f%‘g INTERNAT—IO_NAL ATOMIO NN ERGY AG
W

ENQY
UNITED NATIONS EDUCATIONAL, BCIENTIFIO AND CULTURAL ORGANIZATION

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS
34100 T'RIESTE (ITALY) - P. 0. B. 588 - MIRAMARE - STRADA COSTIERA 11 - TELEPHONES; 224281/2/3/418°9
CABLF: CENTRATOM - TELEX 4603921

SMR/96 ~ I1/7

SUMMER COLL¥CE IN BIOPHYSICS

(2 - 27 August 1982)

THE NERVOUS SYSTEM

Asgorted Notes — Part 3

S. BLACKSHAW
J.G. NICHOLLS
B.G. WALLACE

fhese are preliminary lecture notes, intended only for distiributior to pariicipants.
Migsing or extra copiea are available from Room 230.







NEURCBIOLOGY 200. The Nervous System
Fall Quarter 1981
Structura of Sensory Receptors
and Crganization of the Peri-
pheral Autonomic Nervous System

U.J, McMahan

1. PRIMARY SENSCRY NEURONS OF THE SOMATOSENSORY SYSTEM

Much of the Information we raceive about tha conditon of our environment
is derived from stimuli impinging upon our skin. We are all keenly aware of
the sgensations of touch, pressure, pain, warmth or coldness, i.e., modality or
quality of sensarion, produced by a particular object in contact with the skin.
Qur central nervous system also receives important informatiom from tissues
deep within the body; for example, signals from muscles, tendens and joints
is critical for determining the position of our limbs, and producing smooth
coordinated muscle movements, Sensory information iIs also derived from the
viscera; for example, visceral information is responsible for the sensation
of hunger, and distention of the bladder. Signals form the blood vessels
regulate blood pressure.

Sensory informatiom from the skin, muscles, tendons, joints and viscera
1s tranamitted to the central nervous system by neurons whose cell bodies in
nearly every case are situated in ganglia., Each of the 31 psired dorsal roots
has a sensory ganglion responsible for innervating specific areas of the trunk
and limba. Cranial nerves V, VII, IX and X also have conspicuous sensory ganglia
for comveying information from the head. The nerve cells are the primary
sensory neurong in pathways of increasingly higher order neurons that terminate
in areas of the CNS which i{n turn influence behavioral patterns. As pointed ocut
in previous lectures these primary sensory neurcas are unipolar; in fact, they
are the only unipolar cells in the vertebrate nervous system. Thelr single
process undergoes a T~ghaped bifurcation with the ganglion: one limb of the
T extends to the CNS where it makes synapses with second order neurons; the
other liazb of the T extends peripherally to terminate om or near the akin,
muscles, joints, tandons or a viscus. The two limbs together form a single
process which looks and performs like axons of the common multipelar neurcus.
For descriptive purposes it is often convenient to order the sensory neurons
according to their source of stimulation. Sensory neurons that respond to
stimuli from the extsrmal environment are called exteroceptors; receptors
from the eye and ear as well as cutanecus receptors would fall into this class.
Sensory nenrons responding to activity in muscles, ligaments and joints are
proprioceptors, and those responding to activity in viscera are intarceptors.

Today I-am going to discuss the cutaneous receptors and proprioceptors.
These sensory neurons comprise the initial steps in the somatosansory system
(soma=body wall) which will be considered in great detail in other lectures.
Specifically I am going to describe the structure of cutaneous receptors and
proprioceptors and the role that structural relationships play. in determining
the funetion of particular receptor types within these two classes,

Adeduate stimulus

Discrimination between the variocus types of stimuli we encounter might in
theory occur if primary semsory neurcns were to respond equally well to all sorts
of stimulf and code the quality of a particular stimulus by the pattern of
impulsas they conducted. Thus a receptor might be equally seasitive to mechaniecal
deformation of the skin and heat but depending upon whether a stimulus was a
caress or a warm breath of air the axon would generate a series of impulses with
intervals characteristic for each., In fact, this sort of notion was proposad
over 50 years ago and was suggested again as late as the wid-1960's. However,
it has become increasingly clear over the last several decades as a result of
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detailed electrophysiological studies that while S0me receptors caz respond to
more than one type of stimulus, each is exquisitely semsitive co ouly ocne-~

the adequate stigulus. 4 Teceptor may respond to both mechanical deformarion
and heat but it 13 orders of nagnitude more sensitive to one than to the other.

Generator and action patentials

As in other axons, informacion is conducted along sensory axoms by actign
potentials., The portion of the peripheral limb ar or aear its tip is the re-
ceptive portion of the neuron. It responds to a stimulus wich a graded

‘genarator') potential, analogous to the graded potentials producad in the
dendritas of CNS neurons by aynaptic transmitters. @f the amplitude of the graded
patential is great emough the graded potential reaches the threshold of the axon
and generates the action potantials. The amplitude of the generatar potential
ls proportional to the stremgth of the stimulus, and the greater the amplitude
of the generator potential the greatar tha frequency of action potentials. Thus
informaticn about the stresgth of a stimuelus, such as depression of tha skin. 1s
coded by the frequency of the action potentials, (Sae Dr. Baylor's handout.i

Adaptation

When 2 stimulus i3 maintained the frequency of acticn potemtials can,
depending on the receptor type, diminfish; this is adaptation. Different re-
captors adapt at different rates. Sone rapidly adepting receptors discharge
only or at a varying rate while a stimulds is being applied and not at all or
Telativaly littls while the stimulus 1s maintained. Some slowly adapting
receptors continue to 4ischarge regardless of how long the scimulus is prasent.
The ‘mechanism of adaptation is different for different types of recaptors,
There is avidence from studies on some raceptors that adaptation is a property

of the neuron. In the deseription that follows I point to cases where the tissue
associated with the nerve may play a role.

Cutaneous Receptors: The Stiructure of Different Types aud How Their Structure
Influences Their Performance

As you might imagine, the receptive portion of cutanecus receptors is
situared {n the skin itself or in the subcutanecus connective tissue. The skin
conslsts of two distiner layers: epidarmis (a stratified epithelium) and the
subjacent dermis (a dense connective tissue layer) tightly adberent to the
¢pldermis. There are two sorts of skin: 1} a glabrous (non-hairy} porticn that
covers, for example, the underside of the fingers znd toes and the palms of the
hands and soles of the feet; and 2) a hairy porcion that covars the rest of the
body. Beneath the skin there is a loosaly packed subcutaneous connective tissue
(superficial fascis or hypodermis). Bath the dermis and subcutznegus comnective
tissua contain a high density of sensory nerve tarminals; there are also some
nerve terminals within the deeper layars of epidermis.

Based upun their adequate stimylus thres general types of cutanecus re-
ceptors can be defined: a) mechanoreceptors, which have a very high. senaitivity
to mechanical stimuli; b) thermoreceptorsa, which are axguisitely sensirfve to
small changes in skin temperaturs; and o) nociceptors, which are insensitive to
mild or low intensity mechanical and thermal stimulation but discharge im-
pulses to stimuli that are potentially or actually damaging to the skin.

Mechanoreceptors

PACINIAN CORPUSCLE. These mechanoreceptors have a conspicuous capsule
of non-neuronal cells and are situated within the subcutanecus connective tissue.
They are rapidly adapting, responding to the onser of an applied pressure and
at its removal but mot while the pressure is held steady. Moreover they respond
best to rapid displacements so that at a frequency of 200 cycles per second, a
1 micrometer deflection of the surface of the skin is readily detected by the
axon, (It is thought by some that such vibration detectors in the fingers
serve to determine the texture of a material as they are drawn across it.) The
response of the nerve ending only to the onset of displacements and to rapid changes
in veloeity can be acgounted for by its surrounding capsule of supporting cells.

The capsule can be several millimeters long and consists of layers of
flarrened cells concentrically arranged avcund a single axon which terminates
at its center. The axon 13 moderate in size and loses its myelin sheath as it
enters the capsule. The cuter layers of the capsule are a continuation of the
perineurium and in ¢ross sections present a complete profile around the circum-
ference of the capsule. The layers of cells at the center of the capsule, on
the other hand, show a different arrangement; the lamellar profiles are not full
circles but semi, with the gaps between the half circlea aligred so as to produce
a continuous cleft extending from the unmyelinated portion of the axon to the
capsule's core. The lamellae of the cuter capsule are separated by large spacas
(micrometer or more) which, like other tissue spaces are filled with a fluid
uacrix; the inner layers are more closely apposed (separated by only a few
hundred nanometers).

How does 1t work? Pacinian corpuscles are not found only in gsubcutaneous
connective tissue; they are also situated in connective tissue arcund joints and
in thin mesentery of the gut where, in some animals, thev can be seen with the
naked eya. Loewenatein exposed the Pacinian corpuscle in the cat's mesentery
$0 that he could stimulate it directly with a stylus (like the one on your phoano-
graph) while reccrding from the axon. When he pressed on the capsule with the
stylus he recorded the same sorts of events seen with displacement of the intact
tissue; there was a brief passive depolarization, which fa large emough eould
give rise to an action potential, The appearance of the depolarization occurred
only during the dynamic phases of displacement (just as pressure was being applied
and just as it was being removed). Moreover, the velocity of displacement needed
to be rapid to alicit the response. He ther dissected away much of the capsule
and found that when the stylus was applied to the axon, the graded depolari-
zation occurred during both the dynamic and static phases of displacement and
accordingly it was no longer dependent upon velocity. These findings lead to
the following explanation: A slowly applied stimulus delivered to the capsule
as a vertical deflection with a stylus results only in the displacement of fluid
elements within the capsule so that the force of the stimulus does not reach
the terminal. .On the other hand, it the stimulus is rapid, owing to the viscosity
of the fluid the force is transferred directly to the terminal resuiting in a
r-sponse. Thus the capsule filters out low frequeney stimuli or stimuli with a
low veloeity. It follows that after the dynamic phase of a rapidly applied
stimulus reaches the terminal, the fluid elements begin to shife removing force
from the terminal so that the static phase has no effect and does not glive rise
to a generator potmrmm—m the capsule, owing to
the capsule's elastic properties, it snaps back to its resting form and again
because of the viscosity of the fluild elements the force is tramsmitted to the
terminal initiating a response. Thus the capsule acts not only te filter out




RAPIDLY ADAPTING

Facinien carpuscie. Theae are lorge, encopsulated
mqu. found in subcutanaous tissus, in fasial planes, and
in“the mesentery. A shows a longitudingl section of a
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low velocity atimuli but also provides an adaptive mechanism. It iz of intarest,
however, to point out that this axon has its owm adaptive mechanism. Even when
the capsule is remeved and the genmerator petential persists throughout the statie
phase of stimulation, only a few action potentials are generated at the omset of
stimulation,

MEISSNER CORPUSCLE: A receptor with structural characteristics similay to that
of the Pacinian corpuscle is the Meissner corpuscle. These corpuscles are
situated in the dermal papillae of glabrous skin and are especially numerous in
reglons such as the finger tips and othar sites with tacrila sensicivity. In
man, they are oval and about 200 x 100 um along major aand minor axes. The basa
of asch corpuscle is penetrated by up fo 10 axons. These axons are myelinated
but upon entering the capsule the myelin 1s lost so that the axons terminate naked.
The terminals spiral and branch among the processss of capsula calls whose cell
bodies are at the periphery of the entire structure. As in Pacinian corpuscles,
the capsule cells are Schwann and perineurial cells and there are spaces fillad
with fluid and collagen fibers between processes of the cells. The functicnal

identity of Meissner corpuscles has not been directly established; since the

skin is thick the corpuscle cannot be seen in live preparations, which hinders
direct corralative structural and functional studies. These corpusclea look
much like Pacinian corpuscles, and thus one might predict that they too would
be rapidly adapting velocity detectors. In fact, recordings from the foot pads
of cats have shown rapidly adepting responses from large, rapidly conducting
axcns that could not be attributed to receptor endings other than those in
Meissner's corpuscle.

LANCEOLATE ENDINGS OF HAIR FOLLICLES: Hair follicles ars richly in-
nervated, Several myelinated axons enter the dermeal tissue of the hair follicle
and each branches intc a number of unmyelinated terminal processes; scme run
up and down the shaft of the follicle, others sncircle it spirally. The ter-
minal portion of these fibers lie close to the epidermal basal lamina, sand=-
wiched between gleeves of Schwann cell processes. Fine collagen fibers surround
the Schwann sleevas couple the terminals mechanically to the follicle. The
terminals are activated by bending the hair shaft and the respmseis rapidly
adapting. You can test ifs response to stimulation now by bending the hair on
the back of your hand with a pencil tip. You will notice sensation while you are
bending a hair and when you let ga ot it, but not while you hold it steady. The
adaptive mechanism of the hair follicle is not kaown, byt certainly proper func-
tion of the receptors depends on a non-neuronal elemene, tha hair.

RUFFINI CORPUSCLE: Whereas tha capsule of the Pacinian corpuscle dampens
stress placed on its nerve terminal, there ia a class of raceptors where the
capsule and its contents are arranged in such a way that they transmit stress
to the terminal. Striking examples are the terminals asscciated with Ruffini
corpuscles which are slowly adapting. To establish the structurs of these re-
ceptors, Iggoe and his collesgues recorded from nerve fibers while stimulating the
skin until the area of highest sensitivity for an axon was found. Stainless stesl
wires were driven into the tissue on either end of this area marking the receptor's
site for subsequent electron microscopy. Each corpuscle is an elougated spindle
up to 2mm long and ¢.lmm wide. The capsule consists of several layers of peri-
neurizl cells continuous with the shaft around the incoming axen as in the capsules
of Pacinian and Meissner corpuscles. The axls of the capsule is formed by longi-
tudinal collagen fibers which are continmuous at either end of the capsule with
collagen fiber bundles in the surrounding tissues. The nerve fiber penetrates
the capsule at its equator or at ona pcle and breaks up into numercus fine un=-
myelinated branches which surround and penetrate between the collagen fiber bundles.
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The way that this receptor is thought to work is that when tension is applied to
the collagen fibrils, they tighten upon the the nerve endings, se¢ stimulating them.
If this were so then ope would predict that the recaptor would be most sensitive
te szress in line with the capsule's long axis, the direction of the collagen
fibers. 1Iggo and hig colleagues have shown that terminals of Ruffini corpuscles
are directionally sensitive. If skin 1s strecched along ome axis the Ruffini axon
terminals may give a strong response while stretch at right angles to this axis
which may pull the collagen Fibers apart and loosen tension on the terminals,
gives no response at all, Thus the current view is that not only ig the capsule
and irs contents arranged in sych a way as to transmir tension, produced by szrecch,
to the nerve terminal, they afd in making it sensitive to stretch in a particular
direction.

MERKEL'S DISCS (TOUCH CORPUSCLES): On the hairy skin of several memmalian
species, including mam, there are special sense organs, touch corpuscles, which
can be seen grosaly, FEach corpuscle forms a dome-like mound on the skin; the
dome has a dismeter of several hundred micrometers. The epidermis of the coTpus—
cle is thickar than that of the surrounding skin and the dermsl core of tha corpus—
cle containg an especially fine and dense meshwork of collagen fibers. Fingers
from the dermal core invaginate the epidermis deeply and are tightly attached to
the epidermal basal lamina, providing the touch capsule with a rigidity that hinders
mechanical distortion unless a probe is placed directly upon it. Just superficial
to the basement membrane of the epidermis are several specialized cells--Merkal
cells. One of their obvious characteristics is that they contain a number of grany-
lar vesicles which structurzlly resemble catecholamine containing vesicles in
axon terminals of neurons in tha sympathetic nervoua system whara catecholamines
are synaptic transmitters. Thera is but one sensory axon (myelinated) par touch
dome. Its unmyelinated terminal branches penetrate the epidermal basal lamina,
invaginate the deep surface of the Merkel cells, and form a flat disc-shaped
ending that lles in close apposition to the Merkel cells, These mechanareceptors
are exquisitely sensitive to vertical displacement of the dome and are slowly
adapting. The stimulus wmust be applied directly to the dome, however; application
several microns away has no effect. It is not clear what roles, if any, the
Merkel cells play in receptiom. An early suggestion was that they may release
catecholamineg in respomse to the stimulus and this chemical activates the
terminal. Histochemical methods that detect catecholamines in nerve cells have
not done so in these cells, This of course does not rule out scme other trans-
mitter, The highly localized sensitivity of this receptor is attributed to the
structural support of the dermal core of the corpuscle which prevents distorticn
of the corpuscle when a stimuius is near but oot on 1t. Touch corpuscles are not
located only in hairy skin, They are also abundant in glabrous skin, especially
in the depressions between friction ridges of the fingers and toes areas of high
tactile sensitivity. Because of the ridges they are not seen as domes in these
areas.

FREE ENDINGS: Thus far we have.talked about recéptor terminals as asso-
ciated with some non-neuronal tissue specialization such as a hair or a capsule.
there are mmerous fine terminal branches of small myelinated or unmyalinated
sensory fibers present throughout the body. They are especially prominent in the
superficial protion of the dermis. Terminal branches of some small axons penetrate
the epidermal basal lamina and end among the deeper epidermal cells, Recordings
from nerves in many regions of the body show that there are slowly conducting, and
thus small, axons that respond to mechanical stimularion, The encapsulated re-
ceptors, as I have described above, have large diameters with rapid conduction
velocities, it is reasonable to associate the small mechanoreceptors with free
nerve endings. Such mechanoreceptors are of the slowly adapting variety, That
free endings can be mechanoreceptors has “aen demonstrated by studies on the
cornea. The cormea is very sensitive to mechanical stimuli but thare are no
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- encapsulated endings within ie,

Thermoreceptors and nociceptors--bach of thess receptor types are characterizaed

by FREE NEAVE ENDINGS, They ara tarminals of small ayelinated or unmvelinated
axens, and are slowly adapting.

IThermgraeceptors are uniquely sensitive to either warming or cooling
stiguli. Beth warm and cold raceptors show a static discharge pattern relaced
to the rasting level of the skin temperature. In warme fibers of cats, the dig-
charge frequency is greatesc at about 43°C, diminishing rapidly on efther side
of tha optimum, Cold receptors have their highest discharge fresquency arsund
20°C. Cold receptors are alsc activated strongly at cemperaturas above 4572,
an anomaly that may be related to our subjective axperianca of paradoxical cold
at high skin temparatures. By determining the thermal diffuaion soeffilcisnc af
epidermis and dermis and recording from axana whtle analyzing rapid Cemperatyre
junps ir has been possible to determine how deeply cold raceptors are siruaced
in the skin. In the cat they are near the epidarmal-dermal boundary. Warm
receptors ara probably somewhat deeper--well within the darmis. fensel located
c¢old spots about 1Q0mn in diameter on the cat's ooga, marked the spots and
sectiomed them for alctren microscopy. At these spota he found a small ayalinated
axon that penetrated tha epidermis to terminaras (unmyelinated) among the hasal
layer of epidermal cells. Warm recaptors have not been structurally identiffed,

Axona whose terminals respend exclusively to noxious or potentially
damaging stimuli are also distridured throughout the body but are particularly
numercus fn dermal and subcutansous connective tissua. Two distince catagories
of nociceptors have been describad $n mammals: a) those that respond exclusively
to mechanical stimuli; and b) those that respoad to both mechanical and chermal
stimuli. The thresholds for aithar stimulus is much higher than for ordinary
mechanoreceptors and thermoreceptors.

Recepcive fields .

A single afferent fiber may supply onme or more receptor organs. Ihe area
that when stimuiated causes a discharge in the afferant fiber i3 said to be
its recsptiva fiald. In general, single afferent fibars have ra-
Latively discrete receptive fields. The raceptive flelds of sevaral afferents
may overlap, since receptor organs supplied by the fibars may be topegraphically
intermingled.

The size of the receptive field of a particular type of receptor may be
different, depending om the locaticu of the riceptor. For Instance, many
cutanegus receptory have small receptive fialds Lf they are locazed on thae
distal part of an extramity, but the receptive fialds of comparable caceptors
located on the proximal extremity or on the trunk may be much larger. Since
sensory discrimination is much batter developed on the distal parts of tha
extremities, there is reason to attribute this in part to the finer rizes of
the receptive fields of the sense organs In this part of the body. Ancther
factor, however, is that the density of ianervation is also greatest on the
distal extremities and so there are many more receptors for a gilven area cf skin
on ths fiagers, for instance, tham on the back.
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. Posterior view of dermatomes t{eff) and cutanepus areas supplied by individual peripheral
nevves (riehe).
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Dermatomes

4 dermatone.is the arsa of skin which 1s ionervated by a.single segwent
of ‘spinal cord., In the trunk reglonm the detmatomes are simple rings, but 1a
the limbs thay are more complex with some odd discontinuities, While =here's
fo need to memorize the dermatomes, it's of great clinical importance to know
that dermatome maps are available, For example, in the very common condition
of a herniated intervertebral disc, which may cotipress a single dorsal Toot,
examinacion of the region of skin whose innervation is affected allows one to
determine the position of the lesion in the vertebral column.

Adjacent dermatomes overlap considerably, so that, for axampla, che edges
of dermacomes C6 and C3 meet in the middle of dermatome C7 (see sketch}., This
averlap is greatest for touch sensation, and winimal for pain sensatiocan, sc
when looking for evidence of a single-root lesicn, it's particularly useful
to test for semsitivity to pain-—thers may be no lIoss of touch,

Proprioceptors

We now turn to receptors within musclaa, tendons, and joint capsules.
€learly, there ara pain recaptors in and around muscles and jointa—any
athleta will readily tescify to this. I want to focus here on machanoreceptars--
the receptors that provida information necessary for coordinated and effective
movements of the body. Again we are interested in the receptors themselves;

details of the role they play in movement will be considered in another lacture
by Dr. Baylor,

Muscla gpindles

If one records from a nerve to a muscle whila pulling on the muscle, axonm
discharges are cleyrly detectsd. These discharges ara not derived from dis-
tortad motor axon tarminals at the neuromuscular junction but from well-defined
sensory elements within the muscle 4and its tendon, These recaptors have tha
job of detecting stretch and tension in the musecle. Measurementa on the rate
of conduction in the sensory axons and their dismeter show that there are 2
distinct axon types. BHoth ara type A fibars and are designated type I and LI
(see later). Both I and IT innervate muscle; only I innervates tendon, As you
can see from the Table on page 11, typa I afferents are the largest axons in-
the body. Each of the two types within the muscle respond differenctly to
stretch sending different sorts of informetion to the CNS. The type I(b) com-
ponent within the tendon responda differently to the type I{a) component in
muscle as discussed below. Here we focus on the muscle affarents.

The two muscle afferenta differ in that the type I afferents are sensitive
to the dynamic phase of stretch; i.e., when the length of the muscle decreases
and increases; type II afferent are relatively unaffected by the rata of stretch
but are sensitive to tha final degree of stretch, i.e., they respond pree
ferentially to the static component of stretch,

Terminals of both types of axons are closely associated with muscle fibers
having special features. The special mycfibers are situated in small groups each
partially enclosed by a spirdla-shaped capeule (continuous with perineurium as
usual)=-hence the name muscla spindle. There are 2-12 myofibers in a muscle
spindle and there may be hundteds of apindles in a particular muscle. Each
specilal intrafusal myofiber possesses the normal contractils apparatus of the
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larger sxtrafusal myofibers situation outside the capsule except in thelr equi-~
torial regilon; here tha tyofibrils are canfined to a thin subsarcolemmal layer
and the middle of the fibar is occupied by muscle cell nuclei. Two types of
incrafusal fiber are distinguishable by a number of features. One obvious dif-
ference ls in the arrangement of nueclai, vhich glves the different types their
names; nuclear bap fibers in which the aquitorial nuclei ferm several rows,

and nuclear chain Fibers with a single file of equitorial nuclei. (In beth
fiber types, mycnuclei are situatad elsewhers in che usual subsarcolemmal
position as found in extrafusal fibers.) The bag fibers are wider and several
times longer than chain fibers. The bag fibers leave the polas of the capsule
to terminate in the connective tissue binding the extrafusial myofibers while
tha chain fibars end within the capsule.

Type Ia and IT axons enter each capsule whera they lose their myelin
sheaths. The unmyelisated terminal porticns of type Ta and by coiling arcund
the aquitorial regiona of both bag and chain fibers; thesa are primary or
annulospiral endings. The type LI axons terminate on a zone on either side
of tha equitorial ragion. Thasa sacondary endings occur commonly on chain
fibara,rarely on bag fibers. Macthews, who has contributad considerably to
out understanding of how the muscle spindle works, has attributed much of
the diffarence in response between type Ia (primary) and II (secondary) smdlngs
to spacific structural features of the spindle myofibers. When the fibers
arse stretched it may be that tha more viscous regilons of the wuacle, i.a.,
the portions in which myofibrils cccupy the majority of the cross sectional area
will seratch mora slowly than the more elastic equictorial reglons eontalning
the central nuclael. A stretch will inirially result in a lengtheming of the
equitorial region subjacent to the primary endings, and hence stimulate the
endinga. After a short period the sarcomeras beneath the gecondary endings will
stratch stimularing the secondary endings and relax the tension on the primary
endinga.

Unlike the other receptors we have discussed so far, muscle spindles
are designed to ensbla the CNS to modify or coutrol the activity of tha re-
ceptors they contain. This influence is exerted by way of nerve fibers that
innervate the two types of intrafusal fibers in the spindle. Based upon their
conduction velocity they fall inco the Ay (gamma) classification
enter the capsule along with primary and secondary axons and terminate near the
poles of the spindle. Thare are actually two sorts of gamma fiber, one that in-
flusnces responses to the dynamic component of stratch, and one that influences
responses to static stretch; these two fibers are known as yd and ys OT gamma 1
and gamma ?, From what we have said above one would expect that yd would end on
nuclear bag fibers and ys would end on chain fibers. In fact, merphologically
esch type intrafusal fiber has {ts own distinet type of neuromuscular junction;
bag fibers have small rerminals with varicose branches that look lika clusters
of grapes {en grappe terminals) and chain Eibers have a narrow =longated terminal
{trail ending). Finally, the bag fibers have 2 sacond motor endplate, cyplcal
of thosa on extrafusal fibers, on regions cutside the capsule. These are Jde~
rived from axons that innervate esxtrafusal fibers. Contraction of the polar
ends of the muscle spindle has the same affect as stretching the muacle; the
equitorial portion of the intrafusal nerves ls atretched resulting in dlscharze
af afferent.

