NEUROPHYS OLOGY, AN OVERVIEW

nerves, and nervous systems, what

they do and how they doit. A neuron
isacdl that is gpecidized in two of the
fundamenta properties of living matter, namdy
excitability and conductivity. Exdtability is
the ability to respond to changesin the
environment; conductivity is the ability to
convey an impulse or action potentid from one
part of the cdl to another. In most neuronsthe
portion of the cell which carries action
potentids awvay from the cell body is cdled the
axon or nerve fiber. Some axons are very
short, afew micrometersin length; some axons
arelong, in man up to Six feet inlength. A
nerve isabundle of these axons originding in
vaiouscdls. Findly, anervous systemisthe
aggregate of dl nerve cdlswithin asngle
organism. It happened that, in the course of
evolution, dl but the Smplest animds have
resorted to the use of a nervous system of some
sort to organize and carry out their behaviors.
So it isthat the sudy of the nervous system, in
other words neur ophysiology, is fundamenta
to the study of behavior.

In the discussion of any phenomenon as
complex asthe nervous system, it is nearly
impossible to present every topic in gppropriate
Sequence without mentioning some idess,
events, or structures out of order. A brief
overview of the topics to be discussed may
help the reader maintain a sense of order even
when topics are mentioned before they are
discused in detal. The nervous system is
composed of hillions of individud nerve cdlls,

N europhysiology isastudy of neurons,
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each having its own membrane that separates
eectricd charges; in biological tissuesthose
chargesareintheform of ions. Thereaultis
that each cdl has aresting membrane voltage,
or potentia, that acts as a source of potential
energy for the workings of the cdl. Membrane
voltages of nerve cells can change with time,
and these changes can be communicated as
sgnasto other nerve cells or to effector organs
such as glands and muscles. In fact, thisisone
of themgor activities of the nervous system.

If the distances for communication are
short, the loca changesin voltage can be
communicated directly; however, because the
nerve membrane is a poor conductor of
eectricity, the locd voltage sgndswould not
gpan distances greater than amillimeter or two.
Thus, agpecid communication device, the
action potentia, is used to communicate over
great distances, in large animds over many
meters. The action potentid iswedl suited to
this purpose because of its short duration (0.5
msec or s0) and rapid conduction (at 1-120
m/sec) without decrement. The short duration
of the action potentia alowsit to be generated
at high frequencies, 500/sec or more.

Cells communicate with each other by
way of gpecid junctions, called synapses.
Synapses are of two types: chemica and
eectrica. At chemical synapses, the voltage
sggnd inone cdl triggersthe rlease of a
chemicd transmitter substance onto another
cdl. Thistransmitter substance can ether
increase the activity of the recaiving cdll, i.e,
increase the likdihood that it will discharge
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action potentials, or decrease the activity of the
recelving cell, i.e., decrease the likdlihood that it
will discharge action potentids. We refer to the
former effect as excitation, the latter effect as
inhibition. In addition to these obvious and
direct effects, transmitter substances aso can
affect neuronsindirectly, affecting neurons a
some distance from the point of release of the
subgtance or changing the effectiveness of other
transmitter substances.

Electrical synapses do not use
transmitter substances, but communicate
changes in membrane voltage directly, and they
usudly only involve excitation. In mammals,
chemica syngpses seem to form the mgority of
synaptic junctions, but this may smply be
because they have received more study.

Therecaving cdl is usudly influenced
synapticaly not by one cdl but by many. It
integrates the excitatory and inhibitory
influences from a number of other cdls and,
based on this integration, generates its own
ggndstha, in turn, influence other cells.
Understanding this integrative property of nerve
cdlsis extremdy important to understanding
how the nervous system behaves normaly and
how it mafunctions. Some cdllsrequirealot of
synaptic influences to generate an outpui;
others do not. Mogst nerve cellsrequire alot of
synaptic input to generate an output; muscle
cdlsdo not. A sngle action potentid arriving
at the synaptic junction of an axon on amuscle,
the neuromuscular junction, dways causes the
hedlthy muscle to generate a single action
potentiad of its own and to contract.

