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4

Ach

Chi
Cha

DHAE

5-HT

L5D
L

GABA

Dopamine

@ePeSePe
1ePeSeDe

CO1icC.
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Choline acetylase
Dimethylaminoethanol
S~Hydroxytryptamine
S5-Hydroxytryptophan

Lysergic acid diethylamide
Gamma-aminocbutyric acid
3-Hydroxytyramine

Resting potential

Action potential

Excitatory postsynaptic potential
Inhibitory postsynaptic potential
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ILTRODUC

For many years, the process of synaptic transmlssion
was considered by some authorities to be an electrical
process apnalagous to that which propagates the nerve impulse.
There is now considerable evidence and support for the idea
that synaptic transmission is a chemical process. When the
impulse resaches the end of an afferent axon 1t initiates the
release of a chemical from vescicles attached to the presynaptic
menmbrane. The chemical passes through the presynaptic
membrane and diffuses across the synapse, a matter of 200 ﬁ
or less. Once acroses the gap, the chemical combines with a
receptor protein molecule and in some way alters the pore size
of the membrane. This in turn alters the permeability of

to

2]

the postsynaptic membrane and allows the passage of ion
ocCur. The lonlc change will alter the resting potential
of the neurone, and may lead to a flow of current over the
soma membrane in the form of an excitatory or an inhibitory

potential wave. In this process there is a close correlation

between chemical and electrical events.




The nature of the chemical transmitter in the vertebrate
sutonomic nervous system has recelved a great deal of
attention. The classical experiments of Elliott, Dale,
and Loewl were concerned with this system from the point of
view of transmission at the neuromuscular Junction. A
considerahble success was achleved in the analysis of the
chemical transmitter at the cat cervical ganglion, (Feldberg
and Gaddum, 1934). llore recently attention has been turned
to the nature of the chemical transmitters in the central
nervous system. Due to the complexity of the vertebrate
central nervous system this has proved a difficult problem.
One solution to this problem might be to study a more simple
nervous central nervous system tnan the vertebrate one, one
with fewer neurones.

In many ways the pulmonate gastropods (saails) orovide
an excellent opportunity for this neurophysioclogical
inveatigation. There are about 100 neurones in the human
brain compared with about 104 in the snail brain. The
larger cells in the pulmonate brain are 700 M (Aplysia) and
200,; (Helix) . Thougih these very large cells are not
numerous, there are many cells between 80- 110;x and these
are peripherally arranged 1n the ganglia within easy reach

of an electrode, or a drige. Many of the cells in the Helix

brain are spontaneousgly active and this 1s often useful when




investigating the effect of a drug, since an active cell
will often be more senslitive than an inactive cell

The peripheral nerves leading to the brain of Helix are
easily available and can be electrically stimulated. In
this way one can set up orthodromic and antidromic stimmlation
of a cell. Observing the type of potentisl induced by
stimulating an afferent axon will iodicate the type of response

to look fTor when a chemical 1s applied to the neurone

artificiallye. It is important to know 1if stimulating by a
ertain afferent axon will induce full action potentials
and/or excitatory potentials. On stimulating a particular

of the induced action potential may be

(34

nerve the ah

charscteristic. It may suvbeequently he possible to produce
a gimilar potentlal shape alter the addition of a drup. Ir

le then & subthreshold concentration of the

Arng tosether with a subthreshold stimulation mey facllitate
one another to produce & pormal response. The addition of
e potentiator or antagonist may not only affect the application

but alaso the stirmulation of the afferent axon to

the experimental neurone. It is possible to carrv ont all
these types of experiments on the snall brain. It was for

these reacons thalbt the vresent investigstion into the nervous

P
-

on
6]

vsten 0 the garden spall Hellx aspersa was carried ont. t

was hoped to find out the way in which the nerve cells rescted




o ey
PLAYN OF TiE ILVESTICATION

The ipnitiel experiments were conducted using lsolated

Helix brain and recording the spontancous activity from

ylaced by

recordlng was rei

=t

slectrodes. A variety of

sociated
with trapsmission 1o the vertebrate central nsryvous system
were tested on thisc preparation. At this tim= pno attempt

was made to try and ildentify individuel neurornes. The

1t was Lmportant to kpow more sboub the
individual cells in the trailn. The connexlion hetween the

nerve trunks assoclated with the suboesophageal ganglia and
the neurones in the ganglia were investigated, end the

s na 1 e{:‘lﬂm ware maviad }'\,*.7 e i ynanhore 3

DD I'.L 1310 ta cells were mariet 0y wne 1\)f‘DPJ1\J,( GLC LDJC‘C L:}.OH

noaltion

{
L.
L

noroxXimate

of large doreal neurones could easlly be identified using a
bipnocular microscope. The posgihle chemical transmitlters
could then be applied to wmeuropes which could he identified

hoth apnatomically and electrophysiologically.