The rola of the muscle spindle, as 2 datector of changes in mugele length
during mcvement will be discussed in orher lectures. it is werch pointing aut,
however, that without the efferent inpervation of the intrafusal £ibers, the
spindle function would be severely limited. The spindla is in parallel with
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the extrafusal myofibers. Thus contraction of the extrafusial fibers in
muscle movement tepds to shoerten the spindle. - If intrafusal
contraction (through its motor innervation} is experimentally prevented the
spindle afferents cease firing or slow down during extrafusal contraction.
However, intrafusal contractica maintains afferent firing during the extra-
fusal contraction. Thus the gamma efferents reset the sensitivity of the
spindle during extrafusal contraction S0 that it is capable of sending in-
formetion about muscle temsicn during all stages of muscle wovement.

Golgi tendon organ (see figure of Ruffimi corp. --slowly adapting)

Golgl tendon organs which also respond to tensicn are situated within
tendons near the myotendonal junctions. They are structurally similar to
Ruffini corpuscles of the dermis (see above); they comsisc of a capsule
that surrounds bundles of collagen fibers and the terminal processes of the
sensory axon that enters the capsule is insinuated between the collagen bundles.
These receptors are in series with the muscle and thus they respond best when
the muscle contracts. They are slowly adapting as ara the terminals of Ruffini
corpuscles. The firing of the terminals during tension is attributed to tighten-
ing of the nonstretchable collagen bundles upon the nerve terminals.

Joint Teceptors

Finally we come to the i{mnervation of joints. Much of our sense of limb
or joint position is derived from receptors situarion in and near joint capsules.
Cleazrly we alsc receive Information about where our limbs and bedies axe from
our eyes, But if anesthetic 1s injected inte ioints a sense of position that does
not depend uponm vision {s markedly reduced, if not abolished. Goldscheidar was

‘the first to demonstrate this peint by injeeting anesthetic into the joints of

the fingers. As you recall, muscles that flex and extend the fingers are situated
in the forearm and they are connected to the fingers by long tendons. Thusa
Goldscheider could rule out that anesthetic was influenciag muscle receptors and
concluded the diminished position sense resulted from imactivation of joint re-
ceptors. Coaversely, position sense is retained if muscles are demervated or
anesthetizad while joint imnervation is unaltered.

There is no ome particular class cof joint receptor; instead there are
several types of joint receptors In each joint and each receptor is similar
to ones that have been deseribed for other tissues., There are Golgl tendom
organs—Ruffini corpuscle type receptors that are slowly adapting, Pacinian
corpuscles that are rapidly adapting, and free terminals of small myelinated
and urmyelinated axons. Among the free terminals there area not only mechano-
receptors but pain receptors as well. In general, sach recepter responds to
positions only within a small angle of movement rather than the antire range.
How information from sach of the different raeceptor types is urilized in
sensing position is not known. :

Until racently Goldscheider's oft repeated experiments were taken to
mean that we receive no sense of posizion frem muscles themselves. The in-
formation conducted by afferent from muscle spindle reaches the cerabral cortex
but it was thought not to reach the levels of consciousness. Howewver, recent
studies on patients who have teceived an artificial hip joint and thus have
had their joint capsule removed, indicate that spindle afferents provide in-
formation for determinimg position, at least at some joints; those patients

- still had a sense of position of the lower limb, Moreover, Matthews has

sulled on surgically exposed muscles ta fingers without moving the jeints or
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distorting the jolnt capsulea; the muscle stretch glone wam enough to glve the
patients a sanse of fingar movements,

Diamaters and conduction velocitias of different typas of receptor axons

I have indicated that axons of tha mechanorecaptars associated with tissue
specializations are heavily myelinated and chus conduct acticn potsntials
rapldly; axons of mechanorecepcors that have frae sndings and axems of noci-
ceptors and thermotrecepiors are thinly myelinated or unmyelinated and thus
conduct slowiy. Let's now take a closar look at conduction rates and diametaers
to sea where gensory axons fit in the spectrum found in paripheral nervas.

In an other lecture Dr. Hicholls is discusgsing the acrion potenrial of
single axons. If one stimulates a peripheral nerve and records from the same
nerve, it ia poasible to dectect the activity of groups of axoms. An action
potential recorded simultanecusly from a number of axons is a compeund action

potential.

The compound zction potential exhibits differences dapandent upen experimental
circumstances. For example, the siza of the compound dction potential increases
as the srimulus strength increasas. Furthermore, the compound actloan potential
i3 not all or nothing. The explanation for this bebavior is straightforward.

As wa have indicatad nerve fibars aranot uniform in size. They range from small
unmyalinated axons less than Iym in diameter to large myelinated axons over 20um
in diameter. The threshold to elactrical stimulation dacyeasas with an increasae
in dismetar. Moreovar, the conduction vaelocity of action potenrials in large
fibers is grsater than the conduczion velaciries of small fibars. Thus large
fibers will be acrivated ar lower stimulus strength and conduct faster than
smaller fibers. When recording elaectrodes are placed at soma distnace from the
srimylacing -alactrode the effect of the range of different sized fibars comes
into play. The action potentials in the largeat axons will arrive at the record-
ing electrodas firsc, the action potantials in the progressively smaller fibers
will arrive later. If the spactrum of fibar size were uniform, the compound
action potential racorded at a distance from the point of stimulation mighr be
expeéctad to regemble a prolonged action potential, Howaver, the spectrum of
fiber sizes is not uniform. Thera are groups of large, inrersediace and small
ayelinatad fibers and a greoep of tiny unmyelinated axons which have more or

less distinct conduction velocitias. Subgroups have been further derecrtad based
on other conduction characteristica which we will not go intohare., Myelinated
componénts in most nerves are classified as Type A fiberas and the unmyelinared
componenta, Type C. In some nerves that lead to ganglia which innarvatre viscera
(which we will discuss in another lecture) there is a myelinated B component
which overlaps in diameter and conduction velocity with small Type A fibers tha:c
have other conductive characteristics to distinguish them. Finally Type A fibers
can be furthar subdivided according to diameter, into o, B8, v and § subdivision.
Whare sensory axons fall within these classes is shown in the following table,

Diameter Conduction Graup
Group {m) Valocity m/sec (sea Below)
Motor axons Primary muscle
to extra afferent (Ia), tendon
fusal mugcle Ag 12-20 72-12Cm I spindles (Tb)
fibers
Pacinian, Secondary
Ruffini's, 8 8-12 48-72 IT muscle
Merkal's, Hair ) afferents
Meissner's
Y 53 24-48 Muscle spindle
efferents
Free mechan-
ical, pain, § 1-4 6~24
temperature
Preganglionic
B =3 3-15 autonomics
: ’ _ - Postganglionic
Pain,temp. c 1-1 0.5-2 autonsnics

We began this lecture with the simple notion that cutaneous receptors
and proprioceptors have their cell bodies within ganglia and that all of the
cells in these ganglia had the same general appearance varying only in size.
It is now clearly apparemt that individual cells vary considerably not only
in the tissues they innervate but in their sensitivity to different stimuli.
Morecver, non-neurcnal elements closely associated with the peripheral terminals
of the mechaporeceptors play important roles in determining the sort of mechani-
c2l stimulation they respond to and in some cases, the sort of responses they
generate. Over the next several weeks, the job is te find out the locaticn and
commection of pathways within the CNS that convey information genmerated by the
receptor cells.



2. ORGANIZATICON OF THE AUTONCMIC YERVOUS SYSTEM

The ANS 13 involved in the regulation o a wide variety of "visceral"
activities: wmaintenance of appropriate blood pressura and patterns of blcod
flow, control of body temperatura, genital function, caertain aspects of
metabollsm, digestive and excretory activities, certain aspects of respiration,
etc, The ANS influences these activities by regulazing the hearc beat, the
contractions of smooth muscle in a variety of tissues, the secrations aof
certain glapds, and the mobilization of fat from at least brown adipose tissue.
This talk deals with the structural organization of tha autonomic nervous
system, first ac the level of gross anatomy and then at a microscopic level
the {=fluence of differest portions of the autonomic nervous system oo dif—
ferar: organs, and the identity of neurctransmitters at autonomic synapses,

The nervous system can be divided into somatic and visceral portioms.
In genaral, the viscera system deals with tne Innervacion 9t oisod vesserq,
glands, hair follicles and internal ovgans (or, mora precisely, the smooth
miscla, cardiac muscle or gland cells associated with these structuras} and,
in doing %o, regulates the "visceral" activitiss of tha body., The scomatic
system deals with tha rest of the body, mainly skeletal uscles, sensory organs
of the skin (but also certain svecial sense organs such as those of sight and
hearing). Traditionally, the term autonomie nervous system applies to the paripheral
motor components that regulate visceral functions. As we will see below, this
includes:1} tha final neurons (visceral motor neursms) which are entirely out-
side the CN$ and which innervate smooth muscle, cardiac muscle, and relavant
glands; and 2) the penultimata neurons which innervate those motor neurons and
whose cell bodies are in the CN§. Some people include in the definition of the
autonemic nervous system portions of the brain that are heavily involved in the
control of wisceral activities and which ultimately work through the peripheral
neyrens; orhers object to this because such brain areas exert an influence on and
are influenced by somatic functions as well. Similarly, visceral sensory fibers
are often not included in the definition becauae they too influence somatie
activities and their anatomical relationship to the CNS ia generally indistinguish-
abla from that of somatic sensory neurons. For our purposes today we will adapt
the traditional definition of the autonemic nervous system as a [wo-neuron peri-
pheral motor component but keep in mind that these neurons can only do their job
on the basis of information received from visceral sensory neurons and from higher
centers in the CNS. A note on the course of some visceral sensory neurons will
be given at the end of tha lecturs.

Gross anatomy

One of the most cutstanding featuras of the autonomic nervous system 1s
that its motor axons do mot have their call bodies in the CNS; they lie cutside
of the spinal cord——indeed, outside the vertebral column—in ganglia. Thera are
four types of autonomic ganglia based upon their location: a) raravertabral,
situated alongside the vertebral column; b) prevertebral, in front of the column,
usually on or arcund blood vessels of some of the large visceral organs, c) ter-
minal, situated in the head near the organs they innervate; and d) intrinsic or
intramural ganglia, which are collecticns of scartersd nerve calls within the
walls of the organs they innervate.

. Regardlgss of which type of ganglion the metor cells are situated in, the
pattern of innervacion is, according to the classical view, basically the same.

I+

Each motor casll receives input from axcns (preganglionic) of nerve cells in the
spinal cord 2ud in turn sends ics axon (postganglionic) to end upon smooth
muscle, cardiac muscle or a gland. Thus, in contrast to the peripheral part

of the somatic motor pathway which inveives only one synmapse (onto the target),
the peripheral pathway of the azutonomic system iavolves two (one on the target
and one in the ganglion). Recent work indicates that there are excaptions o
this rule and scme of those will be discussed later in this ralk.

Although the paravertebral ganglia supply axons to some organs, they
largely innervate blood vessels, sweat glands and sebaceous glands of hair
follicles in the body wall and limbs. There 1s a paravercebral gangliem for
each member of the 31 pairs of spinal nerves. In mammals, groups of the
cervical autcnomle ganglia are fused so that instead of eight, one finds a

’ superior cervical ganglicn formed by the first four ganglia, a middle formed

by the fifth and sixth ganglia, and an inferior ganglion formed by seventh and
eighth. Sometimes the inferior cervical and first thoracic ganglia fuse to

form what is called a stellate ganglion. Because of their large size the superior
cervical and stellate ganglia have been very useful for experimental purposes

and references to them will be made again later in the course.

Each ganglion sends postganglionic axons in a distinct bundle to immediately
jolo cthe spinal nerve of its segment before the extensive branching pattern uafolds.
The preganglionic axons to the cells in the paravertebral ganglia travel from the
spinal cord via the ventral root. Within the peripheral nerve they pass beyond
the enrry of the bundle of postganglionics and then leave the nerve to enter the
ganglion, alse in a discrete bundle. Inspection with the naked eye raveals that
the bundle of postganglionic axons is gray while that of the preganglionics is
white, hence they are designated as white and gray rami (ramus=branch}.. The
whiteness i3 dve tothe presence of a thin layer of lipid-containing myelin wrapped
around the preganglionic axons; the postganglionic axens are, In general, un-~
myelinated. .

As you know from previcus lectures, urmyelinated axons comduct action
potentials much more slowly than myelinated omes. The paucity of myelin around
preganglionic axons, and the lack of it around the postganglionics coupled with
the synaptic delay in the ganglion, results in the peripheral automomic pathway
being wuch slower than the peripheral somatic motor system where there is only
one, often myelinated, axon involved.

Gross inspection of the spinal cord alse reveals gray and white zomes.
Rere tha gray matter i3 centrally located. In cross sections of the cord, it
i2 seen as a butterfly-shaped area and contains cell bodies and dendrites of
neurons. The white matter, again, consists largely of myelinated axons running
from one part of the CNS to another. The gray matter is divided inte "horns" (the
wings of the butterly) which have profound functional significance. The dersal
horn contains cells on which meny of the sensory axons terminate, while cell
bodies of the somatic motor cells lie in the ventral horn. In the intermedio-
Irteral horn sre cell bedies of the preganglionic axons of the autonomic system.

The ventral horns rum the whole length of the cord and cheir somatic motor
cells segmentally give off sxons to the spinal nerves. On the other hand, the
intermediolateral horns, and hence the c¢ell bodies of the preganglionic axens,
extend only from the first thoracic to the second or third lumbar segment. How,
then, do the paravertebral ganglia of spinal nerves below the lumbar level and
above the thoracic level receive théir preganglionic supply? The amswer is that
preganglionic axoms derived from a particular cord segment are not specific for
the ganglion of their spinal nerve. Some of the axons arising from the lower
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thoracic and upper lumbar segments pass out through the ventral roots and spinal
nerves of their segment of origin, enter the local ganglien by the white ramus
and then, with or without synapsing there, pass via connectives through succeed-
ing ganglia to reach the appropriate ganglion of termination below the thorace-
lumbar segments. Similarly, the upper thoracic segments send axons to the
cervical ganglia; even in the mid-~thoracie regions, axons from a particular
segment terminate in ganglia of spinal nerve above and below. Thus, the para-
vertebral ganglia are not only connected by rami to peripheral nerves, but
through connectives, in chain-like fashiom, to each other; the paravertsbral
ganglia are frequently referred to as the chain ganglia,

To sum up: although all of the spinal nerves from cervical to coccygeal
segments of the cord have paravertebral ganglia assoclated with them; all of the
preganglionic aaxons to these ganglia come from the thoracic and upper lumbar
segments of the cord. A corcllary is that only those ganglia in the thoracic and
upper lumbar regions have white rami.

The paravertebral ganglia innervate not only structuras in the body wall
and limba but some alse send axoms to the head, Bundles of postganglionic axons
arise from the cervical gamglia and course along the blood vessels of the neck
and head to innervate, in addition to the vessels, sweat glands and hair follicles
of this region, such structures as the dilator musele of the iris, and the
salivary glands. Thus the thoracolumbar pertion of the cord, through .its ganglia,
inrfluences targets throughout the whole body, from head to foe.

The paravertebral ganglia alsoc send postgangliomic axons to certain visceral
organs such as the heart and lungs, but moat of the viscera of the thorax, abdomen
and pelvis are connected to the thoracolumbar segments of the cord through about
one-half dozen prevertebral ganglia. These ganglia, unlike the paravertebral, are
unpaired and lie near the organs they innervate. There are three main ganglia—
the coeliac, superjor, and inferior mesenteric ganglia. On their way from the cord
te the prevertebral genglia, the preganglionic axons travel in the ventral roots

‘and pass through the chain ganglia—without forming synapses there.

So far we have been discussing a portion of the autonomic nervous system
where ganglia receive preganglionic axons from only a fraction of the CNS—
the thoracolumbar segments of the cord. This is ths sympathetic division of the
autonomic nervous system. There fs another division wnich involves preganglionic
axons from the brain and sacral pertion of the spinal cord. The craniosacral
portion of the autonomic nervous system is alse known as the paragympathetic
diviaion.

The parasympathetic preganglionic cell bodies in the brain are situared
in the mesencephalon and the pons, medulla, and the preganglionic axems are
carried by crarnial nerves III (oculomotor}, VII (facial), IX (glossopharyngeal)
and X (vagus). The preganglionic axons of III, VII and IX make synapses in
termiral ganglia of the head. The terminal ganglion of III (ciliary gangliem)
supplies smooth mscles of the eye (sphincrers of the iris and ciliary muscles of
the lens). The terminal gangiia of VII (the pterygopalatine ganglion and sub-
mandibular ganglicn) and the terminal ganglion of IX {the otic ganglion) in-
nervate lazcrymal and salivary glands. The vagus nerve descends through the neck

‘into the trunk of the body where it terminates in the intramural gamglia situated

in the wall of various organs of the thorax and abdomen. The sacral segments
(52-4) send praganglicnics to terminate in intramural ganglia or organs in the -
pelvis. ’



Action of sympathetic and parasympathetic nerves on specific effectors

The sympathetic and parasympathetic divisions of the autonomic nervous
system innervate a variety of structures either together or independently. In
those argans they joincly innervate, the affects of stimulating each division
can be antagonistic or complementary to the other or the two affects can be
somewhat different but not clearly opposite. The purpose of this saction is ro
point ocut acme of the organs the two divisions innervata, their influence on
these organs and how the two systems interact. (for further details sea
Hedical Physiology [XIIY Ed] ed. by V.B. Mountcastle, pp. 783-812, 1974}.

Stimulation of che sympathetic input to the eye dilates the pupil by
contraction of the radial muscles of the iria (letting in light) and relaxes
ciliary muscles of tha lens (for distance vision). In the salivary glands,
sympathetic stimulacion brings about constriction of blood vassals bur since
sympatharic fibers innervate gland cells it alss produces saliva, In che
skin, blood vessals are constricted, hair follicles ermct and sweat glands secrete—
altogether influencing tamparatura (piloeracticn and vascular constriction fn-
crezses body temperature; sweat decreases {t)., In the heart, sympathetic stimn-
lation preduces an increasa in the rate (chronotropic effect) and strength (fon-
tropic effact) of contraction. Ia the luangs, tha bromchi dilata. In the splaen,
the capsule contracts forcing blood into the circulation. In the gut, blond
vessels constriet and peristalsis ia inhibited. The medulla of cthe adrenal
gland gecrataes adrenalin reinforcing almost all acticns of direct sympathetic
stimulation. Thers is s direct effect of sympathetic innervatiom which (in
addition to the effaect of circulating adrenelin) promotes glycogenolysis- in
the liver and a consequent liberation of glucose. The bladder's sphiacter is
constricted while the muscles of the wall are relaxed, preventing micturation.

Although the individual activities of che sympathetic division are quize
diverse, they are physiologically compatable and can be seen in concert in ani-
mals under rage or stresg conditioms. This is the fight or flight reactiom
(W.B. Cannon). Uader moderata circumscances, the different componenrs of the
sympathetic division work selectively, rasponses belng initlaced through reflex
activirty and by centers in the CNS.

The influence of the parasympathetic system in the aye i3 antagonigtic
to that of the sympathetic. The pupil constricts (contraction of the sphincter
of the iris) and the ciliary body centracts for accommodation or near visiom,
In these cases the two diviaions do not act on & common muscla,. In the salivary
glands the pavrasympathetic division dilates blood vesssls and induces secretion
by the secretory cealla. Thus tha parasympathatic and sywpathatic division can
produce secretion; stimulaticn of both produces a greatar oufput than either one
alone. This is a symergistic actien. The heart presants an exampla of antagonism
whera the two divisiots end upou the same muscle cells--tha parasympathetic de-
creades the rate of the beart heat inatead of incressing it, Stimulation of the
parasympathetic system also constricts the bronchii, incresses peristhalsis in the
gut, and relaxea the sphincter of the bladder whila contracting the bladder's
wall, again in each case antagonistic to the sympathetic system. The blood
vessels which dilate to produce eraction of the penils and cliteris are tha only
ones to receive parasympathetic innervacion (perhaps, too, salivary and certain
meningeal blocd vessels). All other blood vessels, the sweat glands and pilan
erector muscies recelve only sympathetic innervation. The parasympathetic
nervous system,except for highly abnormal circumstances, does not discharge as
a whole (as can the sympathetic). Its compoments behave independently participaring
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IMPORTANT FUNCTIONS OF SOME

AUTONOMIC PATHWAYS

FUNCTION

SYMPATHETIC

PARASYMPATHETIC
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acceierares rate, qugments
«eiricular  controchion
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Sen organa

Contraction of ductus defarena, semnal

, vengle, ond uterne
| wasacansirigraa

nd erechign

Unnery bladder

. little or no eftect on biodder

conrracrs bladder
wail, Dromates emgtyini

Agranal metulis
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in specific reflexes or in gpecific CNS-directed activicies.
Transmitters

The main neurotransmittars in the autonomic nervous aystem are acetvicnolline
(ACh) and norepinephrine (YE; noradrenalin), The preganglionic axons in both thne
sympathetlc and parasympathetic nervous system releasa ACh which always =xcites
the ganglion cell. The postganglionic parasympathetic axons can also releasa aCh
but the postganglionic sympathetics, with Few exceptions release NE, Qpe axcen=-
tion 1is the postganglicnic sympathetics that innetvata che accrine sweat zlanda;
here the response to stimulation of aympathetic ganglia {3 blocked by atrépine
and potentiated by proatignine indicating thar these sympathetic fibars reiaase
ACh. Another axception i3 found in the blood vassals of skeleral migcles.  Here,
in addition to the usual vasoconstrictor axous (NE), there ara chelinergic vaso-
dilators. Usually stimulation of sympathetic derves to blood vessels in skelaral
auscle gives a complex or mixed response. Howaver, by atimulacing certain regions
of the brain, one or ancthar effact {(dilatacion or constriction) can be elicicad
separately. The vasedilatation has a cholinergic pharmacology while the vaso-
constriction {3 sengitive tp adrenargic blocking drugs. The adrenergic sympatherfie
fibers are constancly (tonically) active, regulating bloed pressure. However,
the cholinergic fibers seem to ace only during emotional streas or in physical
exarcise, when skeletal muscles require more blced.

Synapses in the autonomic nervous system

Preganglionic axons-~ganglion cells. The cholinergic nerve zerminals of

preganglioniec axons are similar in thedir gross appearance o nerve cerminals in
the CNS; the terminals consist of g series of varicosities in close apposition

to the cell body and dendrites of the postganglionic cell. The vartcositiss are
the relesse sires of the terminal. Uniike the neurcmuscular aynapse Ln skeletal
musels thera 13 oo folding of the postsynaptic membrane but otherwise che synaptic
fine structyre is nearly the same. The varicosities centain synaptic vesiclas,
scma of which are focused upon patches of dense maverial (acrive zones) that lipe
the presynaptic membrane. These patches are not linear zs at tha neuromuscnlar
junction but rather ovoid. Opposire dense material on the presynaptic membrane
there (s dense material lining the postsynaptic membrane. The terminals, their

varicosities and the cell body and dendrites are caverad by a blanket s Schwann
cell processes.

Postganglionic axons-—smooth and cardiac tuscle, and gland celis. Thase
synapses differ from the motar nerve terminals on skeletal muscle fibers in several
waysa. The axonal component of the synapse i3 usually one in a series of axonal
varicoasities (l-2u long and 1-2y in diameter) which in some cases are 200 i from
the muscle fiber or gland cell but in athers may be sevaral microns away. It
i3 assumed that the varlcosities release transmittar regardless of fheir distanece
from the postsynaptic cell, Although some of the varicosities are covered by
Schwann cell cytoplasm as are terminals on skeletal muscle, others are naked., The

Schwann cell has a basemeat membrane and this 1s continued over the naked varicesiries,

As in the case of skeletal muscle synapses, the basement membrane of the Schwann
cell fuses with that of the smooth or cardiac muscle fiber, but where the rR-
dynaptic membrane is separated from the postsynaptic membrane by a space of only
200 A the basement membrane does not pass through the zap.

Although there are these marked structural differences between the cholinergic

synapses on skeletal muscle and smooth muscle, the eytoplasmic constituents of the
terminals in beth cases are similar, i.e., the variccosities contain synaptic vesicles,
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a cluster of mitochondria and in.the heart, at least, scme of the vesicles are
clustered around dense patches of material on the plasma membrane.

The noradremergic synapses grossly resenkle the cholinergic ones in that they
consist of numerous varicosities which run at varying distances from the muscle
fibers . However, there 1s a distince c¢ytoplasmic differemca. The
vesicles of the noradrenergic varicosities contain a dense core about 200 & in
diamater, Being aware of the vesicle hypothesis, one immediately wonders whether
or not the difference in vesicle appearance has anything te do with the difference

-in transmitter. Once szgain there is biochemical evidence showing that transmitrer

within the terminals is contained within vesiclas. In addicion, when one injects
into an experimental animal drugs known to deplete noradrenalin and then ssrve
noradrenergic axonal varicesities in the electron nicroscope ome finds that the
dense cores have disappeared from the vesicles; and if one bathes similarly
treated tissues in a solution of noradrenalin one finds that the dense cores
reappear. So in addition te bigchemical evidence,ve have corralated pharmacological
and anatomical evidence indicating that the transmitter at ntoradrenergic synapses
is contained within vesicles. It is not clear whether or moc the transmitter is
teleased from vesicles as a direct result of axonal stipulation, and ir is not
clear whether the dense osmiphi]ic cores one sees in the electron microscope are
noradrenalin or some other substamce to which noradrenalin 13 bound and which is
depleted along with noradrenalin.

In the mid-1950'g, Falek and Billarp observed that formaldehyde condenses
with catacholamines to give a highly fluorescent product when viewad with ultra-
violet light. Since then this histochemical technique has been extensively used
in neurcbislogy. The reactfon is sensitive to excessive amounts of water, so
one usually takes a plece of tissue containing moradrenargic axons, freezes it
quickly, dries it in a vacuum, and exposes it to formaldehyde vapors. When the
tissue is then visualized with ultraviolet light, the noradrenalin containing
axona fluoresce z brilllant green, If experimental animals are injected with
noradrenalin~dapleting drugs, the flyorescence disappears; if depleted tissues
are jmmersed in noradrenalin,the flucrescence Teappears. 3o here we have a
technique which permits us to actually visualize the cransmitter at kaown noradre-
nerglc synapses. This method has been helpful in identifying areas in the brain
where axons contain catacholamines, thereby suggesting sites where caracholamines
might be transmicters,

Modifications of the classical view

As Indicated above, the classical view of the peripheral autonomic nervous
system 1s that it i3 a two-synapse pathway connecting the central nervous system
with peripheral targets--one synapse In a ganglion, one synapse on the target.

This view also supposes thkat the ganglien is simply a relay (although not
ene-to-cne-~there is some comvergence and extensive divaergence of preganglionic

axons onto ganglionm cells). Recent electron microscepy. fluorescence, histechemistcry
and pharmacological studies indicate that the ¢lassical view needs to be modified,

in some areas, at least.

