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Chapter 2
Modern Theory of Neurons

I doubt if we can even guess what Natural Selection has achieved, without
some help from the way function has been embodied in actual structures.
The reason is simple. Natural Selection is more ingenious than we are.

F. H. C. Crick, 1985

2.1 Introduction

If we are to understand how the mind-brain works, it is essential that
we understand as much as possible about the fundamental elements
of nervous systems, namely, neurons. Limits on the number of
neurons, on the number of connections between neurons, and, per-
haps most importantly, on the time course of neuronal events will
highly constrain models of perception, memory, learning, and sen-
sorimotor control. For example, it is worth dwelling on the con-
straints imposed by this temporal fact: events in the world of silicon
chips happen in the nanosecond (10~°) range, whereas events in the
neuronal world happen in the millisecond (10 ~>) range. Brain events
are ponderously slow compared to silicon events, yet in a race to
complete a perceptual recognition task, the brain leaves the computer
far back in the dust. The brain routinely accomplishes perceptual
recognition tasks in something on the order of 100-200 milliseconds,
whereas tasks of much lesser complexity will take a huge conven-
tional computer days. This immediately implies that however the
brain accomplishes perceptual recognition, it cannot be by millions of
steps arranged in sequence. There is simply not enough time. (This
will be discussed in more detail in chapter 10. See also Feldman 1985.)

It is also worth dwelling on the fact that neurons are plastic, that
their informationally relevant parts grow and shrink, that they are
dynamic. Nor is their plasticity a nuisance or an ignorable nicety; it
appears to be essential to their functioning as information-processing
units. Again, as we search for models and theories to understand the
nature of cognitive abilities, this fact will constrain our theorizing.
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Moreover, considerations of plasticity in conjunction with limits on
the number of neurons and the number of connections may be theo-
retically significant in the following way. Models of learning and
memory that invest all the processing complexity in connections, and
next to none in the neuron itself, may well find that the model must
postulate many more units than the nervous system has. The number
of neurons and their finite if large number of connections also restrict
the range of possible models (Feldman and Ballard 1982).

Finally, it is useful to know that neurons and their modus operandi
are essentially the same in all nervous systems—our neurons and the
neurons of slugs, worms, and spiders share a fundamental similarity.
There are differences between vertebrates and invertebrates, but
these differences pale beside the preponderant similarities. Even our
neurochemistry is fundamentally similar to that of the humblest or-
ganism slithering about on the ocean floor.

What matters here is not that this humbling thought pricks our
eminently prickable vanity, but that it reminds us that we, in all our
cognitive glory, evolved, and that our capacities, marvelous as they
are, cannot be a bolt from the blue. Which means that models for
human cognition are inadequate if they imply a thoroughgoing dis-
continuity with animal cognition. It is also a reminder that if we want
to understand the nature of the information processing that underlies
such functions as thinking and sensorimotor control, our theories
must be constrained by how neurons are in fact orchestrated, and we
cannot understand that without knowing a good deal about neurons
themselves, about their connections to other neurons, and about how
they form these connections. It is therefore a methodological con-
straint of the greatest importance (figure 2.1).

Nervous systems are information-processing machines, and in or-
der to understand how they enable an organism to learn and remem-
ber, to see and problem solve, to care for the young and recognize
danger, it is essential to understand the machine itself, both at the
level of the basic elements that make up the machine and at the level
of organization of elements. In this chapter the focus will be on
neurons—on their structure and their manner of functioning.

2.2 The Cellular Components of Nervous Systems

The human brain weighs about three pounds and has a volume of
about three pints. It contains some 10'? neurons, or perhaps as many
as 10'%; the count is only an estimate. When the body is resting, the
nervous system consumes about 20 percent of the body’s oxygen
supply, which is the lion’s share, considering that the brain accounts
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Figure 2.1

Lateral view of several vertebrate brains showing relative development of major brain
divisions. Brains not drawn to scale. (Modified from Northcutt (1977). In McGraw-Hill
Encyclopedia of Science and Technology. New York: McGraw-Hill.)
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for only about 2 percent of the body’s mass and that skeletal muscles,
the kidneys, the heart, the liver, and so on, also demand oxygen. The
central nervous system (CNS) consists of the brain and spinal cord;
the peripheral nervous system (PNS) consists of all the nervous struc-
tures external to the brain and spinal cord, such as the fibers innervat-
ing the muscles and the sensory receptors in the skin. The retina is
considered part of the CNS (figure 2.2).

Neurons

Neurons are the basic nervous elements and are differentiated into a
cell body, or soma, and processes' (projections) extending out from the
soma. The soma is the vital center of the cell, containing the nucleus
and RNA, and it has structures that manufacture protein, much of
which is shipped down the axon by a complex system of axonal
transport. Processes are usually distinguished as axons or dendrites,
but not all neurons have both. Axons are the principal output ap-
paratus, and dendrites principally receive and integrate signals. Some
sensory neurons in the skin have only an axon, and some neurons in
the olfactory lobe have only dendrites. A single axon generally pro-
trudes from the soma, and commonly it will branch extensively to-
ward its end. In contrast, a dense arborization of dendrites often
extends from the soma (figure 2.3). (See also figure 1.5.) In many
types of neurons the dendrites are covered with stubby branchlets
called spines that serve as the dominant points of contact with other
neurons.

Neurons vary in size, but even the largest is exceedingly small. In
the human nervous system, dendrites may be about 0.5 microns in
diameter, and the soma of a motor neuron is about 20-70 microns
wide. The largest axons are about 20 microns across, but they are
long—some as long as the spinal cord. There is considerable variation
between different types of neurons, with some showing fairly obvi-
ous specializations suited to their function. The squid was discovered
to have motor neurons with relatively large axons (roughly one mil-
limeter in diameter). Given its size, the giant axon of the squid could
be impaled quite easily by recording and stimulating electrodes, al-
lowing the electrochemical properties of axons to be investigated
(Hodgkin and Huxley 1952). (These properties will be discussed in
section 2.3.)