REVIGV O  THlE  LITERATURE

.

BLACTROYPHYSICLOGICAL PROPENTIES OF SHELECTED

ot
e’

IHVERTHDRATE WETROLE MEMIRAIES.

The electrical properties of postsynaptic membranes have

e

been wicdely investigated using glase microelectrodes Tor

intracellular recordiiig. This review will be confined to
the study of the properties of a few selected invertebrate
nenrone membranes. The situation in the vertebrates, with

particular reference to the epinal motoneurone, has been

el

es (1961), 1n a FPerrier lecturc.
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ecer
The main Lnterest here will cevotre around neurones from Lhe

yal -

central nervous sretem of molluscs and on the properties o

Hh

the sensory stretch receptor of the crustaceans. It 1s hoped

that these atudlies on the electrical actlivity of the
invertebrate neurones will indicate some of the paramsters

that a chemical travsmitter will have to satlsfy.

HMOLLUSCALl  WEUROLE

4

The membrane responses to stimulation have been mainly

confined to three molluscan genera; IHelix, Aplyvsia, and

Onchidium. The neurone can be stinmulated orthodromically




or antidromically via an axon leading to the experimental
neurone or a second microelectrode can be Ilntroduced into
the cells A current can then be passed directly into the
neurone by means of this second electrode. The advantage
of this method isg that one is abls to alter the biocelectric
potentials directly of the experimental cell without much
chance of interference irom interneurones. It 1s possible
that the operstion of changing the biolectric potentials of
one neurone might well influence interneurones which in their
turn could influence the experimental cell,

Tauc, (1954) first studied the response of neurones in

the abdominal ganglion of Aplysia depllans to direct intra-

cellular stimulation. When he applied a stimulation of
short duration, 20msec, he obtained a full action potential.
The latent period between the application of the stimulus
and the action potential varied from a few milliseconds to
150msec, depending on the voltage applied. ‘hen the cell
had a resting potential of -40- 60wV, the action potential
had a height of 80~ 120mv. A stimulus of longer duration,
100msec, was followed by a multiple response resulting in
several action potentials being produced.

Tauc, (1955) next investigated the response of both

orthodromically and intracellularly stimulated neur-nes from

the suboesophagael ganglionic mass of Helix pomatia. He was




sble to obtain excltatory postsynaptic potentials, full
action potentials, and potentials whose height was greater
than an excitatory postsynaptic potential but much less than
the full action potential. He called this last type a
pseundopotential. The response obtained for a glven cell
depended on the intensity of the applied stimulation. Tauc
found that the pseudopotential was a non-propagsted, all-or-
none responses He suggested that the membrane was divided

into mnes and at times there was a different threshold from
one zone to another. If enough or all the zones were excited
simultaneously, then a full propagated response would result.
He thought that the presence of pseudopotentials demonstrated
the heterogeneity and complex functioning of the membrane.
The response to simulation depended on the electrical state

of each part of the membrane snd the interactions between the

different zmones of the membrane.

SUMMATION AND FACTLITATION

In Aplysia, Tauc, (1955 ), demonstrated that stimulating
orthodromislly at & constant rate and intensity initislly
induced excitatory postsynaptic potentials; these later

summated to give a full propagated action potential,




whe neurones of the snall Hellx pomatia also exhibited

swamation and facilitation, (Tauc, 1957). When the neurone
was stimulated orthodromically at a constant rate and intensity
g0 as to produce excltatory postsynaptic potentiels, these
summated to form & full action potential. After the action
votential, the membrane did not return to the previous level
but remained slightly negative, often forming an excitatory
postsvnaptic potential. The preparation conld also show
facilitation, though this was not found to occur with intra-

cellular stimulation.

INHIBITORY POSTSYIAPTIC POTEHTIALS

Inhibitory postsynaptic potentials were described in
Aplysia by Tauc, (1958). Sometimes on stimulating the cell
orthodromically the stimulus artifact was followed by a
hyperpolarizgation of the cell membrane which lasted for 200
to 300msec. Cn stopping this stimulation, there was & period
of increased excitation. Tauc concluded that these potentials
were due to stimulating an inhibitory axon which connected

onto the experimental cell.