In maay sympathetic and parasympathetic ganglia in addition to the usual
principal neurcn that projects to the peripheral target, there is a second class
of nerve cell. They differ from the priacipal cells in several ways. They have
smaller cell bodles (6-1Zy in diameter vs. 15-40 um for principal cells), fluoresce
much more intensely than sympathetic principal cells aftar Falck-Hillarp treatment
for catecholamines and their cell bodies are packed with granular vesicles (in
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sympathetic principal cells the granular vesicles are mainly in eowinei
varicosities). These cells are called Small Iatensely Fluorescent cells or
SIF cells. The principal cells greatly outnumber SIF calls--there can be only
several hundred SIF cells in a ganglion containing several thousand principal
calls. Like principal cells the SIF cells receive input from preganglionic
axons. However, unlike principal cells their axons do not leave the ganglion
but make cemtact onm the principal cell dendrites. It is not yet clear what
catecholamine SIF cells contain (and presumably release); one group claims
dopamine while another claims WE. The prevalent view i{a that the SIF cells

are interneurons and on the basis of pharmgcological studies using cate-
cholamines and catacholamine~blocking drugs, it is suggested thact they are
inhibitory. Thera is also evideacs of comnections batween principal cellg

in both sympathetic and parasympathetic ganglia. Again, there are few of these
connections cowpared to those made by preganglionics. In the sympathetic ganglia
connections betweez principal cells are presumgbly inhibitory. Togsther these
findings indicate that considerable integratiom occurs in autonomic ganglia.

r

The ipnervation of tha gut iz even more complicated than the schema just
described. The intramural ganglia there areclustars of ganglia distributed all
along the:langth of the gut and are embedded in a continucus network of nerve
fibers——which altogether are called enteric plexuses. There are two enteric
plaxuses. Ona, the myenteric (Auerbach's} plexus, lies between the gut's longi-
tudinal and circular muacle lLayars which are its target tissue. The other is
the submucal plexus which 1s situated just internal to the circular muscle layer
and appesrs zo innarvate primarily the exocrine gland cells of the gut, Accord-
ing to the classical view the ganglia would ba parasympathetic. The neurcns
should be cholinergic, innervated only by cholinergic preganglionic axoms, and
ghould not be symaptically related to one anothar. Thera is now avidence that
none of these presumptions Is correct. Instead, the plexuses appear to he com-
plicated integrative networks with their own sensory inputs which madiate local
reflex activity. For axample, reflex activity and even peristaltic wuvea can
be induced by an artificisl bolus (inflating a small balloon) in a stretch of
intestine removed from the bedy, Intracelluylar recordings made from myentaric
plexus neurons and muscle fibers while inflating an intralemenar bailoen several
centimeters away shows that the aerve and muscle are excited--guch more so on
the anal than oral side of the stimulus. The bolus avidently excites sensory
cells which then signal the ganglion's motor neurons through interneurons. When
excitatory transmission to the muscle is blocked by atropine, am inhibitory
component can be seen. The inhibitery synapses are mot blocked by NE inhibitors.
There is some evidence suggesting that the transmitter of these inhibitory intra-
mural neurons may be ATP, Finally, based on fluorescence histochemistry ic
dppears that the adrenergic postganglionic sympathetic axons terminate primarily
on ganglion cells instead of smooth wuscle fibers. 1In agreexzent with physiolog-
ical and pharmacological studies showing the cowplex nature of the innervacion of
the gut, four types of axon terminals have been found electron microscopically:
1) terminals packed with mitochondria which leok ldke sensory terminals found in
other regions of tha body; 2) terminals with small agranular vesicles typical of
cholinergic synapsas; 3) terminals with small granular vesicles typical of
adrenergic synapses; and 4) terminals with large electron opaque vesicles quite
distinet from those of the adrenergic terminals and believed to belong to the
inhibitory (ATP) nerve cells.

A note on visceral afferant fibers

The viscera is heavily i{nnervated by fibars that conduct sensory informa-
tion to the CNS. Some are mechanoreceptors responding to pressure and tension,
somé are nociceptors responding to stimuli that tend to damage the viscus and some
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are chemoreceptors, such as those situated in the walls of the great vesseis
near the heart and detect changes in the concentration of COy and O3 and the
pi of the blaod,

In general, these afferent axons travel within the nerve bundles that carry
the efferent axons, passing without synapse through automomic ganglia (and rami)
to reach the craniospinal sensory ganglia where their cell bodias are situated
alongside those of the somatic portion of the nervous system. These, as you
already know, are T-shaped unipolar cells; their central limb extends to the CNS
where it makes synapses upon second order cells. Many of those in dorsal root
ganglia reach the spinal cord through the dorsal roots as vou would expect.
However, in the cat, and perhaps other animals incIuding humang, not all follaw
this route. Coggeshall and his colleagues, using the electron microscope, recently
aoted that at least 30X of the axons in the ventral roots of a variaty of animal
species ara unmyeiinated. Since all motor neurons are myelinated and since pre-
ganglionic (B) axons are thinly myelinated, the unmyelinated axcus could not be
accounted for. He thus set out to detarmine where their cell bodies were situvated
and their function. He fouund that when the ventral root was severad, the peri—
pheral stump continued o contaism unmyelinated axons while in the central stump
they degenerated--the reverse of what you would ezpect if the cell bodies were iIn
the CNS and axoms left the spinal cord along with the moter fibers. He found mo
change in the ventral roots when he cut the dorsal roots central to the ganglion
or when he cut on the spinal nerve, placing the cell bodies in the peripheral
porticn of one or both roots., The next step was to remove the dorsal root ganglionm;
all ‘but a few of the unmyelinated axoms in the ventral root degenerated, thus
indicating that the axons are sensory cell axona. Coggeshall's groups then examimed
physiologically the unmyelinated axons of the ventral roots in the sacral region
of the cat's gpinal cord. They concluded that ia the roots the axons are pre=
dowinantly visceral afferents responding to distension of the rectum, bladder,
and vagina.

Lesions to the peripheral syﬁpathetid part of the autonomic nervous system

Mast common ameng lesions of peripheral parts of the sympathetic system are
lesions of the upper thoracic ganglia caused by stabbing or gunshot wounds, most
commonly seen in wartime, mediastinal tumors, aneurisms of the aorta, glandular
absesses of the neck and operative.lesions. These leions are followed by abolished
sweat secretien, and piloarrection of the head and arm on the side of the lesdien,
accompanied by vasodilataticn. If the inferier cervical ganglicu is included
so that preganglionic fibers do not innervate the cervical ganglia) Horner's
syadrome is usually the most enduring syndrome.

Horner's syndrome:

miosis - small pupil due to loss of functional innervation to dialator
tmuscles in iris.

ptosis - drooping eyelid dur to loss of funct'eomal innervatiom to
tarsal muscles.

enophthaimos - sunken eyeball; reason not clear.

The sase symproms can ocour when the spinal cord 1s damaged at segment Tl or
above. (Why?)
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Most people have an intuicive feeling for the meaning of the word "colour™.
We name colours in terms of their hues - red, green etc. We also know that by
mixing two colours, we invariably end up with a third, totally different, colour.
To understand the nature of colour perception and the changes in appearance of
colour mixtures, we must first consider what aspect of light carrises the colour
information, and what recaptors are reasponaible for detecfion of this information.
Wa muat also conaider the way in which this colour information ia processed at the
diffetent levels of the visual system, and how this processiﬁg affects the
different colour sensations.

Physical Nature of Light

Light is a form of electromagnetic radiscion, similar to radio waveas,
U.V. rays, X-rays, and § rays. All these radiations diffar ouly in wavelangth
and hence the emergy of their photons. The wavelangths of viaible light are
betwesn about 400 um and 700 nm, only a small range in the slactromagnatic radila-
tion spectrum. The reason why the humen eye can see certzin radiations but not
others is that the pigmenta in the photoreceptors abscrb radiationa significantly
only in the 400-700 om range. The light we see in ordinary life is invariably
composed of a broad mixture of wavelengtha. Tha physical composition of a Light

beam can be described by its power spectrum, which depicts the powar carried by
itg different wavelength componesnts. For exampla, Fig. la might describe the

power spectrum of light irradiating from an electric bulb, (The distribucion of
light in terms of wavelength 13 also frequently described by its energy spectrum:
enargy and power spectra have the same shape.)
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By passing light of broad wavelength distributien through special filters
which absorb or raflect most wavelengths, ome can rransmit a band of wave-
lengths, aven dowm to a bandwidth of the order of a nancmeter (Fig. 1b}.

Since the htman eye cannot resolve differences between radiatrions less than 1 nm
apart in wavelength, such light of very narrow bandwidth is for all practical
purposes monochromatic light. '

Colour

What fs colour? Suppose we project two equal-sized rectangular patches
of bright light side-by-gide on a scraen. Suppose the right-hand patch is flluminated
by monochromatic light of wavelength 460 om, the ome on the left being {lluminated
by monochremarie light of wavelength 550 mm at roughly the same intensity. Tha
two patches will appear markedly different to normal observers and we say tha
patches bave differect colours, We name the hue of the right hand patch (460 tm)
blue, and that of the left hand pateh (550 mm) yellow. If we superimpose cthe
two light patchea, we can adjust their intensitiss until the resulting patch appea
whits. Vigual psychophiysicists have developed an empirical set of laws which
allow ome to predict colours which will resulr from mixtures of lights. Early
visual psychophysicists reasoned from the behaviour of mixtures of coloured light
that there must be at least three types of light receptor in the eye each of which
rTesponds best to a different wavelength regiom of the light spectrum. Physiologists
have confirmed that three types of cone are respousible for colour visiom.
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Figure 2, The cone pigment absorption spectra.
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Rods and Conas

In the human retina there is one type of rod and there are three Lypes
of cone. The rods have a low thrashold ta light and are respomsible tor vision
in very dim light {(a.g. starlight). Such visios, which we call scatopic vigion,
has poer acuity (i.a. poor resolution of fine decail in the visual world) and

10 colour sansaticn. The conea have a higher threshol? to lighr. and ace responsibla

for vigion In normal daylight conditions, when the rods ara completeiy ingensitiva,
Such visicn, which wae call 2hegogic vision, has high acuity and

full colour sensation., The gradual transition from sco:aﬁic to photepic vigion

as light lavel {necrsases 1s called tha Purkinie shift, during which cones gradaally

taks over tha role of rods in wisicn. This transitiom is characterized by a shift

in the wavelangth of maximum sengitivity for the human eye from 507 nm (roughly

tha wavelength of peak abscrption far rhodopsin, the rod pigment) ro 555 mm

(resulting from the combined actfon of the thrae cone populations).

The rods and conas are esch sensitive to light over a broad range of wave—
lengtha, with their apectral sensitivity curves overlapping conaiderably (Fig. 2}.
The rod spactral sensitivity curve peaks at about 300 om, while those for rhe
three types of conas peak at 445, 535, and 570 om raspectively. They are called
blue-sensitive, green-sensitive and red-sensitive cones, or in short, blue, green,
dnd red cones.

When a photon is absorbed, each rod or cone receptor gives a stereotyped
regponse that is independent of the photon's wavelength. In other words, sach
rod or coma signala only the number of photons which it has absotbed, and wave-
length determines only the probability that a photon will he absorbed by a rod
or cona {principle of univariance).

The remainder of the following diascussion will be restricted to conas,
since rods contribute litctle to colour vision (at the fovea, where rods are
abaear, colour visicn is exclusively cone-mediated. Outsida the fovea and at
intermediats light levals when both rods and cones are active, rods play a minor
role in ecoloyr visien.

Colour Matching
Much of cur knowledge about human come pigments was obtained from colour

matching expariments. The science of colour matching is Jmown as colorimetry,
In colour matching experiments observers are presented with two patches of
¢oloured light side by side. The ome patch is flluminated by light of constant

intensity; the other contains a mixture of different coloured lights, the intensities

of which ¢can be altered by an observer so that the two pacches appear identical.
(If the fixed light is yellow, normal observers can make a match by mixing red
and green lights in the corract proportion.) It will be shown later how measure-
ments of the Intemsitias of the lights in the matching mixture vleld informatiom
about pigment absoxptiom spectra.

Colorimetry has revealed that the absorption spectra of the three come
pigments of 99% of the female population and of 927 of males are the same.
The small group whose pigments differ are called colour blind, Colour blindness
1s an inherited, sex-linked recessive disorder. There are three categories: momo-
chromacs, dichromats and anomalous trichremats. Monochromats have sither oauly rods
{rod monochromats) or only rods and blue cones {come monochromats). Dichromats
lack either the red, green or blue cone pigment (protanopes, deuteranopes and
tritanopes respectively). In the case of ancmalous trichromats, the absarption
spectrum of one of the cone pigments differs from that of the normal: in the cases
of protancmaly, deuteranomaly and tritanomaly the red, green and blue pigments
(respectively) diffar, Monochromats can matzch - two coloured lights by adjusting
the intemsity of one. 1In general dichromats need a mixture of two coloured lights
to matech an arbitrary colourad light and anomalous and normal rrichromats need a
mixture of thrae lights f-or the match (hence the term "trichromac”). To see why
this is true, comszider first_ the case of a monochromat,

Monochromats

Suppose we present to a monochromat two spots of light put side by side and
at different wavelengthas Al and lz (Fig 3a). Surjosae Jurther that the tep patch
is at a fixed intensity Il. The question is, can he adjust the intemsity of the
battom patch, IZ' such that the two patches look identical to him?
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When the two light patches look identical it ameans that the same
number of photons coming from aithar patch per unit time 1s absorbed by tha ccnes
(remembering the univariance principle). If the relativa fractions of light
absorbed by the cone system for the lights ar wavelengths }\1 and Az are fl and
fz respectively (Fig 3b), this condition ean alvays be realized by adjusting
I2 such that 11.‘.1 = sz.z' This i3 true for any wavelength ?\2. Thus for a mono-
chromat, all monochromatic lights can bYe made to look the sape by adjustment of
their relative intensities, and monochromats have no wvavelangth discriminarion.

Dichromacs

Consider a dichromat with, say, the red and green cone absorption spectra
illustrated in figure 4a (tritanope). 1If the light patches of figure 32 are
presented to this observer, he cam adfust the intemnsity of omne light patch umtil
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the rate of ahsor.ption of photens by the green gystem 1s the same for beth patches
of light. In this case, however, the rate of absorption of photuns by the red
system differs for the two patches, gince the absorption spectra for the red
and green pigments differ. There is no setting of intensities of tha two
lighta for which the rata of photon capture, in the two patchas of retina on which
tha lights fall, is tha same for both the red and green pigments. Dichromats
are able to match the two patches if a third Light is added to one of them (£1g 4b),
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and :Lf the intensities of the two lights in the colour mixture are set by the
observer, The colour match is unique, and che intensities of the coloured lights
needed for the match can be caltulated by solving simultanecusly the two

equations governing the matching condition for each colour system. For each system
one equates the total photon capture rates in the two patches of retina. (Photon
capture rate is given by the product: monochromatic light intensity x pigment absorp-
tion at the wavelength of the monochromatic light. In the geperal case of non-
monochromatic lights with extended spectral distributions ome calculates the photon
capture rate 1o small wavelength bands for the whole spectrum. One then adds all
these components togethar to obtain the total photon capture rate.)

Irichromats
This line of reasoning can be extended for three cone systems {trichromatic

viafen), If a dichromat establishes 2 match between 4 coloured light and a mixture

of two others, the match will not obtain for trichromats. Trichromats need a

third coloured light in the mixture in order to obtain a match. A colour match

is established when the total absorption rate is the same in tha two patches

of retina for each colour mechanism. In this case one muat solve thres simultaneous

equations for the three cone pigments. The absorption spectTum of one cone

pigment of ancwalous trichromats differs from that of the normal so that, although

they still need a mixture of three coloured lights for a match, the amounts of

these lights needed for a match 1s differemt from those of a normal march.
Colour-matching is commonly achieved using a variable mixture of monochromatic

Ted, green and blue lights. Since the wavelengths of these lights is arbitrary

(provided cme cannot mix any two of these to match the third), there are an infinits

oumber of ways in which cne can choose matching stimuli to achieve a certain

colour. Restated, this means that there are am infinite pumber of power spectral

distributions which can be chosen to yield a given colour. By comparison, the

auditory system has a far better wavelength discrimination. You will discover
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in a later lecturs that the ear has'many receptors, each tuned to a different
small-bandwidth portion of the auditory spectrum As a result, the auditory system
can distinguish between sounds with different power spectra which would appear
identical to a three-receptor system.

Dichromacy of Trichromats
Trichromatic obaervers become dichromatic under two comnditions. Blie cones

are absent from tha central 1/8°of the favea, so colour-matching ac the ceantral
fovea is dichromatic ("small-field tritanopia”). The second condition occurs
when colour-matching is performed with monochromatic lights in tha graen-yallow-
orange-red region of the spectrum (about 530-660 m). This eceuts bacause of
tha low semsitivity of the blue system in this Tegion - tha rad and green system
responses dominate the marches,

Colour-matching laws

4n empirical set of laws have been found to fully describe colour matches:

1) If the light mixture A matches the light mixture B and a light C iz added
to A and B, the resulting lights will still match: A + € 2 B + C. ("=" zesning
'matchea’). ) )

i1) ¥ AZBand B = C, them 4 = C.

111) Colour matches are independent of the state of adaptation of the eye,
provided adapting lights ara uniform and to not bilgmeh more than a small fraction
of the cona pigments.

Thase laws are a restatement of the fact that a colour march obtains when
the photon capture rates for all the colour mechanisma are equated for two lights.
A useful way to represent colour matches om a colour triangla is discussed in the
appendfx,
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Beurophysiclogy of Colour Vision

We have seen that the wavelength informatiom of a visual scene can be
elucidated only through a comparison of signals from the three clasases of come.
Electrophysiclogically, one finds that the visual system is designed to perform
thisg comparison since there are cells at all levels of the visual system which
Teceive antagonistic inputs from different types of cone. Thias antagomistic
behaviour is found as early as the horizontal cells. Colour-coded horizoutal
calls (¢c-type or chromaticity horizontal cells) respond to illuminatiom of
their receptive fialds by, say,gmen light with hyperpolarization and by, say,
red 1light with depolarization, Not much is known about the colour-coding of
bipolar and amacrine calls. Gangliom, ht.’!‘.‘ll genicnlate and cortical cells
which have antagonistic center-surround receptive field orgasnizations {center
"en" - surround "off™ or vice versa) frequently have different chromatic properties
in the centre and surround. Consider for exampla the bebaviocur of a red-greea
opponent~colour ganglion cell,

Such a cell might give an "on" response to red light showm on tha receptive
fiald center and an "off" responsa to green light shown on the surround. Green
"on" centar - red "off" surround cells are alsoc seen, ds are red "off" center -
green "on" surround and the raverse. The responses of a red "on" center - greem
"of f" surround ganglion cell to white, red and greenblight are shown in Fig. 5.
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Since a red "on"” center - green "off" surround cell hag the red cone system
feeding the "on" input and the green cone system feeding the "off" input, the
spectral sensitivities of the cemter and surround overlap broadly, as shown in
Fig. fa, with the resultant response to diffusa light &a shown in Fig. &b.

Hence long wavelengths elicit an "on" yesponse and short wavelengths elicit an
"off" response. At some intermediate w'ave.lengths the excitatory and inhibitory
processes are balanced, and thera is oo ragsponse from the cell at all. Thus for
diffuse light this call crudely codas for long wavelengths with an "on" response
and for short wavelesngthe with an off responsa. There is, however, ambiguity
batween spatial and colour comtrast. Thus, for exampls, the cell is equally

wall excited by aither diffusa red light or white light confined to the Teceptiv
field centaer,
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The ratina also contains a number of dual-opponent cells which have a colour-

opponent machanism in che field center (say red "oa™, green "off") and the
opposite colour arrangements in the surround {green "on", red "off"). Whereas the
optimum stimulus for singla—opponant cells ia a coloured spot (a red spot in the
case of 4 red "on' cell), the best stimulus for the dual-gpponent calls ia one
with colour contrast (a red apot surrounded by a green annulus for the exauple

quotaed abova). In both cases red-green or green-blua opponency 1s observad:

red-blue opponency has aot been found.

Pathways and colour-coding: Retina to Cortax
There 1g a small group of retinal ganglion cells which are nat colour-

oppenent and which, as a2 result, cannot convey wavalength information {the so-

called "breadband” cells). A small fractiom of these have low ¢onduction veloci-

ties and appear to feed directly into the superior colliculus. The remainder of
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the non colour-opponent cells resgpond transiently to stimuli {Y-type). They
gynapse in the superficial layers of the lateral geniculate nucleus (LGN, layers 1
& 2), These LGN layers project inte layer 4 of the visual cortex, which In turn
projecta (via layer 5) to the deep layers of the superior colliculus.

The majority of retinal ganglion cells are colour-cpponent and respoad in
4 more sustained manner to stimuli (XZ-type). Their responses are mediated by cne
cone mechanism (mostly the red or greem, but also the blue mechanism) in the center
and by one of two mechaniams in the antagemistic surround. Occasionally the ’
"centar” and "surround" overlap ccmpletely. The colour-opponent cells project
via the deeper layers of the LGN {layer=s 3-6) za layer 4¢ of the visval cortex.

The cortex contains cells which respond besat either to brightness contrast
or colour contrast. The proportion of colour-contrast cells 1s highest in the
region of cortex sarving foveal vision. In layer 4 of the cortex there 13 a
large number of dual-cpponent cells with concentric receptive fields. These cells
hava one red-green opporent-colour mechanism in the field center and the oppoaite
colour organization in the surround. These cells appear to receiva input either
from red-green o;-:ponent = colour geniculate fibers without an antagonistic
surround or from on-off center-surround fibers driven by ome colcur mechanism only.
These dual-opponent cells respond best to colour-contrast stimuli {(for example
a red spot surrounded by a green annulus), These dual opponent colour cells
synapse ﬁth dual opponent-colour simple cells. In most cases the receptive
fields of these simple cells consist of a rectangular strip containing one red-
green opponent-colour system and two antagonistic flanks with reverse opponent-
colour arrangement. The centers of these fields are in register with those of
their afferent cells and they have the same colour properties. A second type
of simple cell has only ome antagonistie flank. Cﬁlour-sensitive complex neurons
have square or rectangular receptive fields which can only be mapped by moving
bars or edges of coloured light. Scome respond exclusively to two-colour edge
stimuli. Scimulus width and orientation are important but leungth is not. It
appears that dual-opponent simple cells provide input to complex cells which have
the same orientatici and directicn selectivity, stimulus dimension and spectral
gengitivity preferencea. Hypercomplex cells are excited best by wovement of a
apecifically oriented coloyred edge or bar of light. The excitatory area and its
surrounding antagonistic flanking areas- have the same narTow spectral sensitivity:
the wavelength of peak sensitiviry varies from 480 to 630nm. It appears that thae
hypercomplex cells are driven by neighbouring complex cells with similar stimulus

preferences.
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Pre-Striate Cortex

Tha striate cortex sends afferents to several distinct regions in pre-
striate cortax, In each vegion the visual world is represented with certain
fu.:uru dominating the responses - ocular dominancs, orientarion, celour etc.
In tha region called V4 there ia a high {ncidence of colour-selective celils
with large receptive fields and littia orientation selectivity,

Conclusicn

Thers 1s still umcectainty about how cortical call signals laad to vision
and the sansation of colour. Remember too that tha alactrophysiological avidenca
quotad above was obtained from primates with vigual systems related to that of
man. Certain peychophysical experiments lead us to belisvae that there are
orientarion snd calour-selactive cells in the human aystath.
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APPENDIX

Colour Trizngle
Recall that the colour semsation produced by each light mixture corresponds

to a unique ratio of excitation of the red, green and blue cone systems, and that
the colour effects of two or more light mixtures add up by summation of their
effects on each of the three cone systems. These proparties mean that one can
Tepresent colour semsation and the light mixtures which produce them by vectora
on a 3-dimensional pectangular coordinate system (Fig al).

Fig. AL

The three coordinates in Fig, Al represent the red (R), green (G), and
blue (B) cone systems, with scales which night depict relative rata of photon
absorption. Each vector which projects into space from the origin then Tepresents
& unique colour sensation. The colour sensation is constant along a vector, and
the length of the vector represents intensity. Blue sensation will be repraesented
by vectors pointing more in the direction of the Beaxis becausa this corresponds
to higher excitation of the blue cone system. The same tan be said for green
and red sensation., White sensation corresponds to a vector pointing diagomally
inte space because it corresponds roughly to equal excitation of the thrae cone
systems. Addition of colours is represented by vector addition using the
parallelgram rule. From Fig. Al it can be seen that when two light mixtures add
(vectors 1 and 2), depending on their ralative intengities (represenced by the
relative lengths of the vectors) the resultant will have a colour semsation that
approached cme or the other mixture, or anywhere In between.



-Gne can represent colours and their addition more simplv by reducin the
J-dimenaionai rapresentation to a 2-dimensionat one, as foilows. One can mark
off points on the three axes in Fig. A2 that are equidiatant from the origin,
and by joining the points ome obtains a triangular surface which each colour
vector penetrates at a unique point (Fig. A2(a)). additica of twe colours is
nade by marking off the polnts on the triangle that represant the colours and
joining them with a straight linae, Any possidle colour sensation that can be
produced from mixi.ng the two colours then lies on the straight line between the

[ Fig. a2

The locus of colour sensation on the triangla produced by monochromatic
light is showm in Fig. A2(b). White sensation is represented by the poinc W.
All the possible colour sensations that can be experienced by the human aye ara
contained within tha ares bounded by the moncchromatic light locus. The line
Joining the two ands of the visible spectrum, 400mm and 660 mm, represents all the
purples that can be achfeved by mixing violet-blue light and red light. (Hence
purple is not a monochromatic eolour).

With referencs to the colour triangle, a few remarks can be made:

1) Two qualities of colour semsation that are often descrihed are bhua and
and saturation. The hue is the colour name -~ red, green etc. <Colours lying
ou the Iines of monochromatie and purple colours (fig AZ(H)) are fully saturatec.
White is the only completely desaturated colour. Addition of increasing amounts
of white to a monochrematic or purple colour decreases the colour saruration
progressively,

3

2} Two colours are said to be complemehtary‘to each-other if they produce

'whi':E' - :when mixad i dppropriate proportions. Thus any two colours that

lie on either side of a straight line intersecting the white point ars coupleman—
tary te each other. Similarly, two momochromatic wavelengths are said to he
complementary if they produce white semsation when mixed in appropriate proporcions.
Por example, the complement of 578 nm is approximately 475 nm, and that for 570 nm
is approximately 420 mm. Note, however, that there ate no complementary wave-
lengths (extept different purples) for the range of wavelengths between approxi-
mataly 490 om and 567 mm.