At birth, the primate nervous system has virtually all the neurons it
will ever have. The only known exception is the olfactory system, in
which neurons are continuously induced. Growth of axons and den-
drites, as well as of the spines on dendrites, is prolific, especially in
the first few years of life. In the midst of this luxuriant growth, how-
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Figure 2.2

Drawing by Vesalius (1543) showing the brain, the spinal column, and the peripheral
nerves, whose innervation of the trunk and limbs delineates the human form. (From
Saunders and O’Malley 1950.)
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ever, there is also massive selective death of neurons in early infancy,
and between 15 and 85 percent of the original neuron pool is doomed.
This appears to be a programmed death, and it is a crucial part of
normal infant brain development, but exactly why it happens and
precisely what are the principles of culling are not fully understood.
(See also chapter 3.) There is additionally what one might call ordi-
nary “‘grim reaper death,”” which fells about a thousand neurons per
day in the adult brain after forty—a rather appalling statistic given
the lack of replacements. Still, dendritic growth continues and surviv-
ing neurons apparently take up the slack. That the brain manages
well enough even so is indicative of its plasticity.

Synapses are the points of communication between neurons, where
processes make quasi-permanent junctions with the soma or pro-
cesses of another neuron, and they appear to be highly specialized
(figure 1.7, 1.8). It is usually presumed that signal transmission oc-
curs only at synaptic junctions, but this is not known for sure. It may
be that weak influences are transmitted at spots where the mem-
branes lack specialized synaptic apparatus but are in close proximity.
Commonly an axon will synapse on a dendrite or on the somas of
other neurons, but it may synapse on other axons, and in some cases
dendrites synapse on other dendrites and on somas. The number
of synapses on each neuron varies widely, but it is large—
approximately 5,000 on a mammalian motor neuron, and approxi-
mately 90,000 on a single Purkinje cell in the human cerebellar cortex
(figure 2.4). Altogether, there are estimated to be about 10'° connec-
tions in the human nervous system, give or take an order of
magnitude.

Functionally, neurons are classed as sensory neurons, motor
neurons, or interneurons. Sensory neurons transduce physical sig-
nals, such as light or mechanical deformation, into electrical signals
that they pass on. Motor neurons terminate on muscles to produce
contractions. Interneurons are a mixed bag of everything else in be-
tween sensory neurons and motor neurons. Neurons come in a wide
variety of types, and the types differ greatly in such properties as
size, axonal length, and characteristic pattern of dendritic arboriza-
tion (figure 2.4). In lower animals there is much less evidence of
specialization, and in invertebrates the division of processes into ax-
ons and dendrites is not seen, dendrites being a later achievement
than axons.

Neuroglia
Nervous tissue consists not only of neurons but also of special ancil-
lary cells called neuroglia. These cells were first described and recog-
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Figure 2.3

Basic functional and structural features of neurons, as shown in a variety of afferent
(incoming) neurons, efferent (outgoing) neurons, and interneurons. The diagram illus-
trates the idea that impulse origin rather than cell-body position is the most reasonable
focal point for the analysis of neuron structure in functional terms, at least for those
neurons with an axon process. (Modified from Bodian 1967.)

nized as distinct from neurons in 1856 by Rudolf Virchow, who
coined the term “neuroglia” because “‘glia”’ means glue, and he
thought of them as a kind of glue in which nerve cells are planted.
Their assorted properties, to the extent that they are known, turn out
to be remarkable, though stickiness is not among them. One type of
glial cell, the Schwann cell, wraps itself around and around the ax-
onal process of a peripheral cell to provide an insulating sheath that
permits faster conduction of the nervous impulse. The oligodendro-
cytes perform the same service for CNS axons. The sheath so formed
is called myelin. Ensheathing is intensively cultivated during infancy
and tapers off as the child approaches puberty; nevertheless, some
myelinization in the cerebral cortex continues until about age forty
(figures 2.5, 2.6).

True myelin is peculiar to vertebrates, though even in vertebrates
not all neurons are myelinated. Phylogenetically older neurons, such
as the thin C-fibers that innervate the skin and carry information
about pain (and probably many other things as well) are not myelin-
ated. The association between neurons and glial cells varies greatly,
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Types of neurons. The human cerebellum has over 10'° cells but only five neuronal
types. Each type has its characteristic shape, branching pattern, connectivity pattern,
and position. See figures 2.1 and 3.1 for the position of the cerebellum in relation to
other brain divisions. (From Kuffler, Nicholls, and Martin (1984). From Neuron to Brain.
2nd ed. Sunderland, Mass.: Sinauer.)

and in some cases axons merely fit into a groove of a neighboring glial
cell. Some neuroglia function as fences (astrocytes) and as filters
(ependymal cells) in isolating neurons from blood but not from their
special nutrient bath. Yet others, the microglia, function as phago-
cytes or scavengers, cleaning up dead neurons and assorted detritus.
The operation of neurons is so dazzling that glial cells tend not to get
their share of the limelight. Nevertheless, outnumbering neurons by
about ten to one, they are crucial to the proper functioning of the
nervous system, though research is only beginning to reveal just how
many tasks they are relied upon to perform. Certainly degeneration
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Figure 2.5

Diagram of a myelinated axon. (a) Part of the myelin is cut away to show the inner
layers. (b) A glial cell that forms the myelin sheath is shown completely rolled up
around a segment of axon. (c) Diagram of an axon segment and an unrolled glial cell.
(Modified from Hirano and Dembitzer 1967.)

of the glia, for example of the Schwann cells and oligodendrocytes
that make up the myelin sheaths, is devastating to proper sen-
sorimotor control. Multiple sclerosis is one such demyelinating
disease.