INTERACTION BETWLEN BXCITATORY POSTSYHAPTIC POTENTIALS

When two afferent fibres synapse onto the same neurone (N
Helix,interaction can occur between them, (Tauc, 1960) . if
a postsynaptic potential precedes one which originates from
enother axon, then the second postsynaptic potential will be
reduced in size. By giving a stimulatory burst tc the first
afferent axon, the stimulated response from the second can be
reduced Tor many seconds. If both afferent axons are
stimulated together, then neither will be diminished. Though
facillitation occurs on repeated stimulation via the same pre-
synaptic fibres, there was no facilitation between the two

afferent pathways.

LONG LASTING THHIBITION

Long lasting inhibition can also be produced in some

cases by the stimulation of excitatory pathways, (Tauc, 1959,
1960) . A single stimulus to the afferent fibres can be
followed in the cell by a brief depolarization followed by an
inhibitory phase lasting 20~ 30sec or more. This is
accompanied by a hyperpolarizing potential. If the membrane
potential is hyperpolarized, thie hyperpolarizing wave

reversed its polarity at a certain membrane potential. The




reversal potential for normal inhibitory postsynaptic
potentials was 20mV lower. Therefore in this case the
inhibitory postsynaptic potential was not responsible for

the long inhibitory period. On stopping the stimulation

the membrane potentisl continued to hyperpolarize for up to
one second before starting to depolarize. The long lasting
hyperpolarization was therefore not a sumnation following each
excitetory postsynaptic potential. In one experiment this
type of response was observed on stimulation of all the
afferent excitatory ilmpulses. While one cell responded in
this way another could be depolarizged and excited. The
response was assoclated with membrane of the experimental cell
rather than the pre-~synaptic ending. This type of iphihition

cannot be observed in elther Aplysia or Helix at certain times

of year.

Inhibitory potentials have been recorded by Holmgren &
Frank, (1961), in the snall, HellxXe. They recorded from cells
in the right parietal ganglion. Initially on stimulating
the ipsilateral nerve at a frequency of 1 - 5/sec, gach
gtimulus produced a full action potential but after a while
both=these driven action potentials and the spontaneous ones

were replaced by an oscillating hyperpolarizing activity. Often

-~

each afferent stimulus was followed by a hyperpolarizing potential.




When the stimulation was stopped, the hyperpolarizing
oscillstions and inhibitory effects subsided and after

20~ 100 see the spontaneous activity returned. Renewed
stimulation resulted in easier inhibition and finally a

single stimulus could induce long inhibition. They concluded
that this phenomenon was one of active inhibition by the
membrane rether than one of fatigue. They associated this

observation with the phenomenon of habituation.

RESTING POTENTIAL AND ACTION POTELNTIAL SHAPE

The shape of the action potential obtained on stimulating
the cell is dependent on the resting potential of the cell,
(Tauc, 195 . If the cell had a resting potential of ~52mv,
then a normal action potential was obtained with & duration
of 2bmsec. As the resting potential was depolarized, so each
action potential elongated. When the resting potential was
-15mV, the duraticn of the action potential was 60mV.

The type of postsynaptic potential in certain cases
depended on the resting potential of the cell and on the
intensity of the stimulation, (Tauc, 1957%) . He wvaried the
resting potential of a neurone of Aplysls between ~46 and

~80mV, and then orthodromically stimulated it. As the
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any independent activity of the cel
action potential occurred in A, a depolarising wave resembling
an excitatory postsynaptic potential appeared in PB. This
potential occurred simultaneously with the full action potential
recorded in A. Unlike the normal exciltatory postsynaptic
potential this potential did not show any tendency to facilitate.
Tauc conelders this passive potential to be due to electronic
spread from the membrane of cell A to the membrane of cell B.

This phenomenon was not CoOmmon.

THTERIEURONES

Interneurones have been analysed in the sbdominal ganglion

of Aplysia, (Tauc, 1959 . Tauc hyperpolarized an active cell
to remove any spontaneous activity, leaving only postsynaptic
activity. With a second electrode he penetrated or approached
adjacent neurones until on epproaching one, the activity of the
first cell changed rate. This was takepn as an indication that

this was the interneurone responsible for the postsynaptic

activity of the first cell.