3} Oma can generate most colour semsatiems uging just a few primary wave-
lengths. For example, if ome chooses 420 am, 312 am and 660 mm to be primary
colours, then by mixing them in different proportions one can reproduce almost
any colour within the colour triangle, including white. This is of practical
importance becauge it means ome can Teproduce (say in TV, printing, and so om)
moat patural colours one emcounters in the envircmment with just a few primary
colours.,

e



NEUROBIOLOGY 200.

Development of the Cemtral Nervous System

The nervous system is an enormously complex, exquisitely organized
structure and the question nacurally arises, how does this elaborata system
develop?

This question will be comsidered here f£irst by looking at the gross
anatomy of development of tha central nervous system and next by comsidering
in detail the developnant of me aystem, the mammalian visual systam, Tha
visual system has been chosen aas an example bacause you have already heard a
good deal about its adult organisation. Also, many of the fundamental events
which occur during the developmant of the visual syatenm are similar to thosa
occuring during development in genaral -~ for example, in the davelopment of the
spinal cord, the nenrcmuscular Junetion, the cearebellum (all of which are the
subjects of excellant davelopmental studies). .

Gross Development )
4 brief review of embryology:

Bacall that the sarly smbryo consists of 3 embryonic layers: ectodarm,

derm, and endoderm. During neutulation, the ectoderm invaginates to form
the neural tybe, as showa in figura 1. The mechanimm of neurulationm is unknown,
but it is clear that the sctodermal cells (which are epithelial calls) change
frow being roughly cuboidal to pyramidal in shapa. - This worpholegical changa,
incidencally, can ba blocked with colchicine an agent which dissoclates micro-
tubules,
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During neurulation, ectoderm adjacent to that of the neural tube bacomas

the neural crast, a germinal cell mass situated to eithar side of the

neural tube. Cells of the neural crest aventually migrate into tha periphery
to bacomayameng others pigment cells, the postganglionic neurons of tha
autonomic Nervous System (sympathetic and parasympatheric ganglion cells),
and the dorsal root ganglion calls.

Calls of the neural tube eventually become the neurcona (and glia) of
the spinal cord and braim.

The progresaivs development of the humen brain is showm in figure 2.
The brain starts as a tubs (not shown) sad rapidly develops its characteristic
bulges snd flexurss, presunably dus to the diffarsntial growth rates (csll
prolifaratiocn) of various regicns. For exampls, by &~5 waeks of gestation,
the futurs thalawus mnd telencephalon are saall relative to the midbrisn;
by 10 waeks tha talencephalon has enlarged snormoualy snd slmost entirsly
covars the diencaphalon., Nota that sven at 10 weeks, tha carsbellum, which
will eventually completely cover tha midbrain (mes.} haa barsly begun to form.
As shown in dorsal view, the telencephalon begins as a single vcsiclc)md the
two hemispheras first emarge at about 5 weeks of gestation.

Dafacta in Gross Devalopment

Most defects In the gross morphology of the brain are lethal, and usually
result in spontansous abortion. For exauple, 1f the single telencephalic
vesicle fails to subdivide two lobes around the 5th week of gestariom the
rasult ia holoprosencephaly - a.3. 2 single hemisphere. Typically tha thalamus
1s also abnormally divided. This defect is frequently accempanied by
cyclopin (a single fused aya, with or without a nose).

v

Another dafect (craniorachischisis) arises due to a fallure in neural
tube closure. Normally the neural tube fuses first naar the furure neck
and fusion proceeds in cephalic and caudal directions. When fusion fails,
that unfused poxtion of the developing nervous system is usually not covered 10 Wis
by surface actoderm (epidarmus), but rather is exposed. This defect is
accompanied by anencephaly - ¢.3. thera is simply no telencephalen.

) &

Finally, once the neural tube has closed, CSF production and flow muat + - .t Eence LJ:.\.--
be properly regulated. Hydrocephaly reasults if CSF accumulates sbnormally e\” e
in the c¢ranial cavity - due for example, to ovarproduction or an chstrueticon 34‘ - eL' 0 o’
in the a.qunducl: of sylvius. '
g s mEddvwdyp
Note that many of these abnormalities are accompanied by facial defects - ﬁn o--5 . ‘.; bmdf\"*p"-’
such dafects, them, can indicate underlying nervous systam malformationms.
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Microscopic Development of the Visual System

The basic questions to be considered hare are 1) hew you might gec a
huge multi-layerad structure like the cerebral cortex (or retica) from the
ona layer of cells of the neurgl tube, and 2) how different parts of the
CNS (auch as vetina, LGN and cortex) might connect up with each other during’
development.

Gall Proliferation

A crose section of the neural tube at the leval of the talencephalon
at an early developmental stage (v 4-5 weeks gestarion) {is shown in figure 3,
The tube conaisty of a single layar of pPseudostratified epithalial cells,
Hear the ventricular surface 1s a zone of inrenss proliferstion (mitoric
figures can be seen). This is called che "Ventricular Zone" and cells within
this zona divida, migrata away and give rise to the entire central nervous
gystem (teurcns and glia), (VZ = ventricular zone) .

Figure 3.
Pia e
—~ Pral Surface

&utg:v- Themcxddon.

FIGURE &

Vertvioalen —> :

Sunface. 4, schece depicting the main sages in ¢he generation cyeln of ventrieular cells. All the
stages were drawn from actusl cells observed in Golgi impregnations or electron micrographs,
The ventricular surface is indiented by the wavy line st the bottom of the picture. [ m-
tore interphase cell; # actively migrating prophase ceil: 1 Prometaphass celf with |

axternal process atilt conoscted to the external timing layer; 4 metaphase cell with bulbous

external process; § spherical annphase cell; § early telophase cell pair; 7 late trlophase ceil
Pair with beginning extarnal process still in the ventricular iayer; 9 early interphase celf with
growth cons of externsl process approaching the external limiting layee

(-tmw\ Hindg + RU\F'HH“ 19730)
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Golgi studies (Hinds and Ruffett, 1970) have shown that i{n pammals, nuelai
migrate up and down within rthe processes of the VI celils, which stretch from
the pial te the ventricular syrface. When ouclei reach the ventricular
surface, the cells round up, lose their pial process, divide and then the
two daughter cells extend new processes to the plal surface and the process
1s repeated. 3B-thymidine studies {Sidman, Sauer) have verified thae VZ
cells actually synthesize DNA at che top of the ventricular zone: then the
nucleus migrates down to the ventricular surface for cell division.

Cell Migrarion

It 1s thought that {(at least) one of the rwo daughter cells migrates
completely away from the VZ, and in so doing, may eventually losa its
attachment to the ventricular surface. As wore and more cells migrate, the
neural tube thickens, and soon an intermediate zone, filled with the cell
bodies of what are presumed to be migrating neurons (based on 3H-thymidine
studies discussed below) develops.

As shown In figure 4, some neurons eventually reach their final destination
close to che pial surface. In this case, these give rise to the cortical plate
which develops into the familiar 6-layered cortex of the adult.

This basic acheme of proliferation at the ventricular zoome and migration
avay from it is typical of davelopment in any CNS strucrure: cortex, retina,
carebellim, spinal cord. The detaila, however, are differant, as discussad below.

As time progresses, cortex thickens, underlying white matter (containing
afferent and effarent axona) forms and the ventriecular zome finally becomes
exhausted and diffarentiates into the adult ependyma.

How do migrating cells find their way, particularly {n later stages of
development when the distance from the VZ to pilal surface is great? Ome
posaibllity is that they may migrate along the processes of radfal glial fibers.
Such glia are seen aonly during the development of the cerebral cortex (and
spinal cord), and Golgi studies show that their Processes dpan the entire
distance between pial and ventricular surfaces, thereby providing a nice roadway
for migration. Recently, it has been possible to identify these radial giia ac
the alectron microscope level by using an antibody to a compenent of the glig--—
glial £ibrillary protein. EM pilctures of the developing cerebral cortax indeed
ghow that cells presumed ro be migrating (they have leading ‘and trailing pro-
cesses) are closely appesed to radial glia,

Semidiagrammatic drawing of the development of the basic embryonic zones and the cortieal
pate, From Boutder Committces*, Abbreviations: CP, cortical plate; I, intermediate zong; M, mae-
ginal zone; S, subventricular zone; Y, ventricular zone,

Lrom Ra&k,l9}5.
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Timing and Pattern of Neurogenesis

Is there any systematic relatjonship between the time a neuron undergoes
its fipal round of DNA synthesis--migrates away from the VZ, and 1its fimal
position in the brain? For instance, the cerebral cortex is a layered structure;
are cells belonging te a given cortical layer generated at the same time during
development? Recently this quesation has been answered in the rhesus monkey's
visual cortex by means of JH-thymidine autoradicgraphy (Rakies, 1%77). Thia method
makes use of the fact that most neurons, once they have migrated away from the
VZ, are forever postmitotic. If a pulse of 3R-thymidine Is given during develop=-
ment, then at all subsequent times the most heavily labeled cells seen in auto=-
radiographs will be those neurons which were undergoing their final round of DNA
synthesis atc the tima of 3H-thymidine administration: this time {s designated
as the birthdate of the neuron. (Cells which go through many cell divisicns sub-
sequent to the 3H-thymidine pulse, particularly glial cells, dilute their label
and therefore are lightly, or not, labelled).

When Rakic gave 3B~thymidine to a fetal monkey 45 days old (embryonic
day 45=E45) and allowed the monkey to be born (gestation is 165 days for rhesus
monkeys) and grow up, ha found thar virrually all thymidine labeled cells in
the visual cortex were confined to layer 6. 3B-thymidine givem after E80
labeled neurons of layer 5 in the adult visual cortex. WNeuroms of layer &
were generated by E70C and finally, the neurons of layers 2 and 3 are generatad
between ES0-E100. . These birthdates are summarized in figure 5 (left-hand side).

These results indicate that the deepest cortical layers are generated
first, the most superficial layers, last and this sequence of early-to-late
development is therefore "inside—our." Note that neurons of the later-~formed
layers must actually migrate through the earlier-formed layers ta assume their
final positions within the developing cortex.

For the retina on the other hand, the sequence of neurcgenesis is outside~’
in with the ganglion zells born firsr, bipolars next, and photoreceptors last.
Ttms the later-born neurons simply "pile up” in layers inside those of earlier-—
born neurons, as shown in figure 6. Recall that the ventricular zome giving
rige to the retina forms as an invagination of the bulging optic vesicle (see
figure 6). The surrounding surface bacomes future pigment epithelium.

FIGURE 6 Development of th ina o N
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In the development of both cortex and retina, the first neuroms tg
devalop tend to be the largest (in the adult), with axons destined for
diatant points (in the case of rerinal ganglion cells, and calls of cortical
layers 6 and 5, thae targets are the LGN and superior colliculus). This
tendency is true of cerebellum (the Purkinje cells are first-born) and spinal
cord (motoneurons) development as well. :

Neurons of the LGN ara also generated in an outside-in sequence during
4 remarkably short pariod berwsen E36 and E43 (figure 5). These neurons ara
generatad within the ventricular zone of the thalagus and wigrate to the
dorso-lateral margin of the developing thalamus. The LGN over the next faw
waeks is then pushed veatrally and nedially due to the enormous growth of
other thalamic structures and assumes its adulr position afigure 7) by Ell0.
This remarkable tranaposition of srructurea during development is another
common feature of mammalian CNS development.

Figura 7. Developmwent of the LGN in the Rhesus monikey

:
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Cell Death

During development, the ventricular zone produces all the cells
dastined for the mature nervous $ystem and one important gueation is how
13 cell number regulated? Does the VZ produce exactly the correct numbers
of neurons and glia required for each structure initially, or is there
overproduction followed by call death? In the past few years, a good deal
of evidence has accumulatad in favor of the 2ad alternative: cell death.
For instance, simple counts of the number of retinal ganglion cells, or
of spinal motoneurons, have indicated that there are about I rimes as many
neurons produced initially as are found in the adult. A wave of call death
then eliminates half the populatiom, leaving the remaining half to complete
development.

973

It 1s not known Just what factors determine which neurons will survive
and which will not. One poasibility is that scme neurons simply fail to
send thelr axons to appropriate targets and therefore die. Recent studies
of motoneurons by Landmesser and colleagues, however, have showm that target-

_ finding by axens is remarkably precise--mistakes are few and definitely not

enough to account for the massive cell death known to occur. Cther factors—
growth factors, competition for postsynaptic space, neuronal activity, pre-
synaptic inputs—are more likely candidates and at present some or all of
these may play a role in the survival of neurons.

Formation of Connectionas

A major miracle of development is the formation of appropriate connections
between neurons. Two general steps must be accomplished: (1) axons must find
their target structures and (2) within the target, axons must arrange them—
selves appropriately and make the correct synaptic connections. Virtually
nothing beyond the descriptive is known about thase evants, but it ia worth
conaildaring briefly these processes even at the descriptive lavel by examin-
ing visual systam development as an exampla.

. To study the development of connections in the primate visual system,
JH-proline is injacred into one eye of a feral monkey and the monkey is allowed
to survive In utero 24 hours or more while the radicactive label ig transportad
by axoplasmic flow to the terminals of retinal ganglion cells—wherever they
happen to be. Then the fetus is deliverad by C-section and the brain processed
for autoradicgraphy (see Rakic, 1977 for more daetails).

Rakic has shown that retinal ganglion cell afferants are present within
the LGN as early as E70, but are distributed throughout the LGN: ng layers
are evidant! Around E90 the afferents begin to segregate into layars (see
figure 5), but jegregation is not complete until Bl140, fust when cell lamina~
tion is also complate. (It is thought that segregation of the retinal afferents
slightly precedes cell lamination). If ore eye is removed before sagregation
of the afferents is complete, lamination of the LGN is arrested, indicating
that retinal afferents from both eyeg are necessary for lamination.

Thus, during development comnections from each retina are initially
diffusely distributed throughout the LGN, and only assume the adult laminar
distribution by a procesa of segregarion.

A similar process of segregation occurs in the developuent of connections
betvesn LGN and visual cortex (see figure 8 and figure 5). Initially, LGN
afferents representing each eye are uniformly distzibuted throughout layer 4
of the visual cortex, and it is only through z process of segregation that
they coma to occupy the fourth layer patches characteristic of ocular dominance
columna. This was shown by means of transneuropal transpert of radicactive
materials following injection of one eya in fetal monkeys.

Sagregation of LGN afferents in layer 4 of the rhesus moukey hegins at
around El140, (just at the compietion of LGN lamination), and i3 not completa
until 6 weeks after birch,
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Figure 8, Davelopment of Ocular Dominance Seqre aked wdv:
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Conclusion

This briaf consideration of the developmant of the mammslian
visual system fllustratas a pumber of featuras common to CNS development in
genaral. Firat, the developmental proceas i3 spparently exquisitely
orchestratad--very littla appears to be left to chance. Neurons destined
for spascific psoitions in the adult (spinal cord, cerebellum . . . ) are
generated during discrete smbryonic pariods, and these periods of neuro-
genesis can be closaly ralated to the timing of formation of appropriate
seta of comnecticns. Second, it 1s remarkable that in the formatlon of
connactions—for example, between LGN and cortex-—the adult colummar
pattern emarges gradually by means of the refinemant of an initially
diffuse sat of connections. Such & process of refinement also occurs at
tha neuronuscular junction—whers initially each muacle f{iber is innarvated
by a nusber of motone.rous. (Recall that in the adult, each muscle fiber
is innervated by & single motoneuron.) Just why this process occurs is
unknown, but it may provide the opportunity for a fine tuning of connections
nacessary for the precision seen In the adult nervous system. In the next
lecture you will heatr about how this process--at least that seen in the
visual system--may be altered by the effects of abnormal visual experiance.
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VISUAL DEPRIVATION

The question to be considered in this lecture 1s to what extent the formation
and maintenance of connections in the CNS——in chis case the vigual system——
depend upon experience. Cliniciana and experimental psychologists have long
known that depriving an animal or man of vision at an early age can lead to
profound visual defects. For example, a child who grows up with congenital
cataracts will have lasting visual defects after the milky lenses are

removed and compensated for by fitting glasses. Cataracts acquired in adult
1ife, on the other hand, lead to no visual impairments even if they are
removed after being present for twenty years. Experimental psycheologilsts
have attempted Co reproduce rhase experiments of nature by raising animals

in datkness or with axposure only to diffuse light: The results have showmn
that cats and monkeys, like man, require visual experience early in life to
avold semsory deficits. With the knowledge of the visual physiology in the
normal cat and monkey, it becomes feasible to learn about the consequences

of sensory deprivarion at a cellular level, the hope being that such knowledge
may provide new insights about the process of normal neursl developmeat and
the effects of disuss.

Monoccular Daprivation

In the normal cat or monkey visual cortex,microelectrode recordings have
shown that about 80% of the cells are influenced from both eyes, 10Z of the
cells receive input ouly from the right eye, and 10% only from the left. About
half of the binocular celils are dominated by the right eye and half by the
left. If an animal is visually deprived from birth onwards by suturing closed
the l1ids of one eye, a nmumber of striking changes occcur (Wiesel & Hubel,
1965). Por examplas, 1f the sutured eye 1s opened after a few months or so,
the following observations are made:

1. Pupillary lighr reflexes are normal in both eyes.

2, The kittens are behaviorally biind in the deprived eye.

3. The large majority of cortical cells respond only to
stimulation of the exparienced eya (over 80%).

4, Of the few cells influenced by the deprived eye (202),
post give inconsistent, siuggish responses.

5. Some cortical cells, noticed because of thelr spontaneous
activity, cannot be influenced from either eys. Such cells
are not seen in the mormal visual cortex.

Thus, depriving an animai of normal vislon during early life produces strik-
ing changes in the uormal cortical physiology.

Saveral queations may now ba asked:
Sire of lesion?

The fact that cortical cells fafled to respend to the deprived
eye gives no guarantee that the abnormalicy is not in the retina or
the lateral geniculate body. This can be tested in the same
animals by recording also from geniculate cells. Cne thus finds
that cells in the layers recsiving input from the deprived eye
have roughly normal on- znd off-center fields, suggesting that
the site of abmormality is in the cortex.
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Monocular lid clesura produces oo grogs anatomical changes in
the retinz or the visual cortex but the lataral geniculate body
shows marked asbnormalicias; the Layers receiving projections from
the deprivad aye are thinner and their calla ara reduced in siza.
Surprising aa it may sound, this LGN atrophy is also consistent
with the notfon that tha defect is mainly at the leavel of the
visual cortex. (This will become claar later,)

Agent: Light or Form Deprivation?

Lid closure deprives the cats not only of form vision but also

to a large extent of light. It is possibla to evaluate tha relacive
importance of light versus form deprivation by raising kittens wich

a translucent oceluder over ona eye. Physiological racordings inm

animals deprived of form vision during the first few months of 1ife

ara similar to those found in 1lid-closed animals; the kittens
appear blind and the large majority of cortical cells respond only
to the noo-deprived aye. This resulr indicates that form rather
than light deprivation is largely responsible for the cortical
changes. (At tha level of the lateral geniculate body there is,
however, a difference in that the form deprived znimpls show

much less atrophy, suggeating that light deprivation may play a
role as well.)

Is Thera a Critical Period?

Tt 13 only during a certain age that cats or wonkeys are
susceptible to the affects of viaual deprivation. By varying the
age at cleogure and che duration of deprivacion, one finds that
monkeys are susceptible from birth up fo about an age of 16 weeks
oer so after which they become complately resistant to this type
of deprivation. An adult animal can have an eye covered for over
one year without auy discernmable behavioral, physiclogical or
anatomical changas. The monkey i3 particularly susceptibla to
the effecta of monocular closure during the firsr six to elght
weeks, during which time a few days of closure produces clear
changes in tha cortical physiology. Clinical experiences in
children with congenital cataracts indicate that in man the
susceptible period to sensory deprivation may extend up to four
or six years of age.
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Figure 1. Duration of the Critical Pericd for Eye-Dominance in
the Rhesus Monkey
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Is Recovery Possible?

The effects of monocular deprivation are, in both cats and
monkeys (and man), permanent with limited morphological,
physiclogical and behavigral recovery. This is particularly
true wheh the deprivation extends through the entize susceptible
period. Variations in the length of deprivarion ifndicare that
the racovery is graded with the duration of eye closure.

¥hat Is The Mechanism?

The unresponsiveness of cortical cells to the deprived eye
could ba due to altered development of cortical connections or
to a distuption of established cortical counections (or both).
The recordings fromthe lateral geniculate body have already
establi{shed that the typical on- and off-center receptive fialds
develop in the absence of patternad light stimulation. The
question whether the more complex cortical commections require
visual experience for their development iz srudied by recording
from very young kittems or monkeys. Recordings made in the new—
born monkeys show thar many cortical cells already have tha specific
types of response and the binocular interactions seen in the adult.
Thua, at least some appropriate connections can be established in
the striate cortex in the absence of visual experienca., It may
be that visual experience is tequired to maintain these comnnections.
On the other hand, there is also now good evidence that abmormal
visuzl experience can alter the nmormal development of coanections
subserving the system of ocular dominance columng--as will be
shownt below. This should not he surprising, since you have Just
heard that a good deal of this development occurs postnatally.,
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At firsc, disuse seaems the most likely reason for the disruption of corti-
cal connections from the deprived dye, but addirional axperiments indicate that
other factors must be important aa well.

A, Binocular Deprivation

I# kittens are raised with both eyes closed by 1lid suture during the
first few months, one would predict from the results in monccularly deprived
kittans that there would be large areas of the cortex containing no
responsive cells. Thia is, howevar, not at all the case. Inatead,
respongive cortical cells with completely normal receptive flelds and
birocular properties can be found. This again coafirms our earlier con-
clusion that many cortical connecticna are under inpate coatrsl. Over
half of the cells appear, however, abnormal, being aither completely un~
regponsive or giving inconsistent responses and showing no orientation
specificicy. 1t is interescing thar in spite of a sizeable nunber of
normal cortical cells, the binocularly deprived cac appears blind when
tha lids are separated.

The presence of a good number of uormal cortical cells suggests that the
affects of deprivation are less severs Lf both eyes are clogsed than 1if
only one eye iz closed. In fact, it appears that the effacts of right-aye
closure upon a binocular call depends on whather the laf: eya is open or
closed, the right eye counectionsa suffaring more if the left eye is kept
open.

B. Strabismus

Such interdependence between the inputs from the two eyes I3 atill mora
striking in kittens raised with artificial astrabismus. In strabismus
(squint, cross-, or wall-eyedness), the optic axes of tha two ayes are not
parallel and an object in the visual field does not fall on corresponding
points of the two retipas. This leads to double vision. A child wich
strabismis usually avoids double vision by the mechanism of suppressionm.
Some children suppress one eye which after a long time leads to deteriora-
tign of wvigion in that aye. Other children suppress intermictancly,
alternating the suppression from one eye to the other. These children have
notrmal acuity in both ayes, but they have lost normal binocular mechani=ms.
An adult person lackg the ability to suppress and 1f, for some reason
(nerve palsy, injury, etc.), a strabismus develops late in life, it is
ofren necessary to cover oune eye to aveld double vistion.

Kittens and monkeys made strabismic shortly after birth by sectioning the
medial or lateral rectus muscle appear, as they grow up, to develop good
vision in both ayes, but seem to aiternate and fix with one . eye-ac 2 time.
The results from cortical recordings are that cells respond entireily
normally, except that rhere are very few cells which receive inpuzs from
both ayaes.

Tha cellular activity is very rich in these animals suggesting trhat
binocular cella have not simply dropped out. TIf the majority of binccular
cells had disappeared, one would expect large cortical areas devoid of res-
ponsive cortical cells. Instead, cells appear to have changed their ocular
affiliation because in cortical penetrations, cells driven by different eves
are found aggregaced together in a colummar fashion. This gives che {mpression
that the normal ocular dominance columns have become acceantuatad sc that
they are now made up of cells completely controiled by cne eve instead of
just being dominated by a given eye. It appears in other words as 1if 2
binocular cell normally dominated by a given eye hag lost its iaput from the
non~dominant eye.
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C. Alternating Monocular Oceclusion

The dramatic cortical changes in strabismic animals are surprising since the
overall input from the two eyes has been pormal. It is only the time relation-
ships between impulses from the two eyes that has been abnormal. The
strabismus makes a given stimulus fall on non-corresponding points and a
binocular zell is not synchromously activared from the two eyes, which
presunably occurs in the aormal animal. The simplest explanation of these
results may be that this deficit is caused by the lack of synergy between

the two eyes, This can be tested direccly by raising kittens with an opagque
accluder placed over one eye ome day and over the other eye the next, alternat-
ing eyes each day. After two or three months, the animala seem to have

normal vision in both eyes, but they have grown up with no binocular stimu-
lation. The effects on binocular ¢ells in the visval cortex are similar and
perhaps more extreme than those produced by the strabismus operation: very

few calls have inputs from both eyes, and the large majority respond only

from the right or the left eye. Again cells responding to a given eye are
aggregated in a colummar fashion.

The mechanisms of this change in ocular affiliarion are not understood, but
the rasults suggest that there is a definite interaction between the inputs
from the two eyas. This interaction sowehow affacts the efficacy of synaptic
input from the different eyes in such a way that the dominant input to a
given ¢cell succeeds in gainidg complete comtrol. Thus in exanining affects
of sensory deprivation we may not only consider disuse but also interaction
(competition) batween various inputs to individual calls.

Anatomical Basis

Is there some anatomical correlate for the legs in bingecularity,
and the consequent dominance of the non-deprived eye, in the visual
cortex? Recall that in normal monkeys (cats)}, tha 4th layer of the
wisual cortex is shared equally by genlculate afferants from the
two eyes, which are segregated into the patches corresponding to
occular dominance columns. In animals deprived of vision in one
eye from birrh, the patches of LGN afferents belonging to the
deprived eye are much smaller, and those belonging to the non-
deprived eye, much larger than normal. This hag been demonstrated
by Bubel, Wiesel and LeVay {(1977) using the transneyronal transport
autoradiographic method, as shown in Figure 3. 4As can be seen in
Figure "LGN afferents from the non-deprived eye cccupy almost all
of the fourth layer, thereby providing an anatomical basis for the
physiologically observed dominance of cortical cells by the non-
deprived eye.