Where there are tracts of axons encased in myelin, the tissue ap-
pears lighter in color than where there are clumps of somas and their
bushes of dendrites, which have a distinctly grayish (or pinkish) hue.
It is the presence of myelin that makes the difference between white
and gray matter, for only axons are myelinated. In a section of ner-
vous tissue, this color difference is easily visible with the naked eye
(figure 2.7).2

Receptors

Receptors hold a special fascination, perhaps because it is the range of
stimuli to which receptors are sensitive that limits the kinds of things
we sense in the world. Receptors are the interface between world and
brain, and our conception of what the universe is like and what we
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Figure 2.6

Schematic diagram of various forms of ensheathment known to occur in relation to
neuron fibers. (A) Large glial cells ensheath axons singly or in groups (as in the leech).
(B) Small undifferentiated nerve fibers may be enclosed in individual troughs of glial
cell membrane (as in vertebrate peripheral nervous system). (C) Large nerve fibers may
be surrounded by a single glial cell (as in insect peripheral nervous system). (D) Large
nerve fibers may be surrounded by multiple layers of glial cell (as in insects). (E)
Systematic spiralization and compaction lead to the myelin characteristic of the verte-
brate peripheral nerve. (Modified from Bunge 1968.)



Figure 2.7

A section of the human brain at 20 degrees from the specified plane. The cerebral cortex
shows as the gray rind on the outer surface, following the folds of tissue. The cerebellar
cortex is also visible, as a rind following the very deep folds of the cerebellar white
matter. The corpus callosum consists of myelinated nerve fibers, and so appears white.
The thalamus contains a large consolidation of cell bodies and appears gray. (From
Matsui and Hirano (1978). An Atlas of the Human Brain for Computerized Tomography.
Copyright © Igaku-Shoin, Tokyo/New York.)
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take to be the truth about the universe is inescapably connected to the
response characteristics of cells at the periphery. This is what struck
Magendie, and later Miiller, in their experiments on the specificity of
receptors in responding to distinct kinds of physical stimuli. It is
probably also the source of the deep currents in Kant’s plea for con-
straints in epistemology—constraints that would acknowledge that
our access to the world is always mediated access, access via the ner-
vous system. The human nervous system, after all, is a physical
thing, with physical limits and physical modes of operation. Kant
argued that we can know the world only as it appears to us—as it is
presented to us—not as it is in itself. (See chapter 6.) When I open my
eyes and look about me, it is as though I see the world as anything
sees it, as it really is, in its nakedness and in its entirety. But what I
see is a function not only of how the world is but also of how my
visual receptors respond to one narrow parameter of the world’s
properties (electromagnetic radiation in the 0.4-0.75 micrometer
range) and of how my brain is formed to manipulate those responses.

Nervous systems have evolved specialized receptors for detecting a
wide range of physical parameters. The classical distinction into “five
senses’’ is notoriously inept, since there are receptors not only for
taste, smell, sound, sight, and touch but for a miscellany of other
things as well. There are proprioceptors for detecting changes in posi-
tion of the head, kinesthetic receptors in the muscles and the tendons
to detect stretch, receptors for visceral distension and for lung stretch,
and receptors in the carotid arteries to detect levels of oxygen in the
arterial blood. Besides being incomplete, the classical taxonomy is
imperspicuous. For example, the category “touch” rakes together
diverse perceptions, including light touch, erotic sensations, light
and deep pressure, vibration, a variety of temperature sensations,
and a wide assortment of painful sensations.

Snug within the confines of our own perceptual world, it is jolting
to realize that other animals are richly receptive where we are stony
blind. Bees can detect ultraviolet light; snakes have pits for elec-
tromagnetic waves in the infrared range; flies have gyroscopic strain
gauges; aquatic vertebrates can detect water displacement by means
of lateral-line organs; pigeons have ferromagnets for orienting with
respect to the earth’s magnetic field, sharks can pick up and use low-
frequency (0.1-20 Hz) electric fields; electric fish are sensitive to high
frequency (50-5,000 Hz) current. A human submerging into the
ocean depths finds an engulfing silence, but for an electric fish the
watery world is rich in electromagnetic events, and it uses electroloca-
tion and electrocommunication to great advantage (Bullock, Orkand,
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Diagram of two different electroreceptors and a mechanoreceptor found in the lateral
line organs of fish. (Modified from Dijkgraaf 1967 and Szabo 1974.)

and Grinnell 1977). The world as perceived by humans is not the
world as perceived by any organism. Rather, it is that narrow dimen-
sion of the world evolution has permitted our specialized receptors to
detect (figure 2.8).

Even in very simple organisms, specialized receptors are found.
The jellyfish, too far down the evolutionary ladder to have the benefit
of organs for digestion and reproduction, nonetheless has complex
eyes and statocysts (organs for detecting gravity, acceleration, and
vibration). The jellyfish moves, and its first need is for receptors to
inform its movement, since its survival depends on its moving in
directed fashion. It does an organism no good to have a fancy diges-
tive organ unless its movements ensure that things—and the right
things—get put into it. It makes sense that the evolution of complex
receptors to steer useful movement would be an early evolutionary
development, and there is a correlation between the complexity of
behavioral repertoire and specialization of central nervous tissue, on
the one hand, and specialization of receptors and development of
complex sense organs, on the other (Bullock, Orkand, and Grinnell
1977).
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2.3 How Do Neurons Work?

Basic Electrical Effects

The distinctive thing about neurons is that they are instruments of
communication; they receive, integrate, and send signals. Exactly
how neurons do this is a complex story whose many subtleties are
only beginning to be understood. Initially, the basic story will suffice,
and the central elements in the basic story are fourfold: (1) ions in the
extracellular and intracellular fluid, (2) a voltage difference across the
cell membrane, (3) single ion channels distributed about the membrane
that are specialized to control cross-membrane passage of distinct ion
types, and (4) voltage-sensitive changes in single ion channels that tran-
siently open the gates in the channels to permit ions to cross the cell
membrane.

The cell membrane is a remarkable sort of sheet, dividing cyto-
plasm on the inside of the cell from the extracellular fluid on the
outside. The membrane is nonuniformly dotted with tiny pores, spe-
cialized to control passage only of certain items. Both the intracellular
and the extracellular fluids contain ions, which are molecules or
atoms that have gained or lost electrons and consequently are nega-
tively or positively charged. The plot of the basic electrochemical
story depends on two general classes of ions: large negatively
charged organic ions concentrated inside the cell, and inorganic ions
with systematically changeable concentration profiles inside and out-
side the cell.

