels
that can be opened and closed by means of a complex of
proteins. When these proteins twist, the pore is opened, which
allows the ionic current to flow across the gap. Electrical junc-
tions provide for synaptic transmission with virtually no delay
because no time is lost as vesicles move to the presynaptic
membrane and discharge their chemical transmitters. Electrical
junctions also are not subject to “fatigue” as are chemical junc-
tions, which can deplete their supply of vesicles if stimulated too
frequently. Most electrical junctions can transmit their electrical
signals in either direction, whereas chemical junctions can only
transmit from the presynaptic to the postsynaptic membrane.
Finally, transmission at electrical synapses is much faster than
at chemical synapses. In spite of these advantages, electrical
junctions are less common than chemical junctions in vertebrate

central nervous systems than among the invertebrates because
they tend to be rather stereotyped in their action and do not
lend themselves well to the subtle and varied types of interac-
tions and modulations that are possible in a chemical transmis-
sion system. Indeed, the huge variety of possible types of inter-
actions that can occur in a chemical system is a major contributor
to the vast array of complexity of behavior that is characteristic
of vertebrates and that has played such an important role in
their evolution.

NEURONAL POPULATIONS

Anatomists frequently refer to a discrete population of
neurons, often situated within a well-circumscribed boundary,
as a nucleus. The same term also is used to refer to the
intracellular structure that contains the DNA of the cell. Fortu-
nately, the potential for confusing these two uses of the term
is minimal because the contexts in which they are used is so
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TABLE 2-1. Some of the Major Neuroactive Substances in the Central Nervous System

Type Chemical Group Substance

Function

Cholinergic Acetylcholine

Norepinephrine

Epinephrine

Biogenic amines Dopamine

Excitatory or inhibitory depending on the type of receptor

. Serotonin
Neurotransmitters

Histamine

Glutamate

Aspartate

Excitatory

Amino acids
GABA*

Glycine

Inhibitory

VIP®

Substance P

Met-enkephalin

Leu-enkephalin

Cholecystokinin

Somatostatin

Neuromodulators | Peptides and hormones | Neurotensin

Modulation of synaptic transmission by affecting transmitter

Bombesin

release or reuptake or by changing the sensitivity of the

3-Endorphin

postsynaptic membrane for the transmitter. Some
modulators have neurotransmitter-like activity

Angiotensin II

Neuropeptide Y

Anterior pituitary hormones®

Posterior pituitary hormones?

Insulin

Second messenger Cyclic GMP

* Gamma-aminobutyric acid.
bVasoactive intestinal polypeptide.

stimulating hormone (TSH); and prolactin.
4 Oxytocin and vasopressin.

¢ These include: thyrotropin releasing hormone (TRH); gonadotropin releasing hormone (GnRH), also known as
luteinizing hormone releasing hormone (LHRH) in mammals; growth-hormone releasing hormone (GHRH);
adrenocorticotropic hormone (ACTH); growth hormone (GH); follicle stimulating hormone (FSH); thyroid

different. Examples of such “population nuclei” are the dorsal
division of the lateral geniculate nucleus of the visual system,
the nucleus ovoidalis of the auditory system, and the motor
nucleus of the trigeminal nerve, which are structures that will
be described in detail in later chapters.

Golgi Type | and Il Cells

Population nuclei often consist of more than one type of
neuron. The nineteenth century Italian anatomist, Camillo
Golgi, distinguished two types of cells within the boundary of
a population nucleus. The Golgi Type I neuron tends to have
a large soma and a long, thick, well-myelinated axon. This axon
passes outside of the confines of the population nucleus and
can travel considerable distances; those that pass from nuclei
of the brain into the spinal cord of a large animal, such as a
giraffe or a whale, can be more than a meter in length. Often

the axons of Golgi Type I cells have side branches, called
collaterals, that permit the axon to contact other nuclear popula-
tions en route to its final destination. The various Golgi I axons
from the same population nucleus typically travel together in
bundles (often known as “tracts”) as they make their journey
to their target neurons.

In contrast, the Golgi Type II neurons have small cell
bodies and short, often unmyelinated axons. These axons rarely
pass outside the boundary limits of the population nucleus.
Some Golgi Il neurons have no axons at all. Thus their dendrites
both receive input from other neurons (axo-dendritic termina-
tions), but also make synaptic contact with the dendrites of
other neurons (dendro-dendritic contacts). Similar points of
contact can be found with the soma. The Golgi II neurons
are critical for the functioning of the individual population
components of the nervous system. They form local circuits
within the population nucleus that perform whatever the func-
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tion of the particular population nucleus might be, such as the
processing of information or the patterning of rhythmic events.
Figure 2—6 shows Golgi I and II neurons.

To understand the differences between the Golgi I and II
cells, consider that the Golgi II cells are like a local telephone
network that maintains communication within a factory and
allows the workers to perform their tasks in an integrated and
coordinated manner. The Golgi I cells are like a long-distance
telephone network that permits factories that are located at
considerable distances from one another to be in contact and
to coordinate their activities.