T AW 2 large portiom of layer 47 As mentioned earlier and shown hera in {ig. 2,
{ ) T' during development the LGN afferents representing the two ayes are
{nitially intermixed in layer 4 of the visual cortex, and these
fE R segregate out into the rvight- and left-eye patches by about 6 weeks
E Le postnatally.. This 6-week period.-is also when the
i cells of the visual cortex are mest susceptible to the effects of
“0"2; LE Qo closure (Figure 1).. Hubel et al. (1977) have suggested that
adw Ae?'n cloging one eve mav place its afferents at & cempetltive dis-

advantage during the segregarion process, thereby giving the open
eye's afferents the opportunity o occupy WOYE sSpace in laver 4
than normal. The closed eye's afferents, on the other hand,
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would consequently occupy less space than usual as shown in figure2..Th.a
restriction of axonal arborization might also be responsible for che
atrophy of cells seen within the deprived laminae of che LGY.

Figure 3. Ocular Deminancs Columms in the Fourth Layer of the Monkey's
Visual Cortex, as demonstrated autoradiographically,
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B. MONOCULARLY DEPRIVED

The nop-deprived eye waa
injected in this case, Note
that almeat all of layer &

is occupied by the non-deprived
eye, with only small patches

of the deptived eya (black)
remaining.

Frem Hubel, Wiassel & LaVay, 1977

This hypothesis, that the right- and left-eye afferents
compete with esch other for space in layer 4, and that competition
can be tipped in faver of one eye or the other by uneven visual
experience is supported by the observation that whan both eyes
are simultaneously deprived of vision during the critical peried,
the fourth layer ocular dominance columms are roughly normal in
size and neither eye manages to physiclogically take aver a large
majority of cortical neurons. Thus it appears that balanced
visual input from the two eyes is required for the normal develop=-
ment of ocular dominance columns in the visual cortex.

Concluding Remarks

The existence of a pericd of susceptibility to the effects aof visual depriva-
tion indicartes a certain plasticity of the central mervous systen early in
life. Such a flexibility may obviously not only be harmful but may provide

a useful mechanism for modification of the gystem with use., For example,

a child with serabismys due to a muscular anomaly is obviously at an advan-
tage in being able to suppress and theraby avoid double vision, even if the
price 13 the ieoss of normal binocular vision. Ome can also imagine that the
critical period 1is useful in making fine adjustments in neural comnections
from the two eyes relative to each other. Such adjustments once made early
in life might then become firmly established and unchangeabla.

The period of life during which the nervous system s more or less flexible
appears to vary from animal to animal and no doubt from system to system in
a given species. In fact, some plasticity seems o persist since many of
us are able to learn new facts and skflls all through life.
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I. Mechanisms of Ion Permeaticn
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Strueture of membranes.

1.

For

Cell plasma membrane consists of a phosphelipid bilayer and associaced

membrane proteins. )

If lipids are extracted and reconstituted into artificial membranme, it

1s permeable to lipophilic substances and water but not to hydrophilic

low molaecular solutes ot icms.

Obviously the movements of fons that ocecur during action potentials

and synaptic trangsmission must be mediated by specific protains;

knowledge of the properties of these proteins is important in under-

standing neuronal function and dysfunction. .

convenlence we can consider two basic mechanisms for fon transport.

Carriers: bind and move a small number of ions across the membrane.

a) Smell mobile protains or polypepcides

b} Larger proteins that span membrane, conformational change trams-—
locates bound ions from one side of membrane to other.

Channels: proteins that traverse the membrane creating a pore through

which fous can pass.

Characteristics of fomophorss

a)

b)

Hydrophobic groups outside; hydrophilic interior.

Stabilization of ions (with or without water of hy&ration) in
ionophore intgrior by coordination bonds between ion and oxygen
atoms

c) Icn selectivity determined by charge density and size.

d) Veltage dependence can arise from net charge of carrier - ion
complex, charged subunits or charged portfcn of channael protein.
Model systems for study of ion transport.

a)
B)
c) Experiments show steps in conductance in lipid bilayers and

Carrier - valinomycin and nigericin, K-carriers.

Channel formers - amphotericin {anicu) and alamethicin (cation-K).

muscle rewbranes correspondin~ to opening and closing of -single
channels.

44



Charnels

A. Difficult to purify and study blochemically, no adequare assay systems.

B. Na—~channal consists of three distinct components.

1. Channel itself, or salectivity filtey
4) Blocked specifically and with high affinity by tetrodotoxin- (TTX)
(Kd = 3 nM) and saxitoxin (Kd'\- I nM)
i. No effect on K channelg
1i. Effective only on outside of membrame
iii. Binding of tritiated toxins allows estimgte of channel number;
aon-myelinated axons: 20-300 per sq. micron, occupy a very small
fraction of total membrane, i.e. they are far apart; mammalian Node
of Ranvier: 3000-190, 000 peT 3q. micron, occupy perhaps 20% of total
membrane.
b) Dimensions can be estimated using voltage clamp and measuring organic
cation permestion, = 3 x § &, .
¢) Pore surrounded by oxygen atoma, ome strong negative aite to account
for Na preference (PNIIPK = 12). Reduce pH, permeability falls as {f
titrating site with pg = 5.2,
2. Gata or voltage dependent meachaniem.
4) Can see "gating currant" without any ion flow,
b) Centrurcides scorpion venom spec:(.fical]:y affects the activation process
of the Na channel witheut affecting TTX binding or inactivation.
3. Insctivation mechanism can he Temoved in Pronase perfused squid axons

or slowed by Leifurus scorpion venom without affecting TTX binding or
chaonel activation.

4. Model for Na channel

outside
salectivity filter
membrane @ d—-’-
gate (m)
inside inactivation mechanism {h)

C. E=channel less thoroughly characterized

1. Blocked by TEA :
2. By organic ionm permeation studies probably consists of 3 & diamgter

Pors surrounded by oxygen atoms, weak negative charge,

2) K may have to lose all water of hydraticn to get through
b) Permeation can be blocked by reducing pH, pK = 4.4,
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c) Ratios of K influx to X' efflux indicate thae K channel is
a long, narrow pore containing several K+ lons crosaing the
membrane in single file.

. ACh=-Channel at frog neurcmuscular junction

1. Allows Na+ and K+ ions to cross membrane with nearly equal ease,
impermeant to anions

2. Molecular models of permeant ions suggest open pore Is at least
as large as a square 6.5 L x 6.5 A.

3. Ionic selectivity determined more by access and friction than by
specific chemical factors. Walls of channel not highly charged,
anions probably excluded primarily by the negative surface potential
of the membrane.

III. Sodiuvm Pump
A. Need to maintain Na and X gradients over life time of cell. Mechanism

in neurons {and elsewhere) ig sodium pump.

1. Transports Na out and X in, both icns moving against their electro-
chemical gradients and therefore energy is required.
a) Relative numbers of Na and K ions moved will determine if pump

1s neutrral or electrogenic.
b) Movements of Na and K can be coupled or uncoupled.

¢} In best studied examples of sodium pump, ¥a and K movements are
coupled; 2 X enter for every 3 Na removed, and so pump is electrogenic.
2. Source of enargy is ATP. ’
a) Perfused squid axons demonstrate ATP as energy source,
b) Under intracellular concentrations of reactants and products,
ATP hydrolysis supplies sufficient energy.
c) As much as 2/3 of a neuron's ATP production cam go to provide
energy for the pump.
3. Pump i3 asymmetric: Na and ATP must be present inside, K must be
present outside, ouabain only works from outside.
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4. Indirectly the sodium pump controls and powers many other processea 2.
through coupling with Na movement.
a) Ca transport
b} amino acid transport
¢} maintains constant cell volume
d) regulates othar activities Influenced by Na and K concentraticns
(e.g., mitochondrial oxidative phosphorylation) . 3.
B. Evidence that Wa~K ATPase is tha pump.
1. General correlation of level af active Na-K trangsport and ATPase
metivity.
2. Bast avidence comes from red blood cells.
aY Corresponding changes in K transport and Na-K ATPasa sices/call.
b) Dependenca on Na, K and ATP and inhibition by cuabain is the same
for both transport and ATPase activity.
C. Machanism of action determined by studving red blood cell Na-K ATPase.

outside W I¥a
/ A
PXo2K A py e —~
membrane P-X+3Na
X2 V X -—7 X-3¥a %
K/ L7 7 7 N
inside 2K 3Na ATP ADP

Pi

1. Phospherylaticn is Na (and Mg) dependent and 1s associated directly
with outward movement of Na+ and change in affinity from Na to K,
3. Dephosphorylation of enzyme ia associated with inward movement of
K and rsturn to high Na affinity and is blocked by ouabain.
D. Sodium pup in snail neurom most thoroughly analyzed physiologically,
1. TInject Na without passing current across cell membrane, see long
lasting hyperpolarization, )
a) No change in conductance of membrane (other tham passive changes
caused by hyperpolarization)

b) Hyperpolarization blocked by cuabain and removal of external K

al

Determine coupling ratio by comparing net current flow produced

by pump with net tramaport of Na.

a) Voltage clamp cell to measure net current

b) Use Na-sensitive electrode to measure change in intracellular Na.

¢} Net currant equalled 1/3 the amount of Na transported, therefore
for every 3 Na ions pumped out 2 K ions must have been pumped in.

Electrogenic pumps will have consequences for signalling.
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PHYSTOLOGICAL PROPERTIES OF SINGLE ION CHANNELS

Earlier lecturea in the course have described how ne
generated by the selective opening and clesing of spenil;i:li:tj;g:;i:n:I: in
the membrane. You have heard how the action potential 1s generated by the se-
quential activation of sodium and petassium channels. Similarly, synaptic exci-
tation and inhibition result from the activation of still other ;ecs of ien
channels_ when chemfcal transmitters combine with postaynaptic receptor molecules.

Given that rhere are icn-selective permeaticn aites who -
trolled by membrane potential or the receptor-transmittar c:;p::;fu:;:n::e:sa;un
individual site behave? What isg its conductance, and how large a voltage change
::::a:z.pr:d:u? Is a single channel an all-or-aone device with only two cm:-—B

stales - open or closed - or might it have a multipld
How does a single chanmel respond to cha:gzgel in membrane pogm:m :: :fgn‘::z::ncfﬂ
aptic trapsmicter substance? These questions are baaic for understandin nervgt‘:s
action, but they cannot be tackled with the conventional voltage recordig 34
veltage clamp techniques which we have talkad abour up to now in the courge. This

is because both methads, In their usval form, provide inf
large number of channels - perhaps 10%-10%, " F eroation sveraged over @

Observations on the properties of single chanpels have be
9 years with two different approaches, The older of the m:h::slfaizi::e:nﬁxesz:st
{or fluctuation analysis), examines the statistical fluctuations in the signals
g:n‘:;:;ed Ig :hlarge nupber of channels to derive the properties of the single

. e pore recent and direct wethod of single channel 2

generated by only one or a few channels are observed in 1solal:1onr:;°:g:nu;ec:;rents
cettain experimental "tricks". This lecture suumarizes some of the properties of
the single chaonels and the experimental methods. Single channel recording is
presented first bscauge of its simplicity,

Single Channel Recording

By using several ingemious experimental innovations Neher and §

akmann (19763
reference at end of handsut) succeeded in ®easuring currents through singli ACh.
channels in frog muscle fibers. The arrangement is diagrammed below.
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The frog muscle fibers had been denervated 4~6 weeks previously seo that extra-
junctional ACh receptors were present over their entire surface. Tha intracellular
pipettes were connacted In a conventional voltage clamp circuit for controlling the
membrane potential. Pipette P in the first diagram was a fire-polished external
electrode with a tip lumen about 2 um in diameter. It contained the cholinergic
agonist drug suberyldicholine. Amplifier A, comnected to this electrode, recorded
the current passing through the patch of membrane just under the pipette, The
fiber was "cleaned" with proteoclytic enzymes, allowing the pipette to be pressed
very close to the surface of the fiber so that it could record efficiently. In
order to obtain chamnel openings of longer than usual duration, making the events
more readily observable, the experiments were dene at low temperature. Denervation
also helped in this regard (extrajunctional ACh receptors have longer open times
than junctional receptors), as did the use of suberyldicholine, which causes the
channel to open for a longer time than ACh does. By working on a site away from
the end-plate region, it was possible to study a patch with oaly a few functiomal
receptors. Finally, by electrically hyperpolarizing the fiber te -120 mV with the
voltage clamp circuit it was possible to obtain channel curreants larger than usual.

The current through the membrane patch showed a random series of rectangular
invard-going current pulses, as diagrammed below
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Each pulse occurs when a single chamnel is opened by the agomist drug. The pulses
have an awplitude of abour 1.5 % 10 124 and a variable duration., They occur ran-
domly and independently in tima when the drug ccncentration is low. (No such
pulses are ssen whenm no drug is present).

Several important conclusions can be drawn by analyzing the pulses:

1) The channel has only twe conductance states: open and cicsed. This
follows from the stereotyped size of the pulses, which 1s always con-
stant at a given membrane potential. The open state conductance, g,
obtained from the ratio of pulse amplitude to_driving force (membrane
potential minus raversal potential) is 2 x 107! and 1s independent of
potential,

2) Transiticons between the open and closed gtates are Instantaneous within
the time resolutiom of the measurements. This follcws from the abrupt
rise and fall of the pulses.

3) Analysis of the pulse duration showa that an open chamnel exhibits un-
predictability in when it will close. Sometimes closing occurs very
soon, after cpening, scmetimes much later. The behavior 1ls exactly like
that of decay of a radiocactivé atom, where one cannot specify exactly
wher ar individual atom will disintegrate, but only give the mean lifetinpe
or half-life.

7



For single channels, the analogous parameter is called the mean open time, T. A

histogras of channel open times from a very large number of puises would lm;k like
that shown below
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PULSE DURATION (W\Sec)

. In Neher and Sakmann's original experiments T was about 45 msec at -120 my
membrane patential and 8°C., The masn opan time was shown to depend on potential,
increasing with increasing hyperpolarization of the membrane, as expected From
previous work on end-plate currents. It also depended on tha nature of the agonist
drug, being 45 msec for suberyldicheline, 26 psec for ACh, and 11 msec fovr carbamyl-
cholize, There is also 2 difference between the open times of the end-plate raceptor
channels and the extrajutceional veceplors that appear aftar denervation: noise
analyasis (see later) has demonstrated thac 1o a given fiber under the same condizions
the value of T for the extrajunctional receptors is sbout 3 times longer. This
finding supports other evidence indicating subtle differences in the two kinds of
recaptors.

4 striking example of how single chanmel recording can clarify molecular events
is provided by more recent work on the effect of local anesthetics on currents
through ACh channels. HNeher and Steinbach found that certain lidocaine derivatives
wodify the single chaonel currents in an interesting way. Whereas the gormal gingle
channel current is a rectangular pulse of variable duration, the anesthetics caused

the pulses to be chopped into bursts consisting of a series of "needles", as shown below

"Sumps
B e
!

""‘I' A : B
_:‘wugg '

NEEDLES"
L/ R @:-:4’
H
<Qé—vv,=-/c - cff,‘f;"- "H’3
EYENTS N A BuRsr, CHZ! CHy
@ & Qx-122

The burst could be quantitatively explained by a simple model in which it {s assume.
that an open channel can be blocked by the entry of a single znesthetic molecule
from the cutside. When this occurs, the anesthecic binds transiently, “sticking

in the throat" of the open channel and preventing entry of other ifons. When the
anesthetic unbinds, conducticn begins again., Repetitive binding and unbinding gives
the chopped appearance, It is interesting that the channel cannot close while 1t is
blocked, as indicated by the fact that the total open time during the bursts is, oa
average, the same as the mean open time without anesthecic. Blocking of the open
channel is favored by hyperpolarization, which drives the positively-charged anes-—
thetic molecule into the channel more frequently, while umblocking is promcted by
depolarization. It has been suggested that a similar blocking process, mediated by
a "tethered ball" acting from inaide the membrane, may produce inactivation of the
voltage-sensitive Na channels in axoms.

In its original form single channel recording could resolve only very large
and/or long-lasting single channel currents in the instrumencal noise. This noise
1s generated by thermal agitatiom of ions in the "leakage" resistance path between
the membrane and the pipetta (see belaow).

LEAKACE DATH
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The "gigohm seal" procedure of NWeher, Patlak and Sigworth improves the situation
by making an extremely high resistance seal between pipette and cell (1 gigohm =
10°7?). A very clean patch of membrame is sucked forcefully against the mouth of

a flre-polished glass pipette with a 1 pm hole. The membraue suddenly forms a
tight bond to the glass all around the. circumference of the tip, lowering the
iznstrumental nolse te a lavel 100 times less than thsr previously attainable. The
small and brief currents through voltage-sensitive Na channels have been recorded
in this way from tissue culture cells by Neher and Sigworth (referemce at end). The
seal i3 so tight that the patch of membrane can be avulsed from the cell, leaving
the pateh still attached to the tip and with the channels functioning! This allows
one to change the composition of the fluid contacting the "immer" surface of the
patch, Some variants of the procedure are shown balaw

1) Gigohm seal and avulsion

)
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2} Gigohm seal, puncture, intracellular recording and voltage clamp
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3) Gigohm seal, puncture, reversal of membrane ("inside in")
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Coming yeara will see widespread use of these procedures for characterizing
channels, receptors, and drug actions.

Noige Analysis

A lass direct but still very useful method for determining single channel
behavior ia to analyze tha fluctuations in a cell's voltage or curremt. When
certain conditions are satisfied, thesa fluctuations give Informatiocn about the
small elementary events that summate to produce the average response. This
approach was first used by Katz and Miladi (1972 - reference at 2nd) in an
imaginative and elegant gtudy of ACh channaels in frog wuscle fibers.

The basic experiment was to record the membrane potencial of a fiber while
ACh wax f{ontophoresed onto it from an external electrode poaitioned at the end-
plate region, The depolarization produced by a steady dose of ACh was found to
be accompanied by very small voltaga fluctuaricna, as diagrammed below
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The fluctuatioma in the ACh response were a genuine feature of the molecular
action of the transmitter, as shown by several controls. Thus, when the fiber
was depolarized by current Injected intracellularly, there was no nelse. Further-
more, the noise was present when ACh was applied diffusely in the bath or when the
injecting pipette was backed away from the £iber, ruling out fluctuations in the
rate of relaase of ACh from the iontophoretic pipette as the source of the noise.
Finally, the noise slfcited by carbachol and ACh showed characteristic differences
{now known to be due to the diffarent channel open times menticned earlier).

In analyzing the noise, Katz and Miledl assumed that 1t represented the super-
position of many tiny transient depolarizatiouns occurring in a random sequence in
time. Each tiny depolarization was assumed to be triggered by the opening of a
single ACk chamnel. This allows Na to enter for a brief time, and the excess
positive charge on the muscle is then digsipated after chaanel closure by leakage
of K out of the fiber:
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Many such events were assumed to add up with one another, in a manner analogous
to the way that raindrops on a roof produce a continuocus noise.

The size of the events that underlia the noise was estimated by quantifying
it and finding the ratio of the noise variance to the mean size of the signal.
These parameters were measured as diagraumed below
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Ine gignal generated by ACh was meassured at a large number n of regular intervals.
The mean depolarization, V, was determined from the values V, at each sampling
point by i
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The variance may be thought of as tha avarage value of the (deviation of the
signal from the mean) squared. It is thus a measure of the "wiggleyness™ of
the aignal.

Katz aid Miladi applied Caupbell’s Theorem to find the event applitude from
these parameters as follows. (The treatment below is not "obligatory™ but is
presented for the interested or skeprical reader. Others may accept the result
that the ratio g%/V gives the approximate size of the avent). According to the
thaorem, if a noisy signal ia made up of a random series of linearly additive
unitary avents with peak size a and shape £(t}, occurring at a mean frequency
v then the mean value V and variance o® are given by

¥ = vSfaf(e)de
az - vfazfz(:)dt

taking the constant a outsida the incegrala and solving for it gives

02 ffz(t)dt

a= = x
v FE (e)de

The integral term at the far right i3 a "shape factor" which depends on the

shape of the underlying event. In practice it has a value of 0.5-1. Clearly,

even without knowing the exact value of the shape factor one can estimata the order
of magnitude of tha avent amplitude, a, from the ratio of variance to mean. When
this was done for the ACh potential, 2 was found to be about 0.3uV. This corre-
sponds to a tiny charge movement of about 10‘1"0, and about 3000 such events ogeur-
ring synchronously would produce a minjatuyre end-plate potential of 1 mV.

But what sbout f£(t), the shape of the events? Just as the magnitude of the
nolse, 1its variance, gives information abour the size of the underlying events,
s0 also the temporal proparties of the noise glve Informetion about the shape of
the events. Now naturally the noise aignal itgelf ia random, which means that no
two stretches of record will ever bae exactly the same. HNevertheleas the average
speed with which the record "wiggles" is comnected with the shape of the avents.
Fast events give a nolse record that fluctuates rapldly, while slow events give
slow fluctuations. These diffsrences are independent of the averzge frequency at
which the underlying eveats occur.

Katz and Miledi quantified tha temporal properties of the noise by determining
its power spectral density, or power spectrum. In this procedure one feeds a com-
puter with a long stretch of nolse record. The record 1s measured at a large num-
ber of points and then is decomposed into the fundamental sinusoidal components
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that maka up the record (its "Fourier transform™. The final power spectrum is
a graph of the magnitudes of the sinusoidal components of the nofse as a funetion
of their frequemcy. For the acetylcholine voltage noise the spectrum had the form:
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The ordinate, power spectral demsity or 5(f), gives the contribution to the total
noise variance in a narrow band of frequency centered om each of the frequencies
plotted on the ordinate. The spectrum is flat belew gbout 5 Ez and then falls at
higher frequency, declining to half at about 15 Hz. It can be shown that this
spectrum i3 exactly what would be expected for noise generated by the process we
talked about esriier: a randem sequence of brief inward current pulses, each
causing a rapid depolarization which slowly decays as the charge spreads along and
leaks across the membrane, The main factor determining the voltage decay is the
membrane time constant of about 20 msec. When the spectrum 1s plotted in this way,
on a log ordinate, the form of the spectrum depends only on the shape of the under-
lying events, The.mean frequency of occurrence of events determines its vertical
poaiticn on the ordinate, Thers {3 a reciprocity in the description of an event
in the time and frequency domains, & brief event glves a spectrum which extends to
relatively high frequeacy befere declining; 2 long-lasting avent gives a spectyum
which begine te daclise at lower frequency. Here the spactrum of the event is
dominated by the passive cable properties of the muscle memhrane and. contains al-
most no Information about the time-course of tha underlying conductance change.

Anderson and Stevens determined the time course of the conductance change by
analyzing voltage clamp records of the inward current flowing in response to ACh.
The spectrum of these current fluctuatiens was not disterted by the muscle fiber's
cable properties. When plotted as before,the spectrum had the form
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The cut=-off or half-power frequency fc was at about 20 Hz. It was shown that the
form of the spectrTum was exactly that expected for a random series of averts having
an average form .

f(e) = /T

namely a jump followed by an exponential decay. The time comstant T of this decay
is related to fc’ the half-power frequency of the spectrum, by

-1
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Now Anderson and Stevens interpreted this average event shape to characterize a
population of rectangular events with a variable event duration (open tims), as
wa have discussed earlier. Their analysis and assymptions were confirmed by Neher
and Sakmann, who showed dirsctly that the half-power frequency of the spectrum of
a noise record gave the same T as that obtained by direct measurementa on an
ensemble of single channal currenta.

A variety of other properties of the single chamnel events were determined by
snalyzing the power apectra of the noise. For instance, hyperpolarization of the
fiber shifted the valua of fc to lower frequency; this indicated that the open
time of the channel was prolonged. The conductance of the chamnel could he estim—
ated as about Z x 10 ‘'S, Can you guess how ACh and carbamylcholine spectra
would differ? How Junctional and extrajunctional ACh spectra would differ?
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Synaptic Chemistry I

An impertant concept in ocur understanding of che operation of the
nervous system 1s that specificity in the synaptic interactions of neuroas
arises not from a proliferation of highly specific chemical and electrical
signals, but rather from the very precise way in which neurons bacome
intercennected during development. Thus, only a handful of relativaly
simple chemicals appear to be required as neurotransmitters. Looked
at in this Iight, the metabolism of those compounds reieased ag neuro-
transmitters may seem of secondary ilmportance. However, if we are to
understand how the efficacy of synaptic transmission can be modified by
use, disuse or through the action of neuropharmacological agents, then
we will want to know as much as posaible about the chemfstry of aymapses.
Io addition, ag our understanding of symaptic chemiscry increases, it
is becoming possible to interpret dysfunctions of the nervous system
in terms of specific bilochemical deficits and thus prescribe more appropriate
therapeutic measureas.

Our consideration of synaptic chemistry will encompass five general
toplcs:

1} the identificacion of tramsmitters

2) their biosynthesis and 1its resgulation

3) the mechanism of release of neurotransmitters

4) the inceraction of transmitters with the postaynaptic membrane

5} the termination of trapamitter actionm

I. Identification of Transmitters

A. This is an axtraordimary difficult task, primarily because of the
minute quantities releasedduring synaptic transmission and the
complexity of the arrangement and interconnecrions of cells in the
oarvous system.

1) Parhaps the best criterion by which the neurottansmitter at a
particular gynapse can be identified is: that subatance which, when
applied to the postsymaptic cell in the same amount as 1z liberated

by a nerve impulse, produces the same postsynaptic effect as nerve

&3

stimulation. It is technically difficult to achieve quantitative
agreement. COme can cowme close for acerylcholine at the vertebrate
neurotuscular junction.

2) If one relaxes the criteria slightly, requiring that a substance be
released in response to nerve stimulation and have the same effects
on the postsynaptic cell, then both norepinephrine and Y - amino-
butyric acid (GABA) can be included with acetyleholine as identified
transmitters.

3) Several other compounds, such as S5-hydroxytryptamine (5-HT, also
called serotonin), glutamate, glycine, dopamine, octopamine, and
peptides (such as Substance P), have either been shown to be
concentrated in some nerve terminals -or to have phy;siological
effects similar to nerve stimulation, or both, but in none of
these cages has it been shown satisfactorily that the ¢ompound

is released when the pre-synaptic nerve is stimulated.