The large organic ions inside the cell cannot pass through the mem-
brane, and their net charge is negative. Consequently, this affects the
distribution of ions to which the membrane is permeable, since posi-
tively charged ions will tend to congregate inside the cell to balance
the negative charge. The inorganic ions that figure in the story are
potassium (K ™), sodium (Na™), calcium (Ca* *), and chloride (Cl 7).

The high internal concentration of fixed negative charges is offset
by just about the right number of cations. These are mainly K™,
because the membrane is much more permeable to K™ than to either
Na™ or Ca® ¥, and because a sodium-potassium pump in the mem-
brane draws in K™ and dumps out Na™. When the cell is at rest (that
is, unless the membrane is stimulated), the Na* and Ca® ™ channels
block the passage of Na™ and Ca™ ™. Thus, K™ concentrates inside the
cell, and Na™ and Ca™ * concentrate outside (figures 2.9, 2.10). When
the cell is stimulated, for example by an electric current or by a partic-
ular chemical, there is a change in membrane permeability to Na™
and Ca™ . The principal instruments of this change reside in the
structure of the single channel.
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Schematic diagram of a neuron soma, showing the internal concentration of inorganic
ions A~ and K*, and the external concentration of NA* and Cl . The sodium-

potassium pump in the membrane ejects Na* and hauls in K*. (From Shepherd (1983).
Neurobiology. New York: Oxford University Press.)

What accounts for the voltage drop across the membrane? Essen-
tially, the organic anions together with the fact that among cations,
only K* can cross the membrane to the cell’s interior. Because the K*
moves inward from areas of low K™ concentration to areas of high K*
concentration, it is said to move up its concentration gradient, and it
does so because of the anion attraction inside. It therefore moves
down its electrical gradient. At some point equilibrium between the
two forces is achieved, in the sense that there is no net movement of
K™ across the membrane, and the electrical force required to keep K*



50  Some Elementary Neuroscience

ottt —F -t =t =+ -+ —
bttt —t—Ft -t —Ft =t =t =+ —F+—+
bt =t ettt bttt -t — -+ —
—t bttt —t -t -+ -+ -+
I T e P e i
+—t —t—F -t —F mm—t —+ —F+ —F -+ —+ -+ —
—t -+ -+ —+— T —F —t—t—t -+ -+
+—+—+—+— bttt N+ —F+—F+—+—+
—t—t -ttt -t~ —+ — —t—+—+—+—+
—t =ttt -t —+—+ — t—t——+—+—
—_—t -+ —+ -+ +—+ -+ —+ - +—t—+—+-—-4
-t —t—++f—t—t—+—+—+ +t—+—+—+—
— -t —t+—+ —t -t =t -+ +—t—t—+t—-+
+—Ft—+—+ + +—+—+—+—+ +t—t -+ —+—
—t—t—+—+ — -t —t—+— +—t—t—+ -+
+—+—+—++ -t —+—+ +t—+—+—+ =
—+—+t -+ -+ — 4+ —+—+—+ = +—+—+—-—+—-+
b —t—F—+t\ -t =+ —F+ -+ -+ +t—t—+—+—
+—+—+ -+ t—t—t—t—+ [+ -t —+—+—+
—+ -+ —+—+ +—t—t—t -ttt —F+—F—+—
t—t -+ —+ =P+ —+—+—+ -t -t —t—+—+
[ G e e ok R I e
—_—t -t -+ —+-9F _i—_+_ ++—-'-—+—«1-—+—-0-
+—+—+—-+—+-—+7 Tttt —t =+ — 4
—t—t—t—t—+t— T+ T ottt -+ -+~
t—t—t—t—t—t—t—t—t—t—t—Ft—t—+-—-+
et —t —t—t—t—t—t—t—t =t =t -t —F -+ —
et —t—t—t—t -ttt -ttt -t -+ -+
—t —t—t—t—Ft—t—t =t =t =t —F+ -+ —
Figure 2.10

Schematic cross section of a neuron process showing the concentration of negative
charges along the inside of the membrane and positive charges along the outside.
(Reprinted with permission of the publisher from Koester (1981). Ch. 3 of Principles of
Neural Science, ed. E. R. Kandel and J. H. Schwartz, pp. 27-35. Copyright € 1981 by
Elsevier Science Publishing Co., Inc.)

at its concentration gradient can be calculated. This calculation yields
the electrical potential for K* across the membrane. For example, in
some neurons the equilibrium potential for K™ (no net movement of
K™*)is —70 millivolts (mv). The electromotive force is the force tend-
ing to equalize the charges, and the electric potential is a measure in
volts of the electromotive force. In the neuron, accordingly, the or-
ganic anions exert an electromotive force of about —70 mv to pull K*
up its concentration gradient. The actual recorded voltage across the
membrane of the cell at rest is its resting potential, and this will be
fairly close to the calculated potential for K*.

Although —70 mv might seem to be an inconsequential voltage, in
the cellular circumstances it is actually enormously powerful. This
can be understood by observing that since a cross section of the
membrane is only 50 angstroms thick, then its voltage equivalent
across a one centimeter membrane thickness is 140,000 volts. An
electric field of this magnitude is evidently capable of exerting a
strong effect on macromolecules with a dipole moment, and it ap-
pears that single channels have as constituents precisely such mac-
romolecules (Neher and Stevens 1979).

In sum, the consequence of the differential permeability of the
membrane to the ions is that when the cell is at rest, there is a voltage
across the membrane such that the inside of the cell membrane is
negatively charged with respect to the outside (its resting potential).
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Figure 2.11

Idealized experiment for measuring the potential difference across the cell membrane.
The electrode is a fine glass capillary with a tip no more than 0.1 micrometer in
diameter filled with a saline solution.

By convention, the voltage is given as that of the inside relative to that
of the outside, and since at rest the inside is negative relative to the
outside, the voltage is expressed as a negative number of millivolts
(e.g., —70 mv or —55 mv) (figure 2.11). The membrane is thus
polarized, and the communicative functions of neurons depend on
coordinated changes in the polarization of the membrane. The next
step in the discussion will therefore concern how neurons exploit
changes in potential so as to transmit information—from the outside
world, to one another, and to the muscles and glands. The principal
factor in the cell that is now believed to account for excitability, and
hence for signaling, is the voltage-dependent conformational change
in the molecular structure of single channels that permits a brief
influx either of Na® or of Ca®™ ¥, depending on the channel type
(Kuffler, Nicholls, and Martin 1984).