Population Nuclei and Planes of Section

In order to study the anatomy of the central nervous system,
anatomists often cut the neural tissue into very thin slices called
“sections” (5-50 wm or thinner), so that they may be examined
under a microscope. These sections pass through population
nuclei and through the axonal bundles or tracts that pass from
one population nucleus to another. While these sections give
an accurate view of the cross-sectional extent of a population
nucleus or axon bundle, they give no indication of how much
of these structures may extend ahead of or behind the plane
of the section. Many of the illustrations in this book consist of
such sections through the brain or spinal cord, and the reader
should understand that the ovals, ellipses, circles, and other
shapes that appear in the section only represent a single slice
through what may be a much larger and much more complex
structure. This is diagrammed schematically in Figure 2—7. At
the left, represented by the thicker cylinder, is a population
nucleus with its large Golgi I neurons and smaller Golgi II
neurons. The Golgi I axons leave the population nucleus and
enter an axon bundle, represented by the smaller cylinder. The
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striped rectangle represents a section through these two struc-
tures. To the right of the arrow is the section showing how the
population nucleus and axon bundle would appear in this
single plane. The Appendix describes the planes of section
in detail.

Techniques for Tracing Connections
between Population Nuclei

The second half of the twentieth century has been a period
of unprecedented new knowledge about connections between
neuronal populations in the central nervous system. This explo-
sion of information was largely due to the development of a
vast number of new techniques based on a variety of biological
principles. Prior to this period, the most common method for
labeling a specific set of axons was based on the degenerative
processes that follow injury of the cell soma or separation of
the axon from the soma.

Anatomists had been able to visualize neurons or parts of
neurons for nearly a century using aniline dyes or metallic
deposits. The Golgi technique, in which silver impregnation is
used to visualize whole neuronal cell bodies and the full array
of their dendritic processes, is an example of one of the metallic
impregnation methods. The problem was how to identify a
specific group of axons from among the vast number present
in the microscopic image, and how to recognize them as the
anatomist went from one section of brain tissue to the next. One
of the first tracing methods consisted of injuring the neurons to
be studied, and then to use the resulting degenerative process
as a tag or label to trace the course of their axons. Degenerative
changes in the soma separated from all or part of its axon
(retrograde degeneration) could be observed with the tradi-
tional aniline dyes that had been used during the preceding

boundary of neuronal population
(nucleus)

FIGURE 2-6. A Golgi Type Il neuron, the axon of which remains within its neuronal population, and a Golgi
Type | neuron, which sends its axon to a different neuronal population.
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FIGURE 2-7. The appearance of a neuronal population and a nearby axon bundle in a three-dimensional

view and in a transverse section through both.

century. The deposited metal then could be reduced so that it
appeared black and thus visible under the microscope. The
location of the degenerating axoplasm and the terminal endings
of the axons could then be traced and charted in serial sections,
and the axonal pathway from one point to another within the
nervous system could be reconstructed. Degeneration of the
separated axon (anterograde degeneration) could be studied
by impregnating the degenerated axoplasm with silver or the
degenerated myelin with osmium.

The initial phase of the technical revolution of the 1960s
and 1970s depended on the newer methods of silver impregna-
tion that were developed at that time (the Nauta—Gygax stain
and its variants, and the Fink—Heimer stain); these methods
allowed for much more precise tracing of connections by sup-
pressing the appearance of silver in normal axons, which made
the degenerating axons easier to see, and later by permitting
visualization of the actual axon terminals rather than just the
axons. These newer silver methods also were more effective
in both mammalian and nonmammalian vertebrates alike than
had been previous techniques; they opened the way for a
greater exploration of connections in nonmammals than could
previously have been attempted.

The techniques currently in use do not require lesions of
nervous tissue but instead involve injecting one of a number
of tracer substances into a particular site and allowing axonal
transport to distribute the substance along the length of the
axon to its terminals and its cell soma. Histological procedures
are then carried out on serially sectioned material, as in the
reduced silver methods, and the location of the labeled axons,
axon terminals, and cell somas are charted under the micro-
scope. A number of the labeling substances can be visualized
at both the light and electron microscopic level. The tracing
substances that are most commonly used include tritiated amino
acids, horseradish peroxidase (HRP), HRP conjugated to wheat

germ agglutinin (WGA), and the plant lectin Pbaseolus vuigaris-
leukoagglutinin (PHA-L).

The large repertoire of axonal transport tracing techniques
that has been developed has greatly enhanced our ability to
visualize and trace connections. The tracing substances cur-
rently available vary widely in how they can be visualized. For
example, some can be visualized by histological procedures in
which the substance is reacted in various solutions to acquire
a color or be tagged with a colored substance that is visible
under the microscope. Other tracing substances fluoresce when
illuminated with ultraviolet (UV) light. Still other tracing sub-
stances are radioactive and can be visualized by applying a
thin layer of photographic emulsion over the sections, exposing
the emulsion for a certain period of time, and then developing
the emulsion just as one would develop a photographic print.
The pattern of radioactive emissions then can be charted in
serial sections to reveal the course and terminal site of the
axonal pathway being studied.

This wide variety of tracing substances and visualization
techniques has permitted much sophisticated and elegant exper-
imental work. Double and even triple labeling of different com-
ponents of a neuronal circuit has been developed to a fine art.
For example, one might label one set of afferent axons of a
nucleus with one fluorescing tracer, a second set of afferent
axons with a different fluorescing tracer that fluoresces under
a different wave-length, and the neuronal cell bodies and their
dendrites in the nucleus with a retrogradely transported tracer
that can be visualized with histological processing. The precise
synaptic pattern of the two different sets of afferent fibers on
the postsynaptic neurons within the nucleus can thus be
worked out.

A number of additional tracing techniques exist that do
not depend on axonal transport mechanisms. Some take advan-
tage of the natural fluorescence of some of the neuronal trans-