Biosynthesiy of Neurotransmitters ({see Appendix)}

Pathways.
1} Acetylcholine {tranamitter at vertebrate neurcmuscular junction
and sympathetic gamgliom):

Choline + AcCoh —AT 3 acn  -A%E S 40 4 choline
CoA

2) GABA (transmirter at lobster Inhibitory neuromuscular junctions):

Glutamace -—-% GABA ukGGT = §§'Di> succinate
2

3) Carecholamines (released by postganglionic sympathetic neurcnms ve]
and adrenal meduila [E]):

Tyrosine %DOPA j‘lﬂ_g?; dopamine __Dﬂi) NE —PEM'-I—?E {adrenal)
2

NE —MAQ} aldehyde %_ acids,alcohals

NE —% methyl derivatives

By



4} A few notes on nomenclature. Neurons that release nerepinephrine
often are called "adrenergic” since sympathetic nerve stimulatian
affects the organs and viscera of the body in a manner that's
very similar to “adrenalin" (epinephrine). Epinephrine, aorepinephrine
and dopamine aze alse called “catecholamines” (derived from
c'i't‘dwl” gg‘ > , plus amine, -§H3'

I11. Ragulation and Transmitter Pools
A. Two general considerationa ars {mportant to the understanding of how

nerve terminails accumulate and maintain their stotes of tramsmitter.

1) Transmitters are accumulated until a steady stata is reached, at
which the rate of synthesis equals the rate of degradation; at rest
there 1s a continuous turnover of transmitter.

2) The rate of synthesis 13 detarmined by the level of transmitzer,
often by feedback inhibition on the race limiring step in trans-
mitter synthesis.

B. Control of ACh synthesis:

AcCoA + choline —-—9!-3 ACh + Coa ﬂ) Ac + choline + Cod
1) At rest the acetylcholine content of nerve terminals i3 in a steady
state, tha rate of synthesis by choline acetyltransfarase (CAT) is

exactly balancad by the rate of degradation (inside the nerve

terminal)} by acetylchelinestsrase (plus a small leakage of
acetylcholine). )
2) Feedback inhibition is not important, acetylcholine does not inhibit

the activity of CAT.

3) Rate of synthesis and the steady level to which acetylcholine ac-
cumulates appear to be datermined at leaast in part by the Law of
Mags Action. This means that the reactancs (choline and AcCoA)
and products (ACh and CoA) of acetylcholine synthesis are in chemical
equilibrium.

gY

4) Several difficulties arise from this simple scheme.

a) This is c¢learly nor a particularly efficient way cto maintain a

b

c)

conatant atere of acetylcholine, aince the position of the
equilibrium also will deperd on the concentratiom of choline,
acetylcoanzyme A and coenzyme A. . .
Much of the acetylcholine (probably greater than 80%) is noc
free in the cytoplasm where it can ifateract with CAT (a cyto-
plasmic enzyme) but rather is sequestered in vesicles.
The location of intraterminal ace:yléholinesterase and the con-
tribution of turnover to regulating stores is unclear; intra-
terminal acetylcholinesterase can be demonstrated by 1ncuba.£ing
a preparation containing cholinergic nerve terminals in selutions
containing an inhibitor of ACKE.

1} If the inhibitor is uncharged, like ggserine, so that it can

diffuse across cell membranes, then the content of acetylcholine

in the preparation rapidly increases to about twice the normal
rasgting lavel. Apparently easarine diffuses into the termiral,
blocks ongoing degradation of acerylcholine by AChE, and so
"excess" acatylcholine accumulates.

1i) This accumulation of excess acetylcholine is not seen when a
charged inhibitor of AChE, such as neostigmina, i3 used,
apparently because necstigmine cannot cross the cell membrane.

iii} AChE is present inside the terminals, but is apparently not
found inside the vesicles, since atable acetylcholine-filled

vesicles can be isclated.

€. The accumulation of GABA, ar lsast in crustacean Inhibitory nerve

terminals where it has been best documented, ifs limited by direct
feedback inhibition.

1) Consider the overall reaction:

——% GABA Set_ ., SSpH succinate

2

glutamace
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2)

a) The enzymes that degrade GABA, GABA-glutamate transaminase (GGT)
and succinic semialdehyde dehydrogenase (S5DH), are present in all
calls at comparable levals,

b} Cells that accunmlate GABA also contain high levels of glutamic
acid decarboxylase (GAD), the enzyme catalyzing the synthesis of
GABA from glutamate, Tn lobster inhibitory nerve terminals the
maxiemm activity of GAD exceeds that of the degradative enzymes
By 3 to 1, therefore GABA accumulaces.

GABA inhibits the activity of the synthetic enzyme, GAD, so the

acceutulation of GABA continues until its concentration in the nerve

terminal is so high that GAD acetivity is inhibited by 70Z. At this
level, the rate of synthesis i3 equal to the rate of degradation and
the concentration of GABA is maintained ian this steady state.

Control of nerepinephrine bicaymthesis.

L
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Norepinephrine is aynthesized from tyrosine:
tyroaine -IB 5 popa -g{n?g-—)dopamine —253—9 norepinephrine
2

Control must be exerrad at the step in the pathway that is rate-~
limiting, in norepinephrine biosynthesis this ascep ia the converaien
of tyrosine ro DOFA by tyrosine hydroxylase (TH).

a) the activity of DOPA decarboxylase (DDC) and depamine B-hydroxylase
(DBH) exceeds that of TH by at least two orders af magniruda.

b) the lavel of tissue tyrosine is relatively high, while cthere is
very little DOPA or dopamine (except in those few places where
there are neurons that apparently release dopamine as a rrans-
mitter). By analogy with orher pathways, the substrate of the
rate-limiting stap tends te build up whereas metabolic inter-
mediates teand to be present in very low concentratiom.

¢) the activity of DDC or DS8H can be iuhibited up to 95% without
affecting the rate of synthesis of norephinephrine. Inhibitiecn
of tyrosine hydroxylase greatly reduces the rate of ncorepinepnrine

syntﬁesis.

3)

4)

5

—

d) using radiocactively labelled tyrosine and DOPA as substrates,
the synthesis of labelled norepinephrine from DOPA is more than
three times faster than that from tyrasine.

e) in perfusion experiments with organs such as the heart, the Km'
for the overall process of tyrosine —————3> norepinephrine
ig 2 x 10-51\1, about the same as the Kn for tyrosine hydroxylase
itgelf. ’ o

The activity of tyrosine hydroxylase is regulated by feedback

4ghibicion.

a) a8 vorepinephrine accumulatas in nerve terminals it gradually
inhibits the activity of the tyrosine hydroxylase, until the rate
of synthesis is just balanced by the rate of destruction and
apontanecus ralease.

b) Cytoplasmic norepinephrine is degraded by monoawdine cxidase (MAQ),
an enzyme located on the outer membrane of mitochondria, and the
deaminared products are removed from the cell and eventually
appear in the urine.

The subcellular distributiom of the enzymes involved in norepinephrine

biosynthesls suggests that this achema for regulating synthesis is

oversimplified.

a) Tyrosine hydroxylase is apparently soluble in the cytoplasm, as
is DOPA decarboxylase. .

b} Most dopamine B-hydroxylase activity is associated with synaptlc
vesicles, approximately half firmly bound in the vesicia membrane
and the remainder free inside the vesicles.

c) Moat of the_norepinephrine i3 sequestered inside the vesicles,
protected from degradation by monoamina oxidase but also prevented
from interacting with tyrosine hydroxylase.

d) Apparently, for feedback inhibition to operate, thera must be a
small cytoplasmic pool of norepinephrine, in equililrium with the
supply of norepinephrine stored in vesicles, that interacts with
tyrosine hydroxylase to regulate synthesis.

The activity of tyrosine hydroxylase and/or dopamine B-hydroxylase is

subject to modification by vartous other factors, including unidenti-

fied endogencus inhibitors, intracellular calcium concentration and
phospherylation.
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Iv.

A.

Loupling Synthesis to lcrivity

Obviously once transmitter is being released, sither the pocls must
be rapidly replemished or eveatually the amount released will be
reduced as the supply is exhausted. Uader most paysiological condi~
tions, the rate of synthesis ig sufficiently. high so chat pools of
transwitter are maintained and thus do got become a limiting factor

in releasa.

At cholinergic nerve terminals (experiments done by Birks and

MacIntosh using the superier cervical ganglion of the cat) the rate

of ner synthesis of acetylcholine increases in TESpOnse Lo nerve
stimulation by greater tham 100 fold,

1) If a ganglion 13 removed from the animal and perfused with plasma,

the store of acetylcholine 1s maintained for several hours, even 1if
the preganglictic nerve ig stimulated at a rate of 20 impulses/sec.

2} In the presence of eserine to ighibit endogenous cholinesterases,

dcetylcholine can be detected in the perfusate in the absence of
nerve stimulation .

a) Relaase from rhe Testing gauglion 1s equal to about 1/1000th of

the total acetylcholine content/min. Since the total acetylcholine

content of the ganglion is constant, this release represents the
net acetylcholine synthesis of the ganglion ac rest.

b). When the gangiion 1s stimulated at 20 impulses/sec, the rate.of
acetylcholine release increases 100 fold; each minure about 10%
of the total acetylcholine content of the ganglion is released,
This rata of realedse can be maintained fof @3 long as 60 minutes.
Thus, during one hour of atimulation, the ganglion can ralease
3ix times the original amount of acarylcholine and still end up
containing as much as was originally prasent.

3) If eserine is added to the perfusion fluid the amcunt of acetylcholina.

present io the ganglion doubles, indicating that acetylcholinesterage

plays a role in determining Presynaptic acetylcholine levels.

a) the rate of accumularion after the addition of eserine can he
considered a measure of the rate of synthesis at rest and is

initially quite rapid, a 252 increase in the acetylcholine content

&9

4)

in the first 5 min. At this rate, a resting ganglion would
synthesize and degrade 3 times fts infrial acetylcholine content
in ome hour. The contribution that changes in the rate of
dégradation of transmitter makes to the control of presynaptic
storas has not been explored.

b) the "surplus” acetylcholime that accumulates ia the presence of
eserine does not affect the rate of acetylcheline release from
the ganglion at rest or in response to nerve stimulation. Thus,
changes in the levels of transmitters in tissues do not necessarily
have any effect on the amount released.

Cholinargic nerve terminals Tequire an exogenous source of cholipe

to maintain relesse,

a) If a ganglion s perfused. with Locke's solutiom (a buffered salt
solution) izstead of with plasma, the level of acetylcholine in
the ganglion and the ameunt released decreases very rapidly,

b} acetylcholine synthesis can be maintained if choline ia added to
the perfusion fluid. ]

¢) If hemicholinium HC-3, a ¢ompound that inhibits choline uptake,
is added to the perfusiou fluid, then even if choline is present
fhe content of acetylcholine in the ganglion and the amount
released by nerve stimulation fall rapidly to low levels.

d} The choline uptake ueéhanism i3 specific for choline and simflar
compounds, acetylcholine is Aot tzken up; if the hydrolysis of
acetylcholine is prevented by an antichcline;terase, the rate of
ralease falls rapidly during proleonged stimularion in Locka's
#olution.

e) Demomstration of uptake as the scurce of choline for acetylcholine
synthesis comes from experiments in which the preparation i;
bathed in fluid containing lﬁc-choline and stimulated. The rate
at which lac-choliue is incorporated in the acetylcholine stores
ia enhanced when AChE i3 inhibited, hecause this inhibiticn
Temoves a competing source of choline. Put the other way arouu?}
under normal conditiomns, cholinergic nerve terminals recapture
and reuse nearly half of the choline producad by transmitter
hydrolysis.
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c.

5) ¥ewly synthesized acetylcholine ig preferentially releasag
a) If sympathetic ganglia are incubated in fluid containing
J‘C-choline 80 that ali the {ntracelliular acetylcholine poals
bacome labelled and thex perfused with Logke's solution, the
rate at which the atorad lac-acetylcholine ls released, both ar
rest and in Tesponse o gerve stimulation, is reduced if
vnlabelled choline is inclvded in zhe perfusfon Fluid. Unlabeiled
acetylcheline, which must have been nawly synthesized from
unlabelled choline, ia teleased twice as fast ag labelled acecyl-
cholipe.

b) These data are cowpatible with the concept that a small readily
releasable part of the transmitter stores in cholinergic nerve
terminals turns over more rapidly than the remaindar. This
blochemical finding must be kept in mind when attempting to
interpret other data om Telease from cholinergic nerve termirals,

such as the vesicle recycling hypothesis suggested by Heuser
and Reese.

Regulation of norepinephrine synthesia,

1) These experiments have been done uging tissues that tecelve sympathetic

innervacion, such as the heart, spieen, and vas deferens. The path-
way for norepinephrine biosynthesis ia:

tyrosine—-g;—) DOPA—D[E—J- dcpamine—DB-E—% norepinephrine

2} The rate of synthesis ism regulated by feedback inhibition of
tyrosine hydroxylage by nerepinephrine.

3) There 13 a steady turnover of norepisephrine at rast, the rate of
synthesis balanced by the rate of dagradaticn.

4) Werve stimulation incresses the rate of aorepinephrine synthestg
a8 measurad by the formation of radioactively labelled norepinephr;ne
from labelled Lyrosine
a) stimulation does not increase the uptake of tyrosine by the

tissue or affect the production of metabolites from aorepinephrine.

b) the rate of synthesis of norepinephrine from 3H-DOPA
is the same in both control and stimulated preparations
and about three-fold higher than that seen in unstimulated
preparations with 3H—tyrosine 43 precursor {Table I}.

TABLE I
RATE GF NCREPINEPHRINE SYNTHESIS

Precurser tyrosine DOPA tyrosine + NE
Contyrol 100% 325% 421
Stimulated 1707 320% 382

5)

¢} These experiments verify two important hypotheses.

1} The hydroxylation of cyrosine is the rate-limiting step in
norepinephrine synthesis: norepinephrine is- formed more rapidly .
when DOPA is used as a precursor. }

11) Control is exerted at the rate-limiting step, that is, stimulasion

- increases the rtate of synthesis from tyrosine but not from DOFA.

We might speculate that as norepinephrine is released from sympathetic
nerve terminals during stimulation, the concentration of norepinephrine
in the cytoplasm is lowered, reducing the feedback inhibitiom of
tyrosine hydroxylase and thus increasing the rate of synthesis of
norapinephrine
a)} If s§ ény treatment that increases the level of norepinephrine

in the cytoplasm should increase feedback inhibition and slow

synthesis,

b) Incubation of tissues in exogenous norepinephrine and administra-
iiau of reserpina, a drug that blocks uptake of norepinephrine

into vesiclea, increage the level of norepinepherine in the cyto-

plasm and reduce the rate of conversiom of tyroslqe to norepinephrine

{see Table I).
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¢) Maintaining high cycoplasmic norepinephrine concencrations by

these means alsoc blocks the increasse In the rate of synthesis

of norepinephrine from tyrosine seen with nmerve scimulation (Table 1).
Newly synthesized norepinephrine is preferantially released.

a) If the spleen i3 perfused with a solution of 14

C-tyrosine and
tha splenic nerve stimulated the specific activity of norepin~
ephrine in the perfusate rapidly increases and exceeds the
specific activity of norepinephrine remaining in the preparation
by eight foid.

b) If stimulation is continued and the perfusion fluid is changed
to one containing unlabelled tyrosine, the apecific activity of
released norepinephrine rapidly declines below that of the
norepinephrine remaining in the preparatiom.

These effacts on tyrosine hydroxylase activity are all shore term,

occurting with a zime course of seconds or minutes. They involvae

changes in the activity of exiating enzymes and do not involve
protein synthesis or changes in the actual number of tyrosine
hydroxylass molecules {n the nerve terminal. This is always tested
by grinding up the preparation, assaying for tyrosine hydroxylasa
activicy in a test tube, and finding oo change in the amount of
enzyme, i.e. no change In activity at saturating levgls of substrates.

Long~term Control

1)

The sympathetic nervous system has proved particularly fruitful as a
system in which to study the influence of activity, hormones, and
other "factors” on enzyme levels over pertfods of hours, days, or
weeks,

a) treatments that require the sympathetic nervous system to be
abnormally active for extended perioda of rime increase the
avility of nerve terminals and the adrenal medulla to synthesdize
norepinephrine from tyrosine by increasing the number of tyrosine
hydroxylase molecules.

1) the strass of prolonged exposure to cold or forced immobilization

93

ii) Administracion of certaln drugs, such as reserpine, which depletes
vesicles of norepinephrine, a-methyltyrosine, which blocks the
synthesis of DOPA, or phencxybenzamine, which blocks the effgc:

. uorepinephrine by blocking some of the postsynaﬁtic receptors.

b) Other enzymes, such as lactic acid dehydrogenase, mounoamine
oxldase, and DOPA decarboxylage, are not affected. (Some
increase is seen in dopamine R-hydroxylasgae)

c) Inhibitors of protein synthesis block the increase in tyrosime
hydroxylase levels, suggesting that new enzyme molecules are being
synthesized. Also, by immunological techniques you can show that
the mmber of enzyme molecules has increased.

d).The #ignal that triggers sympathetlc neurons and adrenal medullary
cells to synthesize more tyrosine hydroxylase molecules appears
to be at least in part mediated by neural input, The induction
is abolished by elther decentralization, i.e., cutting the fibers
that provide input to the sympathetic neurcns or adrenal from the
centrzl nervous system, or by blocking transmission between the
CHS and the sympathetic neuroms pharmacologically.

2} One can speculate that the trans-synaptic Induction of tyrosine
hydroxylase functicns continually to keep the synthetfc capability
of the neurons and adrenal medullary cells at appropriate levels
via a peripheral feedback loap.

a) Sensory neurons in the periphery monitor the respcnse of target
organs to sympathetic activity.

b) If che effact of sympathetic activity on peripheral organs is
insufficient {for example, blocked pharmacologically with
phenoxybenzamine) the CNS responds by increasing the rate of
firing of cells supplying input to the sympathetic neurons and
adrenal medulla

¢) this increased activity in some way signals the sympathetic cells
to gear up and Iimprove performance by synthesizing more of éhe

important enzymes.
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AFFPENDIX

BIOSTNTHETIC PATHWAYS

3) Other factots have long term effects on catecholamine syathesis in

the sympathetic system. Acetylcholine
1) Insulin increases adrenal tyrosine hydroxylase; apparently the ? ch"liie .0
I acetyl-
hypoglycemic stress put on the sympathetlc system by the imsulin €H. ~0«S-Cod + BO~CH. ~CH -§-(GE y, transferase .. : +
adaryl eo A ghol%n ¥3 ———————> d,-C-0-CH,~CH,-N=(CH,), + Coa
reaction increases neural input to the adrenal which ir turn tyl coenzyme 8 2 2 -3
acetylcholine coenzyme

causes enhanced synthesis of tyrosine hydroxylase.
11) Nerve growth factor (NGF) apparén:ly can influence the levels of

enzymes Involved in catecholamine synthesis in the adult and during GaABA
development. glutanic acid
COOE~CR ,~CR,,~C-CO ecarboxylasa ~CH_~CH_~CH, ~
PRy [o: -3 COOH-CH,,~CH ,~CE,~¥&, + €O,
In summary, we have seen that the complex synaptic interactions of cells gluranic fgé Y-aminobutyric acid
in the nervous system may be mediated by a relativaly small aumber of (GABA)
simple chemical compounds. The best studied neurotransmitters are acetyl-
choline, GABA, and norepinephrine. The accumulation of these transmitters
. Motepinephrine ' :
i3 controlled by balancing the rates of syanthesis and degradation. 1In _tyrosine a0
neurons, a signiffcant fraction of the stared transmitter is liberated in hydroxylase
HO CH=CA-CO0H  —————3» HO CH,,~CH-CO0H
response to stimulation and stores are maintained by enhancing the rate ) | 02‘ Reducad 2 P
of syathesis by mechanisms such as removal of feedback inhibition. Long- NH, pteridine NH,
term controls operate to maintain the synthetic capability of the nerve tyrosine 3, 4-dihydroxyphenylalanine
terminal at a level sufficient to meet the demands of release. aromatic . (DOPA)
4 amine acid B
References . HO H,,~CH-Coo f“a’b—“ma; 5O @mz‘mz'mz + co,
Hall, Z. W., Hildebrand, J. G., and Kravitz, E. A., 1974, Chemistzy of 2
Synaptic Transmission. (Excellent source of original papers, useful DOPA 3, 4-dihydroxyphenylethylamine
refererces, and informative essays.) Chiron Press. - {dopamine}
7 dopamine EO.
The Synapse. Cold Spring Harbor Symposium of Quantitative Biology XL, 1976. BO — A CH,~CH,-M¥, B-hydroxylase HO (/ \>—EB—C32-N'H2
. = - ==/ .1
Wallace, 8. G., Sargent, P. B., Mains, R. E., and Kravitz, E. A., Synaptic dopamine .0,, ascorbate OH
Transmitter Compounds. 3Biology Data Book, 2nd ed., Fed. Amer. Soc. 2
Exp. Biol. Vol. II: 1153-1156. nerepinephrine

Cooper, J. R., Bloom, F. E., & Roth, R. H., 1978, The Biocheical Basis
of Weuropharmacology (3rd ed.) ¥ew York: Oxford University Press.
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SYMAPTIC CHEMISTRY 11

In the first lecrure we discussed factors regulating the accumuiation

and maintenance of transmitter stores in presynaptic terminals.

Ton this

lecture we will consider blochemical studies of the mechanfsm of transwmitrer

release, the interaction of transmitrers with the postsynaptic membrane and

iransmictgr inactivation. Again, we will confiae our discussion to results

from a small number of synapses at which acetylcholine {ACh)}, norepinephrine

(NE), and y-aminobutyric acid (GABA) are released as neurorransmitters.

1. Mechanism of Transmitter Releage.

A. Morphological and physiological evidence indicates release by exocytosis

B.

L

2}

3)

Physiological evidence at vertshrate NMJ indicates that ACh is re-
leased In mulrimolecular packers, or quanta, each producing a "minfa-
ture e.p.p.”

In electron micrographs, nerve terminals are packed with vesicles,
especlally clustered near presynaptic release sites.

There 1is also biocﬁemical evidaenca consistant with release by exo-
cytoals, in vhich a vesicle fuses with the external membrane of the
cell and flattens our, raleasing its emcire solyble contencs. Thisg
consists of comparing the contents eof vesicles with what is releaseqd

in response to nerve stimulation.

Release from the adrenal medulla - a model for release from sympathetic

nerve terminals.

1}

2}

3)

Isolate vesicles by differencial centrifugarion. They are large
(200 om  in diametey, hive dense cores, and centain most of the
epinephrine present in the adrenal.

Lyse vesicles by hypo-osmotic shock and determine soluble contents
and composition of membrane (Table I).

Perfuse adrenal, stimulate release by activating splanchnic nerve
or by perfusing with ACh or carbachol. Collect perfusate and analyze

for release of soluble vesicle contents {Table I)

17

CA ATP DBH Chromo=

{u mole) (4 nole) {units) granin A (mg)
in granule & 1 29 0.40
iz perfusate 4 1 37 0. 34

4) Since ratic of catecholamines to ATP, DEH, and chromogranin A (the

major soluble protein in adrenal vesiclas,identified lmmumosliogically)
in the lysate of the vesicles 1s the same as that released in re—
sponse to stimularion, this is strong evidence for release of the
encire soluble contents of vesicles by exocytosis.

5) Further evidence: soluble cytoplagmic proteins are not released

(e.g..lhctic acid dehydrogenase, phenylethanolamine N-methyltrans-

ferase); phospholipids and cholesterel, coustituents of vesicle

membrane, not released; electron micrographs show profiles fused
to cell membrane and open to extracellular space, as well as entire
densa cores outside of the cell, but never an entire vesicle out-
side the cell or a "hole" in the cell membrane.

6) Lipid composition of vesicle membranes differs from that of other
membranes, has an abnormally high proporrion of lysolecithin (lyso

The ratio of

lysolecichin to total phospholipid is =15%, other subcellular orga-

lipids are missing ome of the usual two fatty acids).

nelles have =1%. Lysolipids have been shown to cause membrane fusion
in several in vitro syateﬁb. However, synaptic vegicles isolated from
brain or electric srgan bave only = I lysolipdds.

7} Retrieval of vesicle membrane from surface of cell after fusion must
be Qery specific, beoth appropriate proteins (DPH, AlPase) and 1ipdidas
must be retrieved or destroyed and rerilaced.

Release from sympathetic neurons

1) There are both large (100 om) and small (50 om) dense core vasicles

- in sympathetic neurons, large predcminate .in cell bodies, small pre-
dominate in terminals.

2) Large vesicles, isolated from postganglionic nerves, are known to
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contain NE, ATP, DEH, and chromograning, anmd all congtituents are
released together.
3

—

In spleen, amounts of DRH and chromogranin recovered in perfusate

are 6% and 1%, respectively, of the amounts present inside large

precerminal vesicles. However, the contents of large preterminal

vesicles apparently differ from those of the smaller terminal vesi-

cles, ctherefore it is difficulr to make a quastitative comparisca,

4) In hypogastric nerve-vas defsrens preparation it has been observed
that RE/DBH in vesicles (isolated from terminals) 13 the same as
that In perfusate during stimulation.

Release from cholinergic termipals.

1} Best morphological evidence for 1 vesicla = 1 quantum comes from
vertebrats skeletal neuromuacular junction, experiments of Heuser
and Reese.

2) Good physiological data for number of molecules necessary for quan-

tum from Katz "noise" analysis (approximately 1000 ACh-receptor

interactiona) and Ruffler's lontophoresis experinents (5000-10,000

wolecules applied),

Isolate ACh vesicles from electric organ of the marina rays Torpedo

or Harcina. Vesicles comtain ACh and ATP in a wolar ratio of approx-

imately 2.5 to 1. Although it has been reported that cholimergic
vesicles contain one major soluble protein, vesiculin, no soluble

3

~—

proteins are found im highly purified vesicla preparations.

4) ATP is released along with ACh when nerves ara stimulated; no infor-
mation on releagse of vesiculin from cholinergic nerve terminals is
available.

How do vesiclas accumulate transmitters?

1} Concentration of transmitters in vesiclas 1s apparently greater
than that in cytoplasm, therefore they must ba pumped or somehow
hald sgainst a concentration gradient.

'2) VYesicles isolated from sympatheric nerves take up catecholamines in

vitro by a process requiring MgH' and ATP, but have not beem shown to
accumulate NE against a concentraticn gradienc. The active uptake
of catecholamines into chromaffin granules appears to be driven by
a transmembrane proton concentration gradient which is maintained by
an ATP-powered proton pump.

Vesicle uptake Ls not specific for norepinephrine or epinephrine,

10}

a variety of related amines are also transported. Transport is
blocked by reserpine, with the result that vesiclas become per-
manently laaky to catecholamines.
3) Isolated cholinergic vesicles slowly lose their stores of ACh. No '
active uptake of ACh inte cholinergic vesicles has been demonstrated.

F. Cholinergic and adrenergic vesicles appear to contain transmitter,

ATP, and proteina that have no known enzymatic function. It has
been postulated that ATP serves to neutralize the charge of the
transmitters and that, at least for catacholamine;concaining vesicles,
the proteins provide a matrix for binding the transmitter-ATF complex

80 that the stores are not hyperosmotic.