Synaptic Potentials

The dendrites and the soma of a neuron are bedizened with a profu-
sion of synaptic connections (figure 2.12), and thousands of signals
may be received at various places in the dendritic bush or on the cell
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astrocyle processes

Figure 2.12
Synaptic end bulbs (boutons) on the surface of a motor neuron. (From Poritsky 1969.)

body during the space of a millisecond. The incoming signal is caused
by a chemical acting on specialized membrane sites and it results in a
change in the membrane’s resting potential. The change in resting
potential induced by an incoming signal at the synapse is the synaptic
potential.

The postsynaptic response at any given site on the membrane may
be a decrease in the membrane potential, for example from —70 mv to
—60 mv. Such a membrane depolarization is brought about chiefly by
changes in the permeability of the membrane that permit a brief
influx of Na™ or Ca" *. Alternatively, depending on the synaptic
events, the postsynaptic response may be an increase in the mem-
brane potential, for example, from —70 mv to —80 mv. This type of
effect on membrane potential is referred to as hyperpolarization and
can be achieved by the influx of Cl1~, the efflux of K*, or both (figure
2.13).

The synaptic potential is transient, and the permeability profile of
the membrane at its resting potential is quickly restored. The size of
the synaptic potential is directly related to the number of single chan-
nels opened in response to the stimulating event and hence to the
density of single channels in the vicinity of the stimulus; the greater
the number of Na® channels, the higher the probability that a Na*
channel will be opened after the depolarizing stimulus (Kuffler,
Nicholls, and Martin 1984). At a given location a large stimulus will
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The soma of a Purkinje cell in the vicinity of stimulation is briefly depolarized (upward
deflection), the degree of depolarization being a function of the stimulus intensity. A
Purkinje cell outside that preferred area receives inhibitory input from the activated
axon of a basket cell and is transiently hyperpolarized (downward deflection). (Cour-
tesy R. Llinds.)

cause a potential with a greater amplitude than a small stimulus only
if there is a greater number of single channels that it can affect.

The net movement of ions across the membrane constitutes a cur-
rent, and this current spreads along the membrane from the focal site,
decrementing with distance. The spread of current is affected by a
number of factors, including the resistance of the cytoplasm, the re-
sistance of the membrane, and the diameter of the dendrite. Since
many synaptic potentials may be generated in close proximity within
a narrow time slice, there arises the question of the nature of the
interaction of synaptic potentials.

Suppose a dendrite’s membrane is depolarized at some particular
spot. As the current spreads, it will interact with current generated at
that same place at a slightly earlier time, or with current generated
elsewhere and elsewhen. For example, if it is adjacent to an area
where the membrane is hyperpolarized, then the two effects will tend
to cancel one another, or if it is adjacent to a depolarization, the
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effects will summate. Potentials therefore interact as currents sum to
create a larger depolarization; or, if the effects were hyperpolarizing,
to prevent depolarization; or, if the effects are opposite, to interfere
and cancel. Because the amplitude of synaptic potentials is deter-
mined by channel density, stimulus size, and summation, they are
called graded potentials. In this respect they contrast, as we shall
shortly see, with action potentials.

It is presumed that by means of this complex interfusion and inte-
gration of synaptic potentials in the soma and dendrites, information
is processed, though complete understanding of what is going on still
eludes us. (But see chapter 10 for discussion of a theory that ad-
dresses this matter.) Nevertheless, it is easy to see that the relative
position of stimuli on the dendrites, the width of the fiber, the density
of ionic channels, the availability of energy, and so on, will play a role
in the overall character of the integration of signals. If, as it seems,
dendritic growth and synaptogenesis are connected to learning, we
will want to know what the rather bewildering interfusion of poten-
tials comes to in informational terms.

If, after the integration of depolarizing and hyperpolarizing poten-
tials, there is sufficient current to depolarize the membrane of the
axon hillock by a certain critical amount known as the “firing level”
(about 10 mv), then the cell produces a large and dramatic output.
(The axon hillock is the region of the neuron where the axon ema-
nates from the soma.) Under these conditions, the axon will relay a
depolarizing signal—an impulse—from the hillock to its terminal
bulbs, using a mechanism described below that typifies axons. De-
polarizing synaptic potentials are called excitatory postsynaptic poten-
tials (EPSPs) because they contribute to the generation of an impulse
in axons by bringing the membrane potential closer to the firing level.
Because hyperpolarizing potentials tend to diminish the probability
of the generation of an impulse, they are called inhibitory postsynaptic
potentials (IPSPs) (figure 2.14).

Action Potentials

Axons are long, thin projections, sometimes a few millimeters, some-
times a meter or more in length. If a message is to be sent from one
end to the other, it is necessary to ensure that the signal does not
peter out en route and that the same message reaches the end as was
put in at the beginning. This capacity for long-distance transmission
is achieved by an increase in the density of Na* channels all along the
axon membrane. What makes these channels special is that they are
voltage-sensitive, and with depolarization they cease briefly to gate
Na™, thereby permitting Na™ to rush into the cell down its electrical
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Figure 2.14

Summary diagram showing location on a motor neuron of the events responsible for
impulse initiation. Dendrites and cell bodies respond with graded excitatory synaptic
potentials (EPSPs) or inhibitory synaptic potentials (IPSPs); the action potential is triggered
in the axon hillock and travels undiminished down the axon. IPSPs are not shown.
(From Thompson (1967). Foundations of Physiological Psychology. New York: Harper and
Row.)

and concentration gradients (figure 2.15). In the studied cases each
channel has a mean channel current of about 1-2 picoamps and is
open for a mean time of 0.7 msec (Sigworth and Neher 1980). When
channel density is sufficiently great, therefore, the total current cross-
ing a patch of membrane in a millisecond can be substantial, and
because the channels are voltage-sensitive, this in itself can cause a
special, self-amplifying effect.