Some nervous structures, the receptor s,
are specidized to receive sgnds from the
externd environment or from the interna
environment, i.e., Sgnas about the condition of
the body itself. Receptors use the potential
energy of their membrane voltages to respond
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to these environmenta signds and to generate
coded sgnas of their own that tell the rest of
the nervous system what has been sensed in the
environment. The 9gnasare normdly trains of
action potentials that vary in pattern or
frequency depending upon the qualities of the
environmenta sgnas. These action potentid
sggnds are sent over axons into the central
nervous system (CNS). Part of the code of the
sgnd isdetermined by which particular axon or
which particular pathway in the central nervous
gystemiit traverses. Signdsin particular
pathways are often associated with particular
kinds of sensory events. Much of the study of
neurophysiology is a condderation of how
sensory systems code sensory informetion.

The sengtivity of receptorsisvaridble. It
is variable between individuals and between
genders. It isvarigble with the time of day or
the time of the month. It depends upon the
conscious state of the individua and whet heis
doing. What we senseis, therefore, not a
congtant, but we, nevertheless, perceive that
we and our world are rdatively congtant. The
visud world is made by severd million tiny
point-receivers of light (the rods and cones),
but we percaive the visud world asif it were
continuous. The brain isresponsiblefor this
transformation.

Movements are generated within the
centra nervous system, both as direct,
automatic responses to sensory signds (the
reflexes) and as responses to the environment,
more independent of particular sensory signals.
The spind cord plays a big role in both kinds of
movement, both because it supplies the only
effective connection between the nervous
system and skeletad muscles and because it
contains the neura machinery that generates
mogt of the reflex activity and other more
complicated activity, such aswaking.
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However, the spind cord does not normally
work independently of the rest of the nervous
sysem. Important deficits in movement and
behavior occur with disruption of activity at a
great many places in the nervous system.
These deficits can range anywhere from small
changes in fine tuning of movements, as occur
following some damage to the pyramidd tract,
to lack of coordination and synergy of muscle
contraction, as occur with lesions of the
cerebellum, to complete absence of any normal
activity, as occur with smal vascular lesons of
the brain gem.

The "higher functions'-{earning, emation,
Speeking, thinking—presumably are produced
using the same cellular processesthat are
involved in smple reflex behavior, but involving
these processes in many different structures.

In dedling with the nervous system, it is
naturd to ask why animads, including man, have
resorted to the use of nervesinstead of some
other mechanism for directing their activities. It
is not difficult to conjure up avariety of
dternate schemes, some of which are, in fact,
found in nature, but it soon becomes clear that
for large organisms, the only practica way,
other than a nervous system, to communicate
with or activate a distant part of the body is
through the use of chemica substances, cdled
hormones, that are carried in the blood.

Let's briefly compare both nervous and
hormona systems with respect to some of the
essentid features of the nervous system. A
primary function of both the nervous system
and the hormond system isto communicate
information from one part of the body to
another. Nerve cells are capable of carrying a
sgnd from the toe of asx foot man to his
cerebra cortex in about 25 msec, that is, in
about 25/1000 of asecond. If ahormone were
secreted into the blood at the toes, it would not
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be able to reach the cerebra cortex in lessthan
17 seconds. Speed isat apremium in the
behavior of most animdss, and clearly the speed
advantage lies with the nervous sysem. Can
you imagine what would happen to a cat whose
righting reflex was mediated by hormones? A
hormone secreted by the vestibular apparatus,
which senses orientation, would reach the
muscles of the neck, whererighting begins, in
let's say about two seconds. In earth's gravity,
an object fals 64 feet in two seconds. This
means that a cat would not be able to correctly
right itsdlf if dropped from less than 64 feet
above the ground. Clearly, the performance of
normal cats exceedsthislevel. Of course,
where speed is not essentid, such asin the
regulation of growth, the hormona system
works perfectly well and, indeed, is used for
that purpose.