Interaction of transmitters with receptots.

A. Acetylcholine recsprors.
1) Different classes of ACh receptors can be distinguished pharma-
chologically.

a) Ricotinlc: agonises include nicotine and carbachol, antagonists
include hezamethonium, curare, and specific snake venoms (a.g. O -
bungarstoxin) . Found at skeleral NMMI, affect of ACh 1s to
inereass permeability to Na and K.

“B) Muscarinic: agonists include muscarine and acetyl-f-methylcholine,
antagonists include atropine and scopolamine (hyoseine}. Are mot
inhibited by a-Bungarotoxin and similar snake venoms. Found at
parasympathetic postganglionic terminals, a.g., onte heart
muscle, effect of ACh is to increase permeabilicy to XK.

2) Combination of transmitter and receptor rapidly opens lonic conductance
chamnels in membrane, receptor must include beth an ACh binding site

and an iongphors.
3. Reaction scheme for nicotinic receptor.

fast fast
JE— JE—-

A+R I — AsR+a S AR

rate B

e d
slow limicing [

AR open step A R open
desensitized &_/ J
recepror =~
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a) A=acetylcholime, L=Tuwmpror, &R ‘121 &Te Teceptor sltes
combined with 1 or 2 ACh molecules.

b} In continued presence of ACh Treceptor will desensitize and no
lemger produce an ilonlc conductance change.

Isolation of nicotinic receptor made possible by two discoveries:

an espacially rich source of material in slectric organs of rays

(Torpedo} and sels (Electrophorus) gnd high affinity, highly spacific

ligands. l

&) & - bungarotoxin, basic polypeptide of 800C daltons, binds almost
irreveraibly to receptor.

b) @ - cobra tnxi.na (R_éj_a_u_aj& species) also very specific but 3.
binding 1s more readily reversible.

¢) Taolation of receptor by affiniry chromacography of detargent
solubilized extract

Properties of nicotiaic recaptor from Torpeda.

a) Native protein ia large (250,000~500,000 daltons).

b) Sodium dodecyl sulfate polyacrylamide gels sh
with molecular weights of approxgately 62!{, 63&?"55;“:113“232?“

They are present in a molar ratio of 1:1:1:2,
¢) 40K subunit has binding site for acetylcholine.

d) Reconstitution experiments introductng purified receptor hack
into lipid vesicles and planar biliyers demonstrate that thig
complex contains both the acetylcholine binding site and the
ionophore.

Receprors are densely packed at neuromuscular junctiomn.

a) Ills-u-bungarotoxin and quancitative EM autoradiography
donscra;e Tteceptors are concentrated on upper pertions of
synaptic folds.

b} Assuming two e~bungarotoxin binding sites per receptor, there
ara 13,000 raceptors per uz. This density leaves litrla rocm
for any other protains.

¢} By comparison, there aze 2600 ACh .aterase sites par 1.12 and thay
are uniformly distributed along synaptic folds, Moat of the Ach

esterase {s attached to the basal laming.

7. Myasthenia gravis, a digease characterized by skeletal muscle weakness

and easy fatcigabf{lity, appedrs to be an auto-irmmune

075

digease in which patients produce antibody against the acetyl-

choline receptor,

a2} Disease can be mimicked In rabbits by Injection of purified
receptor or Y-globulin fraction from myasthenic serum.

b} Biopsy samples from myasthenic patients show reduction of
d~bungarctoxin binding sites to about 20% of normal.

c) Anti-receptor antibodies can be detected in serum from
myasthenic patlents but not in comtrel sera or sera from -

patients with other neurclogical diseases affecting skeletal
mscle.

Catecholamine receptors.
1) There is an extensive pharmacology by which classes and gubclasses

of recaptors for cataecholamines have been distinguished. Wa need
only mention two main classes: d-receptors, which are blocked by
phenoxytenzamine and f-receptors, which are blocked by propranolol,

2) Little information om the structure or localizatiom of postaynaptic
receptors for catecholamines is available, There are no highly
specific toxins for catecholamine receptors nor has a particularly
rlch source heen found.

3) The postsynaptic affactas of catecholamines are mediared by at least.
two general mechanisma. In the smooth muacle of the guinea pig
vas deferens, for example, norepinephrine released from adrenergic

nerve terminals activates a receptors, increasing Na conductance
and causing muscle action potentials in a manner exactly analogous
to the action of acetylcholine at the skelatal NMJ,

sites, gsuch as cardiac muscle, the interaction of norepinephrine

AL many other

with postsynaptic f-receptors does not lead directly to any signi-
ficant changes in isnic conductance, but rather activatas adenyl
cyclase and causes accumulation of cyclic AMP in the poat synaptic
cell. In such cases application of cAMP analogues oftem mimic
the effects of adrenergic stimulation, giving rise to slow,

long lasting electrical signals or changes in the responsiveness
of the postsymaptic cell, The mechanism by which changes in cAMP
produce many of these effects remain obscure, although other
acrivation of a protein kinase leading to phosphorylation of a

protein(s) 1s hypothesized.
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III.

Hechanism'gi Transmi::er‘Inactivation.

A,

At cholinergic synapses che action of ACh {s terminated E; hydrolyéié

by acetylcholinestarase, AChE.

1) Afceer iohibiticm of AChE with eserine or necstigmine, the regponse
to a single impulse is potentiated and prolonged.

2) During a long train, this initial poteatiacion and prolongation ta
followed by a reduction and eventual abolition of the postaynapric
Cesponse as the ACh racaptors become desansitized. Thus, AChE in-
hibicors can block neurcmuscular trimsmission.

3) This is the mechamism of action of particularly potent polsons, the

organophosphorus compounds such as DFP (diisopropylfluorophosphonate).

They ara the infamous "nerve gases" atockpiled by the government,
but are also used as insecticides.
4} The detailed studies of the mechanism of action of acetyl-
cholinesterasa led to an anéido:e for DFP poisoning, pyridine-2
" aldoxite methiodide (2-PAM). '

"5}  Active regiom of acetylcholinesterase has two sites, an anionic site

that binds the poaitively charged choline portion of ACh and the
esteratic site capable of donating electroms to the acetacs portion
of ACh (see Fig. a). An acetyl-enzyme intermediate is formed, then
hydrolyzed by water (b,c). DFP ia also a gubstrate for AChE, Sut the
alkylphosphoryl-enzyme intermediate is not hydrelyzed by watar (d).
By knowing the coufiguration of the active regicn, 1t was possible

to design a molecule (2PAM)} thar would bind to the anionic site

and have a resdy palr of electrons to hydrolyze the phosphoryl-
enzyme intermediare.

1 CS

Anfounic site Esteratic sice

serine

a) /—\ Jﬂ?l\

+
(633)3 N — CH,CH, — 0 —tlf‘-o
ca,
b) . —rCmQ
80" ¢
3
7N VY
&) BO —C = 0
ca,
AN
d)  4DFP OR — P = 0

Inactivation of morepinephrine cccurs by uptake into the presynaptic
terminal. '
1) MAC and COMT are not tovolved in transmitter inactivation:
a) They are intracallular.
b} Inhibition does not potenciate the effect of nerve stimu-
lation,
¢) They are important in inactivating amines in the circulation.
2) Uptake can ba blocked by drugs such as cocaine and amphetamines,
They potentiate the actiona of amines. Uptake into terminals is by
a different mechanism than uprake into vegicles, e.g., it is not
blocked by raserpine.
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3) Uptake is inteo presynaptic terminal:
a) Transmitter taken up can be released by nerve stimulation
b} Ne transmitter is accumulated by denervated rissues
¢) Radioactively labelled transmitters can be localized in
nerve terminals by EM autoradiography.

C. TIoactivation of GABA at rthe lobster MMJ occcurs by diffusion frow the
gynaptic cleft and uptake into glia cells. Glia cells in the mammalian
CNS also have a high affinity uptake mechanism for GABA, byt here
neurons also may recapture GABA aftar its relegsa.

D. High affinity uptake (10'831) sechanisms for choline and norepinephrine
may be distinguishing features of nerve terminals releasing ACh and ¥E,

but camnot be considered conelysive,
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CNS TRANSMITTERS: AMINES, PEPTIDES, AND NEUROMODULATION

I. Identification of transmittars in CNS.

4.

Teehnically difficult because of inaccesibiliry, wmultiple inpurs,
difficulty in separating pre-and postsymaptic elemsnts, idencifi-
cation of terminale and widespread occurrence of amino acid trang-
wizters (glycine, glutamata).

Some neurons may not form punctate symaptic spaclalizations but
liberate their transmitter more diffusely.

1. Could intaract with specific postaymaptic receptors causing
conductance change and thus a relatively slow aynaptic potential.
2. Or could act as neurchormone, interacting with receptors on
pre~ or postsynaptic cells to modulate efficacy of synaptic
transmission. For example:

a) Might affect Ca® levels in presynaptic terminal and thereby
regulate amount of transmitter released.

b) Might interact with poscsynaptic call to increase input re-
sistance and so increase amplitude of synaptic potentials.

¢} Specificity 1a determinaed not by precise releasa zite but by
localization of receptors and the response they mediate.

3. Modulatien of transmission in cerebellsr cortex

a} NE released from terminals of locus coeruleus slows
spoutanecus activity of Purkinje cells and reducas
resting membrane conductance,

b) Apparently NE interacts with B-receptor on Purkinje
cella activating an adenyl cyclass, increasing the
intracellular concentration of cAMP, which leads to
the decrasse. in conductance and hyperpolarization.

¢) In many other instances the effects of stimulation of
B-receptors appear to be mediared by changes in cAMP.

4. Modulation of transmission in gill-withdrawal reflex in
Aplysia

a) Transwission from identified Sensory Lo MOLOr neursns
i1s facilitated by stimulation of a 5-HT-containing
interneuron that makes presynapric endings on the
terminals of the sensory neuron.

5) Stimulation of this interneurcn or application of 5-HT

activates an adenyl cyclase, increasing intracellular
cAMP Iin the nerve terminal.

(o

€) cAMP activates a protein kinase that apparently phos-
phorylates some protein in the membrane. As a result
the Input conductance of the cell 1is lowereg_" the
action potential is altered so thart more Ca  enters
during an impulse, and, as a result, more transmittar
i3 released.

d} Effect can be mimicked by intracellular injection of
cAMP or the catalytic subunit o;_ protein kinase and
may result from a decrease in K conductance.

@) Increase in transmitter release is long-lasting.

. Ac::l.onl of neurchormones may be mediated by complex mechanisms

including changes in Ca*t concentration, levels of eyelic
nuclectides, and protein phosphorylaticn.

a) Many effects of intracellylar C&++ may ba madiatad by cal-
modulin, & ubiquitous Cat*-binding protein. Catr-calmedulin
can activate protein kinases leading to phosphorylaticn of
specific proteins.

b) &*—cahadulin levels regulate the activity of a CatT—depen-
dent adenylate cyclase and phosphodiesterase, both isolated

from brain. Thus lavels of cyclic nucleorides can be influenced
by ca*t influx. -

€. In the CNSmany amines and peptides may primarily be scting as neuro-
hormoues rather than neurotransmittera.

Paptides.

A. Bypothalamic releasing factora.

1.

Hypothalamus and pituitary are major regulatory areas for various
visceral activities: water balance, internal secretious, sugar
and fat metabolism, temperature regulation, sleep.

a) Control is exerted by neurons in hypothalamys that send processes
into hypophysis (pituitary).

b} These hypothalamic cells release peptides into the portal cire
culation within the hypophysial stalk which carries these "ra-
leasing factors" or "hormones" to secretory cells in the hypo-
physis which, in turn, release peptide and protein hormones into
the circulatiom.

Releasing factors are peptides from 3 to 14 amino acids long: the

simplest 1s thyrotropin releasing hormone (TRH}: pyroglutamyl-
hystidyl-proline amide.

Major amcunts of releasing factors are located outside the hypo=~
thalamus.

a) When injected into animals these peptides produce profound be-
havioral changes. )

b} Many neuroms in various areas of CNS are inhibited by releasing
facters.
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4.

There 15 congiderable functional interaction between amines and
hypothalamic peptides.

a) Hypothalamus and median eminence receive input from NE, dopamine
and gerotonin containing cells.

b) Depleting catechclamines Erom certain hypothalamic regicns scim-
ulates prolactin secretion and supresses releaass of follicie
stimylating hormone and luteinizing hormone.

¢) Release of melanocyre stimulating hormome i3 enhanced by resar-
pine and melanocyte stimularing hormene release inhibiting
hormone accumulates in the hypothalamus.

Sybstance P.

.

2.

First isolated as hypotensive substance (lowarad blood pressure)
that alsc caused contraction of intestinal tiasue.

Later & "sialogenic" peptide (causes massive salvation) waa dis-
covered whila isolating releasing factors from hypothelamus. It
turned out to be identical to substance P.

Substance P is an undecapeptide:

H—Arg~-Pro-Lys-Pro—Gln-—Gln—Phe-Phe—-Gly—Leu-Met-NH2

- Substance P found in substantia nigra, hypothalamus, dorsal roots

{but not ventral roucs), and substantia gelatinosa.

Substance P implicated as sensory transmitter, perhaps specifi-
.cally for those neurons involved in percepcion of pain, but may
act as modulator of cransmitter releaase from sensory terminals.

a) Depolarizes spinzl motonaurcns (although response is very slow);

seems to excite selectively cells in dorsal horn that respond
to aoxlous atimuli.

b) Ligate dorsal roots, Substance P accumulates on peripheral side

of ligation and decreases in spinal grey. Cut dorsal roots,
Subatance P disappears from dersal horn.

¢} Ca* dependent release of Substance F from spinal cord with

senscry nerve stimulaticu.

d¢) Immuno fluorescemce shows Substance P in small cell bodies in

gensery ganglis (approxdmately 20X of cells scain), in ter~-
minals in the outarmost layers of spinal cord (substantia
gelstinosa), and in free nerve endings in the skin, Sub—
stance P 1s also found in the nucleus caudaiis of the tri-
geminal, that region generally belleved to receive nocicep-
tive input. It disappears From the nucleus after seccicus of
the trigeminal nerve.

2) Terminals of densory neurcns are depolarized by Substance P.

£) Capsaicin, a derivative of homovanillic acild, produces intense

pain when adminiatered acutely and causes release of Substance
P from spinal cord. <Chronic treatment renders animals insensgi-
tive to pain and depletes Substance P in the subarantia gelatinosa,

il

1.

=~

Enkephalin,

Radicactive opiates selectively bind to membrane fragments Erom"
brain homogenates, suggesting the presence of oplace "receptors”.

a} There is high degree of correlation between binding of agonists
and antagonists to fsolated opiate receptor and the pharma-
cological potency of drugs.

b) Opiate receptors are primarily found in CNS regions concernad
with pain.
i. Regions receiving direct input fron pain pathways: Peria-
" queductal gray in midbrain reticular formatiom and thalamic
regions.
1i. Regions probably involved in emotional perception of pain:
hypothalamus and amygdala.

+ Since brain does not normally contain opiates, what are the normal

substrates for these recaeptors?

a) Enkephalins (pencapeptides: H-Try-Gly-Gly-Fhe-Met [or Leu]-OH}
iIsolated from brain, have same regional distribution as
receptor.

b) Act as agonists in biosssays aad binding to receptor pre-
parations: blockad by opilare antagonists.

Enkaphalin sequence found 1n'8-11potropin, a4 large pituitary
hormone.

a) Residues 61-63 ars Met-enkephalin.

b) Residues 61-91 more active than enkephalin, normally prasent
in pituitary, called f-endorphin.

Synthesis of various peptides appears to occur by cleavage of
large precurser protein.

a} A 31,000 dalton protein is precursor for adremocorticotropilc
hormone (ACTH) and £-lipotropin.

b) B-lipotropin contains sequences for S-melanocyte stimulating
hermone, enkephalin, endorphins.

c) In stress situations, when ACTH is released, thera is alsc
a well known analgesic response.

d) If peptide is released as transmirter, there is a problem:
ip mammals peptides longer than 3 amino acids are invariably
synthesized on ribosomes, but there are no ribosomes in

nerve terminals. May be overcome by releasing very
small amoynts and ha—ing receptors w%th very high affinicy
{e.g. 1078 to 10~10M rather than 10°% or 1078 as for
acetylceholine and catecholaminea}.

+ In gpinal cord enkephaling apparently bind pregynaptically to

inhibit the release of Substance P from sensory merve terminals.

2) There is a striking similarity in the anatomical distribution
of cpiate receptors, ‘enkephalin and Substance P; by immuno-
histochemistry, enkephalin-containing interneurones and
Substance P containing sensory terminals are abundant im
substantia gelatincsa.
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b) In experiments on spinal cord slices, oplates and emkephxlfmw
block the releaze of Substance P.

¢) after dersal root section Substance P and the number of
‘'oplate binding sites in che substantia gelatinosa fall
dramatically, but there is no change in enkephalin conteng.

- A oumbat-of neurons bave been found the.r: zontain. berh a neuro-

peptide and norepicephrine or serotonin, suggesting thar a
single cell may release mors thanm one peyrotransmitter or

neuromvdulator.

13

References:

Kupfermann, I. Modulatory actions of neurotransmitters. Ann. Rev. Neurosci.
21 447-465 (1979). '

Hokfelt, T., Johamsson, O., Ljungdahl, A., Lundberg, J. M., and Schultzberg,
M. 1980. Peptidergic neurones. Nature 284: 515-521.

Sayder, S. J. 1980. Brain peptides as neurcotransmitzers. Science 209:
976-983.

Cheung, W. Y. Calmodulin plays a pivotal role in cellular regulation.
Science 207: 19-27 (1979).

Bughes, J., Smith, T.W., Kostarlitz, H.W., Fothergill, L.A., Morgan, B.&,
and Morris, H.R. Identification of two related pentapeptides from the
brain with potent oplate agoniat activity. Nature 258: 577-5379 (1975).

Hokfalt, -T., Kellerth, J.O., Milsson, G. and Pernow, B, Substance P:

Localization in the central nervous aytem {n some primary senscry neurons.

Science 190: 839-890 (1975).

Meine, R.E., Epper, B.A. and Ling, N. Commen precursor to corticotropiis
and endorphins. Proc. Natl. Acad. Sei. USA 74: 3014-3018 (1977).

Roberts, J.L. aud Herbert, E. Characterizatioun of a common precurser to
corticotropin and B-lipotropin: Identification of B-lipotropin
peptides and cheir arrangement relative to corticotropin in the
Precursor systhesized in a cell-free system. Proc. Natl. Acad. Sci.
USA 74: 5300-5304 (1977). . :

Rsberts, J.L. and Herbert, E. Cheracterizstion.of 4.common precursor to
corticotropin and f-lipotropin: Cell-free synthesis of the precursar
and identification of corticotropin peptides in the molecule. Proc.
Natl. Acad. Sci. USA 74: 4826-4830C (1977).

Kicoll, R.A., Schenker, C. a.n.d. Leeman, S.E. Substance P as a transmitter
candidare, Ann. Rev. Neurosci. 3: 227-68 (1980).

Castellucci, V.F,, Kandel, E.R., Schwartz, J.H., Wilson, F.D., Nairn,
A.C., & Greengard, P. Intracellular {injection of the catalytie
subunit of cyclic AMP-dependent protein kinase simulatas facilitacion
of transmittar release underlying behavioral semsitization in
Aplysia, Proc. Natl. Acad, Sci. USA J7: 7492-7496 (1980).

Y



NEUROBIOLOGY 200: The Nervous System
Fall Quarter 1981

Brainstem II: Reticular Formation,
Baphd Nuclei, Locus Coeruieus,
Substantia Nigra

Bruce G. Wallace

BRAINSTEM II: RETICULAR FORMATION, RAPHE NUCLEI, LOCUS COERULEUS,
SUBSTANTIA RIGRA

L. ' imine-concaining cells in the brainstenm.

A, Much of the mass of the brainstem Is not organized in discrete
auclel and tracts but consiats of a diffuse network of neurons
and processes, called the Reticular Formatiom.

1. Phylogenically old portion of brain, remasined as more rpstral
regions developed preferentially during evolution.

2. Recelves Input from most sensory systems and has efferent
connections to all levels of the neuraxis,

3. Primitive "rveticular" (forming a network) character is retained
. in mxlt:l.neurouall, polysynaptic nature af its intrinsic pathways.

B. Prominent feature of brainstem, especially the reticular formatien,
is the presence of cells containing biogenic amines.

1. Catecholsmine and 5~HT (serotonin)} cells. and processas localized
using formaldehyde-induced fluorescence technique of Falk-Hillarp.

2. In mammalian CNS there are relatively few amine containing cells,
their cell hodies lie in the brain stem.

3. Processes of these cells appear to innervate almost all areas of
the brain, although often there ara no obvious synaptic
specilizations seen.

1I. Locus coeruleus - cluster of NE-containing cells just beneath floor of
rostral fourth ventricle.

A. Locus coeruleus nucleus in rat contains some 1400 cells, all of
which contain NE. :

1. Bucleus accounts for about 45% of NE-containing cells in rat
brain.

2. Nucleus inmervates cerebral cortex, cerebellum and thalamus,
single call may project to both cerebrzl and cerebellar cortices.

3. Profilms containing dense-core granules form "normal" synaptic
terminals (e.g. on dendritic 9pines on cerebellar Purkinje cells)

and also are seen without obvious pre~ or post-synaptic special-
izations.
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c.

4. Stimulation within locus coeruleus inhibits spontanecus firiny of
targets such as the Purkin)e cells, and espgencusly applied norepina-
phrine produces a similar effect. This inhibition is siow in enser,
prolonged, and the hyperpolariziag response of the targer cell is
accompanied by increased membrane resistance.

a} Rmsponse is mediated by B-adrenergic recaptors and appears to
involve activation of adenyl cyclage.

b) Actdons of NE on Purkinje cells bdlocked hy proscaglandins

* of the E saeries, by nicotinate and by cerain heavy metals, like
Pb and La, which block NE activarion of the adenylare cyclase.

¢} Effects of NE or locus coeruleus stimulation amimicked by
lontophoretic application of cyelic AMP and both are
potentiated by phosphodiestearase inhibitors.

d. Stimulation of locus coeruleus or application of NE increases
lavel of cyclic AMP in Purkinje calls.

Behaviorally the locus coeruleus is implicatad in the onset and
maintenance of REM sleep.

RE rslsased from terminals of the locus cosruleus in the
cerebral cortex may play a role in promoting or allowing
longterm changes in signalling between corcvical cells.

1. In kittens, the pattern of inputs to cells in the visual
cortex can be asltered by visual deprivacion.

2. 1f NE~containing terminals are dastroyed by injecting kittens
with a relatively specific chemical neurotoxin, 6-hydroxy-
dopamine, visyal deprivation no longer causes changes in
inputs.

3. If NE 13 replaced in a small region of cortex in 6-hydroxy-

dopamine treated animal by microparfusion, inputs to that
reglon can once again be alrered by deprivacion.
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Raphé nuclel can be considered part of reticular formationm.
Consists of 4 to 9 nuclei along midline from medulla to mesen-
cephalon. Many cells contain 5-8T, moat 5-HT-containing cells
are in raphé puclei.

A. Groups in medulla project to spinal cord and affect pain
perception, perhaps by blocking release of Subnta‘nce P.

B. -Groups in pons and mesencephalon innerativa essentially
entire brain; including projections to caudate nucleus and
a dense innervation of hypothalamus.

C. According to the prevalent moncaminergic theory of sleep,
activation of 5-HT-containing neurons in Raphé nuclei produces
uon-REM or "slow” sleep, whila activation of NE-containing .
cells in locus coeruleus (see above) produces REM sleep.
Although both 5-HT and NE containing cella are probably
important in controlling sleep, conflicting results suggest
that this theory is oversimplifiled, at least,

D. LSD (lysergic acid diechylamide) nmav preduce hallucinogenie
effects by interaction with CNS serotonin receptors.

Reticular Formatioen

A. Extends throughout medulla, pons and midbrain, contains 9 nuclel
(see Fig. I for locations on schematic cross-sections)
1. Medulla:

a) lateral reticular nucleus

b) paramedian nucleus

¢) veatral raticular nueleus

I



d) gigantocellular (magnocellular) reticular nucleus
e} parvicellular reticular nucleus

2. Pons

a}) caudal pontine reticular formation (nucleus reticularis pontis
caudalis), rostral extansion of nedullary gigantoceliuiar
aucleus

b} Rostral pontine reticular nueleus (nucleus reticularis
pontis oralls)

c) Parvicellular‘reficular nucleus, rostral axtension of cor-
responding medullary nucleus

3. Midbrain
a} Megsencephalic reticular nucleus

Raticular nuclel can ba divided into 3 Functional groups

1. Nuclel with predemtnantly cersbellar coanactiona: lateral
rat. n. and paramedian nuclaeus.

1. Lateral nuclear group - parvicellular nuclel of the medulla and
pons - can be thought of as an association aves

a) Raceive aensory input from essentially all sengory modalities,
excapt dorsal column discrimingrive touch and proprioception,
via spino-recticular fibers and collstarals from spine-
thalamic and secondary sendory cranial nerve nuclei fibers.

b) Projacts primarily to medfal group of reticular nucled

3. Medial nuclear group - madullary ventral, giganto~cellular,
pontine caudal and rostral, and masancephalic recieylar nuclei -
can be thought of a3 outpur artes

a) Raceives sensory input both directly from splnoreticular fihers
and indirectly from lataral nuclear group.

b) Motor functions: projects to apinal c¢ord, ends directly
or indirectly om both a and ¥ motor neurons; Y raflex loop
arises in reticular formacion. Descending output also es-
sentisl in control of visceral funceiona.

i. Lateral (or medullary) reéticulospinal tract arises in
venttral and gigantocellular nuclel of medulla, {nuclei are
madial tract 1s lataral) acts to jnhibitc myotactic reflexes,
reduce muscle tone, lower blood pressurae, slow heart,

ii. Medial (or pontine) retliculospinal sract arises in caudal
and rostral poutina nuclel, acte to facilitate myotactic
reflexes, enhance muscle tone, Increase blood pressure,
elicit expiration.

A

e} Ascending Reticular Activating system - ascending projeciions of
medial . nuclear group appear crucial in arcusal, attentiocn, and
maintaining comscicusness.

i. Fibers ascend primarily in central tegmental tract to
intralaminar nuclei in thalamus and from there to other
thalamic nueclel and to essentially all areas of cortex.
Ascending projactions from medial veglons of the caudal
midbrain reticular formation project to hypethalamus.