Suppose incoming signals depolarize the membrane of the axon
hillock by about 10 mv, as Na * ions move inside the cell. This inward
Na™ current results in a transient change in additional Na™ channels
in the axon membrane, thereby allowing even more Na ™ to enter the
cell, depolarizing the membrane further, which then induces changes
in yet more Na™ channels to allow further Na ™ influx. Thus, a self-
generating, explosive effect is produced. If the initial depolarizing
current is large enough that the net influx of Na™ is greater than the
efflux of K™ ions, the positive feedback results in a sudden large
influx of Na® In absolute terms the number of ions crossing the
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Voltage-sensitive sodium channel, drawn schematically to scale according to biochem-
ical, electron microscopic, and electrophysiological information. Ionic selectivity is pro-
vided by a constriction lined with negative charges near the outer surface of the
membrane. The activation gate near the inner surface opens in association with translo-
cation of negative charges across the membrane from out to in. The inactivation gate
blocks the inner mouth of the channel and prevents closing of the activation gate.
Water molecule and hydrated sodium ion are drawn to scale for comparison. (Modified
from Kuffler, Nicholls, and Martin (1984). From Neuron to Brain. 2nd ed. Sunderland,
Mass.: Sinauer.)

membrane is actually quite small, but it is sufficient to change the
membrane polarity dramatically from something on the order of —70
mv to something on the order of +55 mv (Kuffler, Nicholls, and
Martin 1984).

Since the mean channel open time is only 0.7 msec, the summed
increase in permeability to Na™ of any given membrane patch is a
very brief affair. As the membrane potential reverses from, say, —70
mv to +55 mv, Na® conductance is suddenly inactivated, and K*
begins to move out of the cell, which initiates the restoration of the
resting potential. Given a 10 mv depolarization, there is therefore a
temporal sequence of voltage-sensitive changes in the membrane per-
meability: an abrupt increase in Na™ permeability, followed by an
abrupt inactivation of Na* permeability and an increase in outward
K™ current (figure 2.16). This precisely timed sequence of membrane
events is a neuron impulse, and a membrane’s capacity to generate
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(A) Positive feedback effect resulting from above threshold depolarization of the mem-
brane. (B) Restoration of the membrane’s resting potential. (C) Propagation of a nerve
impulse along the axon. The large change in potential is initiated by a small influx of
sodium ions, which opens voltage-sensitive sodium channels, changing the potential
further. The membrane’s resting potential is restored as the sodium channels are inac-
tivated, and potassium channels open to permit an outflow of potassium ions. This
sequence of events begins at the axon hillock and continues down the length of the
axon.

impulses is what is meant by excitability. (This gives only a simplified
version of the sequence of membrane events. See Llinas 1984a.)
The impulse is also called an action potential, where the modifier
“action” indicates that the large change in membrane polarization
vastly exceeds the triggering depolarization contributed by the
stimulus. If we put a recording electrode inside the axon and attach
the recording electrode to an oscilloscope, the visual pattern pro-
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duced by the impulse will appear on the screen as a spike; hence,
impulses are also referred to as “spikes” (figure 2.16).

During the brief interval when the membrane is permeable to Na *,
the potential across the membrane at the relevant segment changes
enormously as a consequence of the inward Na™ current. This cur-
rent will spread along the membrane, which will cause depolarization
in the adjacent areas of the membrane, and Na* channels located
there will, in their turn, undergo a conformational change to allow
Na™ current, thereby engaging the regenerative process to permit an
influx of Na* ions in that region, and so on down the length of the
membrane (figure 2.16). Therefore, the drama in the axon does not
end with the production of a localized spike, for when an action
potential is produced at the hillock, the spreading current depolarizes
the neighboring membrane downstream, which in turn generates an
action potential and consequently depolarizes its downstream neigh-
borhood membrane, and so on.

In this fashion, a wave of depolarization and repolarization travels
from the trigger zone in the axon hillock down the length of the axon.
(It could travel the reverse direction, and can be made to do so in the
laboratory, but in the untampered neuron it does not.) The signal
does not alter in its journey down the axon, because the amplitude of
the spike does not diminish as it travels. As long as there is one spike,
this ensurzs that the adjacent membrane will be depolarized above its
threshold, which means it will spike, and so on to the fiber end.
During its spiking phase the axon cannot spike again; this is called its
refractory period (figure 2.16). One might think of this by analogy
with a slingshot that cannot fire again immediately but requires an
interval for the sling to be repositioned and to regain a store of en-
ergy. The single channels have to be reconfigured, Na* has to be
pumped out, and the neuron membrane has to regain its balance of
electric potentials.

In view of the importance of time constraints imposed by the ner-
vous system on modeling, it should be mentioned that the time course
for a spike is some 0.2-5.0 msec, depending on the neuron, and this
means that there is an upper limit on the spiking frequency of any
given neuron. In humans some neurons can spike 500 times per
second. For purposes of rough calculation, let us say that a spike
takes about 1 msec. Now if a perceptual recognition task takes about
100 msec, then there can be at most 100 information-processing steps
between input and output. Models that require ten thousand or a
million steps are going to be out by several orders of magnitude.

The basic account of the electrophysiology of neurons was worked
out by Hodgkin and Huxley in 1952, but not until recently has the
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structural basis for these properties been understood. In what
amounts to a revolution in understanding the nature of neurons (see
Junge 1981, Kuffler, Nicholls, and Martin 1984), researchers have
begun to reduce electrophysiologically defined properties such as
spiking and synaptic potentials to the basic molecular biochemistry of
cell membranes. More precisely, it appears that the framework is
emerging for a reduction of the action potential, the synaptic poten-
tial, the refractory period, and so forth, as defined in terms of electro-
physiological theory, to the “kinetics” of single-channel currents and
single-channel macromolecule organization, as described by molecu-
lar biology. This is evidently a development of great significance,
since it begins to forge reductive connections between neurophysiol-
ogy and biochemistry. If we can also determine the neurophysiolog-
ical basis for behavior (see below), then we shall actually begin to see
the outlines of a general, unified framework for comprehending the
nature of nervous system function (Llinas 1984a).