The same functions served by hormona
sysemsin adow organism, or one that does
not need rapid responses, may be served by a
neura system in an organism that does need to
respond rapidly. For example, the sengtivity of
the eyeisvariable in most organismsin such a
way that, in bright light, it is less sendtive and,
indim light, it ismore sendtive. In rddively
dow-moving crustacea that do not respond
rapidly to changesin light intensty, this
sengtivity is under hormona control, whereasin
man and reatively fast-moving insects that do
need to respond rapidly to changesin light
intengity, the same mechanism is controlled by
the nervous system.

Another mgor function of the nervous
system is to coordinate precisdy the
contraction of the various muscles in the body.
The hormond sysems dso play arolein
coordination, but only for activities that do not
require very close timing or abrupt onset and
offset. The nervous system uses very brief
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action potentialsto send Sgnas. Because these
sggndslast only afraction of asecond and
travel a high speeds. movements can be
started and stopped in a fraction of a second.
In contrast, hormones have half-lives of
seconds or minutes and travel about athousand
times more dowly, because they must be
conveyed to the tissues through the vascular
sysem. Therefore, they cannot start actions
quickly or end them quickly. On the other
hand, where speed of response is not essential,
hormones can adequately coordinate activity in
many tissuesin different places, asthey do, for
example, in the case of the events surrounding
ovulation. Where prolonged activity is
required, hormones again have the advantage.
They can act for along time, because
hormones have long half-lives compared to
action potentials. To do the same job,
prolonged nervous activity would be required,
which means continuous generation of action
potentias at perhaps higher metabolic cods.
Another difference between nervous
control and hormonda control liesin number of
target organs activated at onetime. If agiven
behavior requires the action of severa organs
to provide a generalized response, a hormonal
system may be wdl suited, but if only oneor a
few organs are required to respond in a specific
manner, then nervous control may be better
suited. Were it necessary to control every
movement of anorma human with hormones, a
hormone or combination of hormones would be
required for every movement, and receptor
gteswould be required for severa hormones
on the same effector organ. Otherwise, an
organ would not know what kind of response
to give-amdl or large, fast or dow. Clearly,
the number hormones would be immense and
the sysem impractica. On the other hand. if it
were necessary to regulate growth with the
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nervous system, it would require a neurd
connection to each cdl of the body, also an
impracticd condition. The nervous system
does participate in some generalized responses,
but, in generd, the nervous system provides
highly specific control of only one or afew
organs.

Another essentid function of the nervous
sysem isto collect and integrate sensory
information, that is, to combine, andyze, and
process information about the environment both
ingde and outside the body in order to execute
an gppropriate response. Because the common
denominator of activity in al sensory sysemsis
changesin dectrica potentid, it isno problem
to add them together. It iseasy to sum
electricd potentials. If integration were to be
accomplished by a chemica system, the matter
would be much more complicated. One would,
for example, want to distinguish visud events
from auditory events, 0 each sense must use a
separate hormone. Then there is the problem
of how to add them together, something like
adding apples and oranges, molecules would
have to combine chemicdly, and then different
cellswould be required to respond to all
possible ways of combining the hormones. This
kind of chemicd integration does occur in
hormond systems, for example, in the control
of fat cdl activity, but the number of hormones
involved and the tota repertoire of responses of
the organ is limited compared to the number of
different ways a neuron can respond and the
totd behavior of an organism. Ontheleve of a
whole organiam, the thorny problem for
chemicd integration is how to handle something
like mathematicd computations. It isno doubt
obvious by now that nervous control of
behavior does provide certain advantages over
dl the dternatives. Theseare:

(2) increased speed of performance,
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(2) increased precision of performance
related not only to speed and control of
onset and offset, but also to the way
neurons are connected to the organs,

(3) economy of chemistry with no need
to synthesize large numbers of hormones.