1i. Barbituates and general anesthetics probably produce tranquil-
lizing effect or ung¢onsciousness by impeding transmissicn
through this polysynaptic pathway. Serious damage to reti-
cular formatlon produces coma.

V. Substantia Wigra

A.

There are four prominent dopamine-centaining cell groups in the
brainatem.

1. One cell cluster in arcuate nucleus sends processes to median
eminence of hypothalamus, an area rich in peptide releasing hormones.

2, Three othar dopamine cell groups lie in mesencephalon (midbrain)
and innervate mainly the basal ganglia (striatum).

a) Each dopamine neyron innervates large areas within these
gtructures.

b) Of particular clinical importance is the "nigro-striatal”
pathway from cells in the pars compacta of the substantia
nigra to the neostriatum (caudate nucleus and putamen).

Degeneration of nigro-striatal dopamine neuron system implicated
in Parkinson's disease, a basal ganglia disorder involving
akinesia (difficuley in initiating motor acts and a paucity of
movement), rigidity of skeletal muscle, and tremor at rest,

1. Electrophysiological experiments show that stimulation
within substantia aigra inhibits firing of cells in caudate
nucleus and facilitates firing in putamen. :

2. Patients with Parkinsonism have decreased dopamine in striatum.

3. Symptoms can be relieved by large oral doses of DOPA.
(Dopamine will not work since it does not cross the blood
brain barrier).

a} During therapy dopamine levels can return to near normal.

b) If dopamine nerve terminals have indeed degenerated,
dopamine must be synthesized, accumulated and released
by other cells.

Symptoms of Huntington's Chorea may arise from a relative
overactivity in the dopaminergic nigro-striatal systems
produced by a global degeneration of striatal interneurons
releaging acetylcholine, GABA, and neuropeptides,
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Dapamine neurons implicated in schizophrenia.

1. Phenothi&zinedrugsuaed te treac schizophrenia block eaffects of
dopamine applied fono:cphorerically te CNS neurcnus.

‘2. Phenothiazines cause increase In dopamine metabolites in urine,
apparently resulcing from dramatic increase in firing race of
dopamine neurons, an action presumably mediared by a neuronal
feedback loop trying to ovarcoma blockade.

3. Dopamine raceptors in homogenates or meghrane fragmenta
iselated from the caudste nucleus are hlocked by phenothia-
zine drugs, competition with dopamine binding parallels
pharmacological effectivenesa.

4. Treatment with phenothiazines often producas atereotyped Parkin-

sonlsm-like motor side effects that could be related to
blecking dopamine receptors in astriatum.
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C. A. Baylor

SENSORY RECIPTORS

You sre familiar with the idea that nerve cells can be excited or
inkibited by symaptic action, in which & post-synaptic cell converts chemicel
signals, consisting of the local concentrations of neural transmitter
substances, into changes in membrene potential which are transmitted to
other cells.,  In this lecture we consider the different but scmewhat
analagous situation in which & stimulus in the external or internal environ=- .
ment generates electrical signals in a semsory receptor. This process,
in which a sensory receptor sbsorbs a particular kind of ercergy from the
environment and converts it into a neural aignal, s called sensory
trangduction. Since the central nervous system can only analyze neural
signala, we expect that our perception of the world outside and inside our
bodies should depend directly on the tranaduction processes in the sensory
receptors. Thus, no matter how potentially interesting a stimulus might
be, we will not be sbla to perceive it unless we have a receptor which
can tragsduce it to a neural signal. Along the same lines, since the
neural signals are all that the brain can perceive, we expect that sensory
coding should have an importent influvence on the way in which we perceive
gtimmld.

Today's lectures will be concerned with the form of the sensory code
and some of its implications for percepticn as well as the machanisms by
which .trangduction occurs in the receptors. Wa can immediately ask
several guestions sbout these sensory processes: 1) How does the guality
of & sensation {or its modality} arise, and how is it represented neurally?
Why are there the qualltative differences between sensations like touch,
pain, sound, wayamth, light? 2) Given only starsotyped electrical signals

- to work with, how does a recsptor emncode quantitative dimensions of a
stimulus, such 38 its stremgth and duration? 3) By vhet mechanisms does
the stimulus come to generste the electirical signals?

‘Let's examine first the neural basis for the quality of sensation.

A specialized receptor for each kind of perceived stipmius.
Parhapa the most useful generalizstion which can be made about senscry

receptors is that a given cell is terribly choosy about stizmull and will

WEUROBICLOGY 200. The Nervous System respend well to only one form of ecergy, the adeguate stimulus for the
. receptor. Thus, for a retinal rod or cone ra:cephor the adequate stimulus
Fall Quarter 1981 is light, for a touch receptor & touch to the skin, for an olfactory recep-
tor a particular kind of odorant molecule, ste. Most man-made transducers
Sensory Receptors have a similar specificity. For example, a photocell may be highly ssnsitive
: to light but generelly will be very insensitive to mechenical vibratlomns.
Denis Baylor A pressure transducer ls completely different and gives large electrical

cutputs to pressure changes at its input GTut no response even to very intense
lights. Naturally in man-mede transducers the requirement for a specific
type of energy at the input arises as a direct consequence of the construc-
tion of the device, whether for example it ccontains a substance with
electrons which can be knocked free by a photon or an electrical resistance
whoge value depends sensitively onm its length. Similarly, we believe that
the specifiicity of biological trensducers, the sensory receptors, chbtaias
for the seme general reason, although in many ¢asas the exact basis of the
specificity cannot yet be satisfactorily explained. Jne instance of a
recepicr whose specificity can be sxplained at a melecular level is that of
the rod and cone recepters in the retina, which you will hear more about in
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a later lecture. These cells contain light sensitive visusl pigzment mole-
cules which reside in the mewbranes of the cells and which undergo & coafig-
uration change on absorbing a photon.

Several prescient individuals in the last century, including Heimsnrn
Helwholtz and Jobannes !Miller, suggested that differsnt receptors night
all use the same kinds of stereotyped elsctrical signsls for codipg the
stimulus but have different requirements for specific activating stimuii.
The first direct experimental evidence for this view came from work by
Adrian and his colleagues in the 1920's apd 1930's. Their approach was to
record electrically from single sensory fibers while delivaring a variety
of natural stimuli to the peripheral endings of the recsptors. In a
tlurry of brilliant investigations they obtained recordings from a wide
ranga of different types of receptor sad uncovered the main faatures of
their behavior. The action potentials which they recorded were found to
be essentially of the same form in all narve fibars, whether they occurred
in motor fibars ilpnervating muscles or sensory fibers activated by touching
the skin, pulling cn e.muscle,distending the lungs, or burning the skin
with acid. Each sensory fiber was found to have a gharply delineated
recevtive field, or region of the innervatasd structure from which a stimulus
could elicit a respense, and more importantly each fiber was found to
respond to only ome kind of stimulus. Thus, some fibers innervating the
skin of a frog responded to very gentle touches applied to the skin but
gave only & poor response when the skin was penetrated by a needle. Ancther
group of fibers gave a vigorcus and long-lasting discharge of impulses when
the skin was penetrated but did aot respond to light touches., Since a
stimulus glving s brisk steady discharge in the cutanscus touch receptors
4id not make & frog Jump, but a prod with a needls did, Adrien concluded
that tha animal distinguished between touch and pain by recoguizing which
fibers wers active rather than by analyzing scme other feature of the
Sensory message suck as the pattern of impulses. These
results and conelusions have stood the test of all later work, although &
large number of new types of recesptors hava been found. Thers is also now
& firmer basis for understanding how the central nervous system is able
to recognize which receptors are activeted. Although this will de taken
up in detail in lster lectures on central sensory mechanisma, we cag say
generally at this point that the recogniticn is made pogsible by a precise
pettern of central conzecticans which, in spite of widespread convargence
and divergence, does not jumble messages from differsnt kipds of ssnacry
fibers.

. To give more impression of the kinds of specialization for recejving
the stimplus which can exist even in a closely intermingled population of
receptor endings we cen consider briefly scme of the types of sensory
eletants present in a monkey's skin; fuller accounts are avallable in all
the standard texta. One kind of receptor irnervates the base of hairs and
is excited Ty small movements of a hair but does net continue to respond to
steady displacements. A given receptor of this sort usually suppliss about
5 hairs and thus has a receptive field of the cordar of 1 ¢n? on the skin,
The axons of these cells are myslinated and conduct relatively repidly.
Anotier type of touch recepter ends in small domes in the skin situated
between halrs and visible with s dissecting microscope; a giTean receptor
innervates one or a few domes. These fibers respond vigorously %o small
indentaticns of the dcmes, the threshold indentation being of the crder of
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10 um. Interestingly, tkese touch receptors signal steady indentations,
in contrast to the hair receptors mentioned sbove. Try on your own skin
to see if there is a correspcnding difference in the way you perceive
touches delivared by bending a single hair or indenting skin between hairs.
Situsted deeper, in the dermis, are the endings of ancther type of mechano-
receptor, the Pacinisn corpuscles, which we will discuss more later in
this lecturs. Fibers ending in these structures respend to vibrating
stimuli epplied to the skirn but poorly to single indentaticma. In addition
to these three types of mechancreceptor {of which there are also others)
there are two types of temperature receptor. One sort is specifically
activated when the akin is ccoled slightly helow the peutral skin
temperature of 329C whersas the other sort is activated by mild warming above
the neutral temperature. Fach temperature receptcor ends in a small free
ending and thus has a small receptive field. Finally there are at least
two types of afferents which are only activated by noxious stimull which
damage the skin. One variety has a small diametar myelinsted axen which
conducts at about 18 m/sec and probably mediates the imitial rapidly
perceived flash of pein which follows a painful stimmlus. The other kipd
has a smaller unmyelinated axon which conducts more slewly and probsbly
mediates the slower burning pain which comes on gradually after a pajnful
stimulus. : -

We can sumarize this sectlion by saying that each medality of sepsatlon
has its own type of receptar and each type of receptor its own adequate
stimulus. The central pervous system recognizes the quality of sensation
by recognizing which receptors are active. :

Let us now turn to the way receptors encode information about the

. strength and duratiom of stimuli, Before getting to this, however, we

should distinguish between two broad categories of receptor which use
two different types of code,

Long and short sensory receptors and the electrical signels which they use,

All the sensory receptors we lnow about can be grouped lmte two broad
clesses, the long and short receptors. The long raceptors in vertabrates
can be dizgrammed schematically in the following way:
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Transduction in the long receptors occurs in a perigieral ending specialized
to receive the stimulus and located in skin, muscle joints, viscera, bleod
vessels, ete. A leong fiver, connected ¢ a ceil body in a sensory gaaglion,
courses centrally and synapses on one or agre neurcns within the breain or
spinal ¢ord. The fiber comnecting the peripheral ending 4o the cells in



the CN5 Ls much too-long i:c'i‘be,spé.ﬁnedve.ﬁf‘ecti.veljr-'by", local poteatials, and
-thus in these receptors the action potentizl mechanisdt myugt be used to
bridge the gap. Faturally all che receptors which Adrian examined fell imto
this category. The olfactory receptors in several cold blooded vertebrates:
- have recently been shown to display action potantials, placing them in the .
cacegory of "long raceptors” as well., The shore Teceptors can be diagrammed:
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for receivring receptor synaptic

stinulus call ending
N e
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In short receptors transduction occurs ac one and of the cell in a region
apecialized for receiving the stimulug. Although this ix drawn ag a

"black box" above it often consists of one or more modified ciliary processes,
At the opposite end of the cell 15 a chemical synapsa which relays the sen-
59Ty Ma3sage to the long process of one or more second-order sensory celly.
Short recaptors are usually not longer than a faw hundred microns, and here
wa would expect that local potentials could sarve to talay signals over the
length of the cell.. In fact, in ctha short Teceptors only the local potential
is used and actiom potentials are not present. The short recaptors in
vartsbrates are the rods apd cones in the recina, as well as the auditory

and vestibular hair caells and the taste recaptora, :

Coding of the dimensions of the stimulus by action potencials in long receptors.
. Having said thar long receptors use only the action potential to

transmit information gvar long distances, we can now turn to the question

work by Adrian, but to iliustrate the pointa let us consider the way

sensory coding occurs in the baroreceptors in the carotid sinus. These
Teceptors wara firgt examined by Bronk and Steila in 1935, and many of you
have already haard abeut them in the cardiovascular portion of the physiology
coursa. Anatomically the carotid sinus lies near the bifurcation of the
common carotid artery into the external and internal carotida, and it
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If an electrical recording is made fram tie nerve to the carotld siaus with
external electrodes, as disgrazmaed above, while thé pressure is recorded
simultanecusly in the carctid artery, one sees a massed burst of action

© potentials gccurring st blgh frequency during every systolic rise in

Pressure and af lower frequency during every diastolic fall:
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From thia, 4t is clear that the frequency of action potentials in the
nerve (total numbay of apikes per unit time) rises with a rise in pressure
and falls with & drop in pressure, Does this reflect chapgges in the
mumber of fibers sctive or the frequency of signalling in individual
fibvers, or both? This can be answered by splitting the perve into filsments
contalning ohly e single active fiber apd recording the action potentials
in the single unit while the pressure changes. It is convenient to perfuse
the carctid simis to establish constaat pressures of selected magnitudes,
What one sees in such an experiment is shown below:
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w“hen the pressure in the artery exceeds a certain threshold value, acticn
potantials begin to occur in a relatively constant rhythm. Their freguemcy
rises in direet properticn to the amount by which the threatocld pressure ia
exceeded; thus a low pressure gives a slow diachafge vhereas a higher pras-
sura gives a discharge at highar frequency. We can conciude that one
nechanism for coding the degree of the pregsure is the frequency of impulses
in individual fibers. On rapeating the experinsnt on & punber of 4ifferent
fibers, ve find that they all behave qualitatively the same way, but some
fibers begln to respond at lower pressures than othars. By plotting the
collectead resuits from o number of such experiments, we might obtain resul:s
like those showm below:
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We can conclude from this sort of plot than when. the pepulation of fibars
is intact, a low pressura may bring intc play only the fidar with the low-
est threshold, vherees as the pressure rizes more and more single alsments
will become active. Thus, the number of sctive fibers as well as the

fraquency of impulses in the individuals codes the strength of the gtimulus.’

{A stronger stimulus is said %o recrult nerve fivers into activity.) Does
the medullary center in which the ccmpensatory reflexss are organized cars
about beth kinds of information? Undoubtedly it does and integrates the
action potentials occurring in all the afferents from both carotid siguses
in organizing the sppropriate motor adjustments. Given that the stimuius
strength is coded in the frequency of action potentials in single fibers os
well as in the number of fibers active, how is the second dinension of the
stimulus, its duration, coded? We can ses thiz in & differant expariment
in wbich we record from a fiber while giving s seriss of steps of pressure
of different duration. What we sea 1a:
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The duraticn of the pressure risze is mirrored in the dursticn of the train
of impulses. We can look at the length of the train to infsr how long the
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change in

pressure lasted, and of course the brain does the same thing in working out
the time course of the blood pressure. It is elegsn®t that the discherge of
& number cf fibers gives quite an accurats replica of the detailed form of
& pulse wave, including its dichrotiec notch.

There 18 ¢ very important detail of the coding of the duraticn of the
atimulus whick can be seen if we give a strong step of pressure apnd plot
the frequency of impulses In a single receptor as a function of time after
the step.
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We see that after an initial pesk in the impulse frequency there is &
decline down to a lower steady level, as if the pressurs had been lowered.

How of course the pressure is the same throughout the stap, and in fact

vwhat kappens is that the receptor slowly becomes less ssnsitive than it
was initislly. The delayed reduction In semsitivity, which produces the
slow drop in the frequency of impulses, iz called adaptaticn and iz a
comon festure of the behavior of nearly all receptors. Here, because
the reduction in sensitivity is slow in- onset and limited in extent, the
behavior is temed slow adaptation, to coatrast it with the behavior of
the other class of rapidly adapting receptors.
The premier example of a rapidly adapting long receptor s the

Paciniap zorvuscle afferent. These fibers terminate peripherally in an

micn~like cepsule consisting of s series of fibrous lamellas:
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The adequate stimulus for these receptors 1s a deformation of the capsule.
Impulses occur, however, caly when an indentation i3 given to or remcvea
from the copsule, with nothing happening during e mainteined steady
indentation: .
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and

Here the desensitizing process which tends to stop impulses is very strong
and comes on rapidly, thus the name rapid adaptation. What is the signifi-
cance of the two forms of adaptation?

Adavtation modifies the Sepaory Message,

Iz repidly adapting receptors like the Pacipien corpuscle, excitation
occurs culy vhen a stimulus is first delivered or removed, and mo impulses
er'e present during & steady stimulus. This implies that only ghenges are
effective in producing messages, and in fact it can %e shown that the
frequency of discharge increases proportionslly with the rate of ¢henge of
the stimulus. One would thus expect that an {ndsntaticn in the form of a
sine wvave would be a very effective stimulus, and indeed this is corrsct.

A Pacinian corpuscle 1s thus resally mors of a vibration receptor than s
preasure receptor, although many textbooks call it & pressurs receptor. To
summerize, we can say that rapidly adapting recesptors signal the rate of
change of the stimulus and ignore information about ateady states.

Why should adaptation be present in the slowly-adapting receptors
which are concerned with stesdy states? In thesas receptors, adaptation
represents an elegant solution to the following difficult problem. A given
receptor has a limited range of frequencies of impulses vhich cen He uzed
for coding the atrength of the stimulus (what would determine the upper
limit of frequency, aud what spproximately would it be?} The raceptor is
apparently very {nterested im being able to respond to weak stimuli applied from res
thus the initial part of the curve relating frequancy of impulses to
atimulus ytrength is very steep:
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Defining the sensitivity of the receptor, S, as the slope of this curve

« AL whare Af is the increment in impulse fraquency produced by
AT an increase AI in the strength of the stimulus

¥We can say that the ipnitial sensitivity of the receptor is high. Suppose
that the sensitivity remained constant for atronger stimuli. " The curve
relating response to stimulus would continue to rise linearly and stimuli
only a bit stronger than the weak ones we have been considering would drive
the cell all the way to its uppet limit of response. This of course has tha
consequence that the range of stimulus intensiry which can be handled By the
response of the cell is quite limited.
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Wouldn't it be useful if the cell were able tc give gcme information sbout
the strength of stimmli very much stronger than those juat proveking a modest
discharge? But granted that it might be useful, how could the cell schieve
this? One of the main means the receptor uses for acheiving this 1s to
reduce its sensitivity for strong stimmli, by the process we called adapte~
tion esrlier. That 1s, with a delay, the relaticn between response and
stimulus sirength shifts from being approximately linear to a slope we can
rapresent:
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Adaptation hag very little effect on the sensitivity to wesk stimuli but
progresaively reduces the sensitivity es the stimulus streagth increases.
This allows some information asbout the strength of even very strong stimsli
to ba encoded. The very nen-lineer relation between,
the response of & receptor and the sirengthk of the stimulus implies that
our ability to perceive ifecrements in the strength of the stimulus should
decrease as the background level of the stimalus inereases. Exactly this
thenamenon has been widely observed in psychophysical experiments on many
different sensory modalities, and it has Zeen expressed in the so-called
Weber-Fechner Law which says that the smallest parceivable change {n the
stimalus varies in direct proportion to the beckground leval of the stimylus:

AT = kI, where AL is the smallast perceivasble change, I is the background
level, and k i3 a constant.

We will now exemine the mechanism of sensory transduction and adapta-
tion in long receptors.

Impulses are initiated in long receptors by a local devolarization,

The cleareat experiments on transduction in long receptors were done
by Kuffler and Eyzguirre. They recorded intracellulerly from stretch
receptor neurons in crustacea. These cells have a series of dendrites
which extend into cornective tissue in bundles of muscle in the animal's
tails
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and they monitor the length of the muscle in a way analogous to the zuscle
spindle receptors you heard about in the introductory lecture. The large
cell body near the dendrites 13 an experimanters dresm, allawing oue or
more intracellular electrodes to be put into it with relative eszse. Two
types of electrical sigoal are seen with an intracellular electrods when the
muscle in stretched, as shown below:
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Wesk stretches evoke graded depolarizations, receptor or genarator putentiila,

with an amplitude varying roughly in proportion to the stimulus strength

and a duraticn which mirrors the duration of the stretch. Stronger strestches,

which cause the graded depolarization to exceed threshold, generate
impulass at a frequency proporticnal to the smount by which the slew depol-
arization exceeds the threshcld value. The slow depolarization which
triggers the impulses 13 geaerated in the dendrite endings, by deformaticn
of the membrapnss. Although the complete mechsnism is ot yet understood,
it is clear that the irmediate cause of the depolarization is an ilpcresss
in the conductance of the dendritic membrane to iona, scdium and prcbably
also potassium as in the end plete at the neurcmuscular junction. The
channels hers are somewhat similar to end plate channels, inasmuch as they
have an squilibrium potential near -15 mV, are not voltage sspaitive, and
are not blocked by tetrodotoxin. A local depolarization with similar
properties has been observed in all long receptors sxamined. Ceneration
of the impulses cecurs &t the axon hillock regiom of the cell, which has a
lower threshold than the cell body. The main general area yet %o be worked
out concerns the devalled mechanism by which deformation of the dendritic
membrane opens conductance channels in it. However this oceurs, It s
interesting that this type of trassduction machanism allows for a large
amplification of the stimulus. Thus, the energy stored in concentraticon
gradients across the cell membrane can be released by the triggering action
of the stimului, and many sodium icons can flow to the interlor of the recep-
tor when even a single channel is opened by the stimulus. This general
mechanism 1s responzible for givling receptors thelr great sensitivity to
weak stimull.

Having seen these features of the transduction mechanism, we can aow
turn to the mechanisms respoaslible for producing e.daptation of the senaory
diacharge.

Some mechenisms of gensory adeptation.
Adaptation of the sensory signals can result from several kinds of
zechanism. In the Pacinian corpuscle wvhich we discussed earlisr, the most
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If, however, the capsule 1s carefully dissected of? the ending, and it is
then deformed, a maintained generstor potential occurs, as shown above.
The conclusion from this experiment and other analysis is that the cepaule
acts as a mechenical fllter, transmitting to the sengory endings caly
chenging displacements and not steady deformarions produced by

steady indentaticn=. Parsdoxically, even when the generator potential
is maintained after the capsulse is removed, tke discharge of action poten-
tials is 3till very brief and usually only a few impulses occur when the
ending i= indanted.

A similar "slectricsl" adaptation has been observed in the strstch
receptor peurcns of crustacea. Scme of these cells give impulses which
adapt rapldly during e steady stretch, whereas in others the discharge
adapts slewly. In both types of cell the generator potential during a steady
stretch is well maintained, and so the differert behaviors are not due to
mechanical factors as in the Pacinlan corpuscle nor to some part of the
mechanism by which channels are opemed in the dendrites. The c¢lue to the
mechapism of rapid adaptation is that when s rapidly adapting receptor is
depolarized by injecting a constant current through an intracellular
electrode the impulses rapidly fizzle cut; in a slowly-adapting cell the
impulses ccniinue 2s long as the current is passed. This difference can
be explained by essuming that the kineties of sodium inactivation in the
voltage-sensitive channels of the two cells differ. It is as if in the
slowly-adapting cell insctivation is cempletely removed aftar each impulse,
allowing ancther to follow, while in the rapidly-sdapting cell a maintained
depolarization builds up a larger and larger steady inactivation which soon
prevents initlation of further impulses. The slow adaptation observed in
the generator potential of both types of crustacesn siretch receptor is
najialy due to the visco-elastle properties of the muscle fibers in which
the dendrites are ilmbedded.

Other mechenisms operate to produce adaptation in other sortz of

sensory receptor. You will hear more about one of these in a lecturs
cn the retina.
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Coding and trensduction in short recewptcrs: local potentisls ouly,
Eenerated by graded conductancs chgnges, -
In short receptors the actico potential mechan{sm has been dizpensed

with and local potential changes relay informaticn sbout the stimulus from
the site at vhich the stimulus is received to the synaptic snding at the
opposite end of the cell, usually not more than 100-200 microns avey. It
is rather surprising at first to hear that in scme short receptors the
adequate stimilus generates a graded hyverpolarization, in cthers a gradsd
depolarization, and finally in still others a graded depolarization er
byperpolarization. One would anticipste from the lactures on symaptic
transmission that a depelarizing local potential could serve as & perfectly
fine presynaptic signal. Thus, whenever the presynaptic terminal depolar-
izes, by electronic spread of the generator potential from the site of
application of the stimulus to the presynaptic terminal, chemicel transmitter
would be releasad at a higher rate and this could depolarize or hyper-
polarize the second-crder senscry cell(s), handing the message on. Could
& hyperpolarizing receptor potential regulate iransmission of signals to
the second-order cella? Of course it could, if, without the stlmulus, the
Presynaptic terminal were relesaing tracamitter at a high resting frequeancy.
The hyperpolarization would then lover the rate of release, and a second-
crder cell could sense this, responding by s depolarization or hyperpolar-
ization depending cn the post-synaptic action of the transzmitter. This is
the wey in which vertebrats rods snd cones, which hyperpolarize to light,
are thought to genarate post-synaptic responsss in the secondeorder cells.

To make these ideas more concrete, let us consider the cperaticm of
the ciliary receptors in the seml-circular canals of the inner ear. These
hair cell receptors are Located in the smpullae at the ends of the semi-
circular canals. The hairs (eilia)} projecting cut of the end of each
receptor are embedded in a gelatinous cupula which acts as a door swung to
and fro vhen the endolymphatic fluid inside the canal undargces volume
displacettents from movements of the head.

' fluid movement frcm
semicireular acceleration of head

canal




There is a morphological polarization of a hair cell, ia that the single
large kinccilium is alweys located tc one side of the stersocilia {see
above), and all the hair cells within a crista face iz the same direstion.
Intracellular recordings from these hair cells ahow that they are
depolarized when the hairs are bent in the directicn of the kinocilium
end hyperpclarized when the hair is bent in the opposite direction. The
depolarization is presumably produced by cpenipg of scme of the sedium
channels which are'closed with the hajrs in the resting position, apnd the
hyperpolerization by ¢losing of scme of the sodium channels which are
open with the hairs in the resting position. The seccad-order vestibular
nerve fibers which the hair cells contact show a resting discharge of
impulses with the hairs in the neutrsl positiocn. Depolarization of a
halr cell increases the frequency of firing of the vestibular nerve fiber,
and hyperpolarization slows it. Can you work out how this would oceur?
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The arrangemsnt here provides a "push-pull" mechenism which allows small
changes in elther direction to be encoded in the peural messsge flowing
tc the brain.
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