It should also be acknowledged that despite the discussion’s gener-
alized reference to “the neuron,” in fact different types of neuron
vary tremendously along a number of dimensions and there is no
typical neuron. The observed differences presumably reflect such fac-
tors as differences in membrane properties, channel density, and
channel properties and can be assumed to have an explainable func-
tional significance. Moreover, as Llinas (1984a) has emphasized, there
are not merely the Na™, Ca” ", and K" conductances already dis-
cussed. In the soma, for example, one might find a Ca* *-dependent
K™ conductance and a “fast transient” K* conductance, as well as
a voltage-dependent K" conductance. The number of voltage-
dependent ionic conductances present in a particular neuron may be
greater than ten.

The conventional wisdom until recently held that dendrites do not
spike, but as a result of work originated by Llinas in the mid-1970s
(Llinds and Hess 1976) it was discovered that Purkinje cells in the
cerebellum do have spiking dendrites (figure 2.17). Since then, den-
dritic spiking has been discovered in a wide range of CNS neurons,
including neurons in the hippocampus and the spinal cord. (For a
discussion, see Llinds 1984a.) On the other side of the coin, there are
neurons with short axons, for example amacrine cells in the retina,
that do not spike at all. Thus, the criterion that identifies a neuronal
process on the basis of whether or not it spikes has collapsed; there
are both nonspiking axons and spiking dendrites.

The amplitude of the spike is largely invariant and does not in-
crease or decrease with the size of the stimulus. Variation in signal
can be produced by altering the frequency of spikes in a train or by
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Figure 2.17

Sodium and calcium action potentials in (A) a Purkinje cell. (B) Depolarization of the
dendrite produced long-duration calcium action potentials, and (E) depolarization of
the soma produced high-frequency sodium action potentials, interrupted periodically
by a calcium action potential that was followed by a transient hyperpolarization. (C)
and (D) represent the effects of the passive spread of depolarization from the soma.
(From Llinds and Sugimori 1980.)

producing special patterns in a train of impulses through the com-
bined use of hyperpolarizing and depolarizing currents. Frequently
neurons show a low rate of spontaneous spiking (spiking without
externally induced depolarization, perhaps by inward leakage of Na*
or Ca™ ™), and this base rate of firing is increased by depolarizing
currents and decreased by hyperpolarizing currents (figures 2.18,
2.19).

Why the brain uses so much energy will now be evident. Neurons
must continuously maintain the ionic gradients essential to receiving
and sending information. If a neuron routinely handles a thousand
depolarizing signals in the space of a second or so, and if it spikes
several hundred times a second, its energy consumption will have to
be lavish. Evolution stumbled upon one energy-saving device in my-
elin. The strategy here is that if glial cells ensheath the axon to form
an insulating cover, then depolarizing current from one action poten-
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Figure 2.18

Interactions of excitatory and inhibitory synaptic potentials (EPSPs and IPSPs) in an
otherwise silent cell. Each of the synaptic potentials illustrated here is usually produced
by the synchronous action of many presynaptic neurons. (Reprinted with permission
of the publisher from Kandel (1981a). Ch. 7 of Principles of Neural Science, ed. E. R.
Kandel and J. H. Schwartz, pp. 63-80. Copyright © 1981 by Elsevier Science Publishing
Co., Inc.)
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Figure 2.19

Sculpting role of inhibition, shown here to produce changes in the firing pattern of a
spontaneously active neuron. (Reprinted with permission of the publisher from Kandel
(1981a). Ch. 7 of Principles of Neural Science, ed. E. R. Kandel and ]. H. Schwartz, pp. 63~
80. Copyright © 1981 by Elsevier Science Publishing Co., Inc.)

tial will travel further down the axon and so the energy-intensive
action potential need occur only at wider intervals. This is called
saltatory conduction, because the spikes, as it were, jump down the
axon in long strides (figure 2.14).

Rolled-up Schwann cells are strung along peripheral fibers like sau-
sages on a string, and the action potentials occur only at the exposed
membrane between the Schwann cells, the ““nodes of Ranvier.” A
large, well-myelinated axon in a human motor neuron can conduct an
impulse up to 130 meters per second, whereas an unmyelinated fiber
is much slower, sending impulses at only about 0.5 meters per sec-
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ond. These are factors concerning propagation of a signal within a
neuron, but there is the additional matter of sending a signal from
one neuron to another.

Neuronal Integration

There are two fundamental types of connection between neurons:
electrical synapses and chemical synapses. Electrical synapses are of
two types: (1) those generating field potentials, in which sending and
receiving neurons are so closely positioned that current flow in one
induces field changes in its neighbor, and (2) gap junctions, which
consist of supremely thin protein tubes connecting the axon of one
neuron to the dendrite or axon of another (figure 1.8). The tubes are
s0 narrow as to permit the transfer of only very small ions such as
Na™ or K7, and it is via the transfer of these ions that signals are
transmitted from one neuron to the next.

Electrical synapses were for some time believed to be unique to
primitive nervous systems, and though demonstrating their existence
in the mammalian CNS is extremely difficult, research in the past ten
years has shown electrical coupling in cells in the hippocampus and
cells in the inferior olive that project to the cerebellum (Llin4s, Baker,
and Sotelo 1974). The intriguing question now is whether electrically
coupled cells have a special functional significance in nervous systems.

The leading hypothesis focuses on the major difference between
chemically coupled cells and electrically coupled cells, namely that
the absence of synaptic delay (see below) in electrically coupled cells
means that they can fire synchronously. Such synchronicity, along
with positive feedback, appears to have an important role in generat-
ing rhythmic patterns typical of various CNS structures (Bower and
Llinds 1983, MacVicar and Dudek 1980). In the case of the cells in the
inferior olive, the electrical coupling may serve to establish synchro-
nous firing of bands of Purkinje cells in the cerebellum. Since Pur-
kinje cells are known to be crucial in subserving sensorimotor
coordination, this general line of research has suggested that the
synchronizing of rhythmic patterns in sets of neurons may embody a
fundamental principle of neuronal organization underlying sen-
sorimotor coordination (Llinds 1984b, 1984c).