Nervous control of behavior isleast efficient in
the initiation and organization of generdized or
prolonged responses.

Up to this point in our discusson, we
have dedt with the nervous system and neurons
asif their only function was to produce action
potentids. Many textbooks, in fact many
neurophysiologists, ded with the nervous
sysem asif thisweretrue. Thereisnow alot
of evidence of other functions. For example,
removing the innervation of a driated muscle
results ultimatdy in wasting or atrophy of the
muscle. Thisimpliesthat the contact of the
nerve isrequired for the muscle to maintain its
integrity. Not only that, but the nerve
determines, at least to some extent, the
contractile properties of the muscle. The
characterigtic rate of contraction of amuscle
can be dtered in a systematic way by
denervating it and rennervating it with the nerve
from adifferent muscle. It dso appearsthat it is
the neuron that induces the formation of myelin
around the axon by the Schwann cdlls. In
addition, the axons probably supply nutrients or
some other factors vitd to the maintenance of
myelin. The nervous system aso interacts
intimately with the immune system.

Anather function of neuronsis secretion.
We will learn that most neurons communicate
with each other by way of chemica transmitter
substances. These substances are synthesized
in the cdll body of the neuron, probably stored
in the Golgi apparatus, and then transported
down the axon. There are two rates of
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transport in this orthograde direction; oneis
very rgpid, of the order of 410 mm/day (thisis
amongst the fastest rates of cellular transport
for dl cdlsin the body), and the other is
relaively dow, of the order of 1-12 mm/day.
In the termind portion of the axon, the
transmitter substance is stored for later release
by action potentials onto nearby neurons,
whose activity it influencesin characteridtic
ways. In addition, it is now known that axons
trangport substances in the retrograde direction,
i.e, from the terminals back to the soma, a a
rate of 40-100 mm/day. Thetermina portions
of the axon pick up substances from their
environment; proteins are taken up by nerve
terminals and transported back to the soma
where they may be used in making other
compounds or broken down and used in further
gynthesis or diminated as waste products. Itis
fascinating that an axon can transport two
different substancesin opposite directions dong
itsaxon & the same time.

Thereis dso the posshility that neurons
may play arolein disease control processes.
For example, sectioning the trigemind nerve or
apat of it for the treetment of chronic pain or
for any other reason is often followed by an
outbreak of Herpes zogter virusinfection in the
area of the face served by that nerve. Some
investigators believe that the virus may be
controlled by uptake into the neurons, and
when the neurons are damaged they release
their captive viruses into thair termindsin the
skin.  (My friend, Dr. Robert Grimm, cdlsthis
the garbage dump theory.) This notion receives
some support from the recurrence of cold sores
(Herpesvird infections) at the same Steor a
nearby Stes over a period of many years.
There, of course, may be other explanations,
but the possibility exigs that the nerves play
somerolein disease control.
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How important these nonspike activities
of the neurons are to the functioning of the
nervous system is not known. It is possible that
they are amgor route for interneurona
communication. It isaso possblethat they are
only manifetations of basc cdlular metabolic
processes. The near future may hold the
answer.

How did the nervous system of the
human come about? The nervous sysem is
subject to evolutionary pressuresin the same
way as any other part of an organism. Its
structure may be atered or added to in order to
alow the speciesto survive in a changed or
new environment that requires anew life style.
Thus, we might expect to be able to trace the
evolution of nervous systemsin fossi| records.
This has proven difficult to do because nervous
tissue is soft, and it is not preserved the way
bones are. However, we do have some idea of
the development of nervous systems. The first
organisms were very likdy single cdlslike the
amoeba. Because angle-cdled animds have dl
of the characterigtics of matter, they must have
conductivity and excitability. Inthisway, these
fira angle-celed organisms were dso the firgt
nervous systems, doing many of the things more
complex sysemsdo. As animas became more
complex, it became more efficient to
differentiate cdls into functiond types.

Different tissues gppeared and, with them,
nerve cdls. At firdt, nerve cells may have been
poorly organized, perhapsin loose bundles with
no obvious order; later, they associated more
closdy in organized groups cdled ganglia Still
later the ganglia became interconnected and
coaesced to form what we know as the spina
cord and brain stem. In the course of
phylogeny, some new groups of cells or nucle
were added; later, in different animals, these
nuclel increased in 9ze and complexity, while

i-6 The Nervous Systemin Action

others decreased or stayed the same. The
cerebra cortex made its first appearancein
evolution among the reptiles and then gradualy
changed in sze and complexity to reach its
current configuration in the human brain.

The phylogenetic development of the
nervous system may be characterized by
anaogy to the wooden blocks you played with
asachild. Atfirg, there were just afew blocks
strewn on the floor, but you quickly put themin
order to form aframework. Then you reached
into the box and picked out afew more blocks
and added them to your congtruction as they
were needed. The basic foundation remained,
you just added more blocks ontop. Inthe
same way, the framework of the spinal cord
evolved with its basic neural connections that
providethereflexes. Asenvironments
changed, for example from wet to dry as
previoudy aquatic species emerged onto the
land, pressures were applied to the species,
forcing them to change their behavior or die
out. In many successful species, this meant
modification of the basic framework in the
spinal cord and brain stem and, in some cases,
the addition of new structures. Each new
Sructure was cgpable of modifying the activity
of the basc framework. Even in the human
brain, so-cdled higher centers, such asthe
cerebra cortex, work by modifying the activity
of lower centers, but these higher centers are
not capable of controlling behavior by
themsdlves. It isthis modification of the basic
reflex activity and not direct control of muscle
contraction, that leads to the fluid, continuous
activity characterigtic of the higher mammals,
induding man.

To summarize, the functions of the
nervous system are as follows.

1. Communication
2. Sensation

August 27, 2002 Revision



3. Integration

4. Coordination

5. Movement or secretion

6. Behavior

In our study of the nervous system, we

congder these functions more or lessin this
order. By the term communication, we mean
smply getting information from one place in the
body to another, usudly by transmisson of
nerve impulses. In order to understand this
process, we must know how impulses are
generated and propagated, i.e., how nerve cdls
carry sgnds and tranamit informetion to other
nerve cdls, muscles and glands. The study of
sensation involves congderation of what
features in our environment can be sensed, of
the different organs used to sense; of the
process of transduction, i.e., converting energy
(be it mechanicd, thermd or light) into aform
that can be used by the nervous system, namely
the action potentid; and of how these
processes findly leed to a"sensation.” Thislast
topic includes some consideration of how the
activity of the nervous system relates to what
we sense. Integration is the combination and
comparison of information from various sensory
organs and from memory to be used in making
decisions about behavior. Movement and
secretion are, of course, the end products of al
the machinations of the nervous system, and
when numerous movements or secretions are
assembled together into complex patterns that
are modifiable by experience over time, the
result istermed behavior. Itisthe
understanding of behavior thet isthefind god
of neurophysiology and, as such, it isthe topic
about which the least can be said, in the
inclusve sense. We will discuss stereotyped
behaviors like the reflexes and afew more
complex behaviors like deeping, spesking, and
learning, but what we can say about them will
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be superficid compared to the complexity of
behaviors themsdves. We know reatively little
about the learning process or the coordination
that dlows a swift to fly at 140 miles per hour
through adit inawadl only dightly larger than its
body. Neither can we say much about the
mechanisms of persondity or of consciousness.
Though our understanding of these phenomena
isinitsinfancy, new "facts' are being turned up
dl thetime and exidting knowledge s, at the
same time, perplexing and fascinding.
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