Chemical synapses (figures 1.7, 2.20) have been most intensively
studied in the giant synapse of the squid, and at the synaptic terminal
itis Ca™ * ions and Ca™ * channels that play the crucial role (Llinas
1982). When a depolarizing wave reaches an end bulb of an axon, it
opens voltage-sensitive Ca™ © channels. Ca™* rushes into the cell
and causes little vesicles containing neurotransmitter substance to
fuse with the outer membrane at specialized zones (Heuser and Reese
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Figure 2.20
Types of synapses revealed by electron microscopy. (A) Axon-axon synapse in
jellyfish. (B) Earthworm septal synapse with electrical transmission in either direction.
(C) Crustacean synapse similar to (B). (D) Axon-axon synapse-in-passing, typical of
invertebrates. (E) Axon terminal ending on a dendrite in invertebrate. (F) Crustacean
giant-fiber-to-motor-neuron synapse, with postsynaptic motor fiber invaginated into
the giant fiber. (G) Axon arborization-to-soma synapse typical of vertebrate brain cells.
(H) Terminal buttons of axon arborizations typical of certain neurons in vertebrates. (I)
Ribbon synapses between rod cell endings and dendrites of ganglion cells of vertebrate
retina, with presynaptic specialization. (J) Synapse between giant fibers of squid
stellate ganglion, postsynaptic invaginated into presynaptic. (K) Spine synapse
(axon-dendrite) from cerebral cortical dendrite of vertebrates with postsynaptic
specialization. (L) Serial synapse, permitting presynaptic inhibition. (M) Specialized
neuromuscular endings found in vertebrate skeletal muscle, with postsynaptic
grooves. (From Bullock and Horridge (1965). Structure and Function in the Nervous Sys-
tems of Invertebrates. W. H. Freeman and Co. Copyright © 1965.)
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Figure 2.21
Schemati¢ diagram showing release of neurotransmitter (synaptic vesicle exocytosis) a
vesicle membrane fuses with end bulb membrane. (After Heuser and Reese 1979.)

1979). As the vesicle membrane fuses with the cell membrane, the
neurotransmitter substance is released into the extracellular space
that separates the axon from the adjacent neuronal process. Some of
the neurotransmitter diffuses across the synaptic cleft and binds itself
to specialized sites on the receiving cell—the postsynaptic membrane
(figures 2.21, 2.22).

The time between the arrival of the signal at the synaptic terminal
and the onset of the generation of a postsynaptic potential is known
as the synaptic delay. It comprises three component delays: the time it
takes (1) for Ca™ * channels to open, (2) for the vesicles to fuse and
release neurotransmitter, and (3) for the transmitter to diffuse across
the synaptic cleft. The actual time of the synaptic delay is about one
millisecond, which is remarkably short considering the complex
molecular scenario (Llinas 1982).

Depending on which transmitter is released and on the character of
the receptor sites, the neurotransmitter may produce a depolarization
(an EPSP) or a hyperpolarization (an IPSP). The process of interfusion
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Figure 2.22

Electron micrograph showing how the synaptic vesicles fuse with the cell membrane as
the neurotransmitter is discharged. (Micrograph produced by Dr. John E. Heuser of
Washington University School of Medicine, St. Louis, Mo.)

and integration of current then begins in the receiving cell, as de-
scribed earlier. In the studied cases unused transmitter is typically
broken down and the components are retrieved by the presynaptic
membrane for use next time, or sometimes they are retrieved by local
glial cells. The transmitter that is bound to receptor sites must be
quickly removed by enzymatic activity, if it is not to have a prolonged
effect.

If the functional value of electrical coupling of cells is the synchron-
icity it permits, what is the distinct functional value to a nervous
system of chemical synaptic coupling? Part of the answer is that it
enables amplification of the signal. A current passed by electrical cou-
pling from a small axon to a large soma is in danger of being ineffec-
tive. But if instead the signal in the axon causes at the end bulb the
release of a flood of neurotransmitter molecules that depolarize the
postsynaptic membrane across a substantial area, then the signal re-
ceived will be nontrivial. In this fashion, a Ca** current in the end
bulb of one neuron can cause a substantial depolarization of another
cell's membrane. Depending on the system’s needs, therefore, the
neurons may be coupled either electrically or chemically.

As outlined above, Ca™ " is essential for synaptic transmission, and
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Figure 2.29
The nigrostriatal dopamine system originates in the substantia nigra and terminates in

the main dorsal part of the striatum. Damage to this system results in Parkinsonian

symptoms. The ventral tegmental area gives rise to the mesolimbic dopamine system,
which terminates in the ventral striatum, amygdaloid bedy, frontal lobe, and some
other basal forebrain areas. The tuberoinfundlbular system mnervates the intermediate
lobes of the pituitary and the nearby median eminence, and dopamine neurons in the
posterior hypothalamus project to the spinal cord. (From Heimer (1983). The Human

Brain and Spinal Cord. Copyright © 1983 by Springer-Verlag.)

example, B-endorphin—are found outside the nervous system (Reh-
feld 1980).

Moreover, the assum

e, e

one-trick profile, producing either just exc1tatory or ]ust mh1b1tory
effects on the postsynaptic neuron, is false. At least one neurotrans-
mitter—serotonin—has been shown in Aplysia to cause either excita-
tion or one of two styles of inhibition on the postsynaptic neurons,

ing on the receptor structures. That this versatlhty is a general
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Although each of the forty or so substances has been found to have
some neural etfect, especially at synaptic junctions, so far only eleven
are demonstrated to function as fransmitters. To count as a transmit-





















86 Some









89



90



ctx





















This excerpt from

Neurophilosophy.
Patricia S. Churchland.
© 1989 The MIT Press.

is provided in screen-viewable form for personal use only by members
of MIT CogNet.

Unauthorized use or dissemination of this information is expressly
forbidden.

If you have any questions about this material, please contact
cognetadmin @cognet.mit.edu.