Poth the site of origin of the propagsted action potential
and for the synepsing of afferent fibres appears to be on the
axon, some 350~ 500}A from the some (Tauc, 1960a, 126Ch.
After the removal or insctivation of the soma of the neurons
of Aplysia 1t was found possible to record toth orthodromically

-
}

and antidromically stimulated potentials. The recording
electrode was placed in the axon, about 55OFA or 2mm from the
SOMB. When recording electrodes were placed in both the soma
and sxon and the cell stimulated orthodromically two full

action potentials were recorded. In both cases the potential

wotential recorded from

Py

recorded from the axon nreceded the
the some. When the axon electrode was placed 2im from the
soma, exbtra excitatory notentials were recorded which were

ahesent from the soma recordlng.

TRACIIG HEURONAL CONINEXIOIS

abdominal

. . PP K2 3o o - P e T I P A - PR T em - .
san f‘?l ion and one 1o the Dleura sanglio DLV EL8 ., nave heen
. . o T K . - - b iq s RIPIN o 5 I
inpvestipated by Hughes and Tauc, (1961). They found thet the

avon of the larze neurodne 1n the richt part of the abdominel

ganglion sent branches to several nerves in the risht half of




It aleo connected with the left pleural =anglion

ot

o gbtimilate

cell intracellunlarly and record externally on the nerves

cell in the left plenral

leading into the ganglia A lar

sanglion similarly branches 1nto the nerves in the left part

of the body.

THE EFVPECT OF LIGHT, OXYGEN, CARIOQI DICKIDE
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wetivity is

Lirht also hyperpolarized the

membrane, hnt there were no iphibltory potentials. The

excitatory effects induced by 579m}i are related to a graded

N

generator depolarization of the cell membrane. When the
rate of the generatoy depolesrizatlion reaschee ¢ given ith
then actlon potentiale are induced. If the ligh

orior bo the gencrator potenbtlal reachlng lts maximum level,

it will contipue to depolarize but at a reduced rate. The

response depended on the intensity and duration of the light
bean. Thus 2 short flash of high intensity will elicit a
responsc. The subliminal geacrator potential freguently hed
tiny depolarizations of about C.InmV amplitude and l0mscc

duration. These may be excltatory postsynaptic potentials.

a lerge number
In convrast other neurones of the Gen type or & type were
always hyperpolarized 10- 20m Inhibitory
potentiales were ilmposed on
,%_ 3
o

M
e

freguency increased as

When the 1ight was stopped

3

initial level, the iLghibltory potentials subsided and the

spontaneous action potentials returpned. In an attempt to

£
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find an explanation for this inhibitory response the activity
of adjacent cells was simultaneously recorded. Four types
of respoinses were observed. On rare occasions there was no
obvious effect on the activity of the surrounding cells.
Sometimes there was a decrease 1n the activity of surrounding
cells but no detectable inhibitory potentisls. In others
there were numerous inhibiltory potentials. Lastly in some
cases when the light was switcned on, hyperpolarigzation and
inhibitory potentials occurred in the Gen type cell while in
the surrounding cells there was depolarigation and an increase
in the action potential rates

The changes 1n the electrical activity of nerve cells
elecited by a variation in the concentration of carbon dioxide,
oxygen, H*, or OH™ have been investigated and reviewed by
Chalazonitis, (1961). The changes under these conditions
are termed chemopotentials. I'ive large neurones and fiwe
medium sized neurones are easlly recognliseable in the visceral
genglion of Aplysia. The large neurones were classified into
three types devending oh thelr spontaneous or induced activity.
The A cell type has constant action potentials, with a low

freguency of 0.5- I/sec.  The Br type has trains of action

potentials or slow waves. The duration of the train or burst
of sctivity 1s several seconds. The mean splke freguency is

4/seC. The B or Gen type possesses spontaneous arhythmic

9
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activity, with intervening hyperpolarizing potentials. These
cell types display a different behaviour under the effect of
metabolites. A 2 minute anoxia under nitrogen abolishes the
'trains' of potentials of the Br cell. The activity becomes
a steady dlscharge of action potentials. The inhibltory
hyperpolarizing wave is abollshed. The RBr cell then resembles
an A cell. After 4 minutes of anoxia the activity of the Br
cell degencrates into damped oscillations and the cell stops
firinge. Under anoxia, the A cell membrane first depolsrizes.
This increases the rate of the activity and then after a total
depolarization of 10- 15mV the cell stops firing. The E or
Gen type of cell is less sensitive to anhoxla.

Carbon dloxide was found to depolarize all the types of
cell examined. The observed carbon dioxide effects occur
after 40sec. At this time there is a lowering in the pH of
the connective tigssue surrounding the A cell. The obgerved
effect under carbon dioxide can be mlmicked with ammonis. In
this case the effect would appear to be due to OH , rather

\ -
than to H .

QNCHIDINIUM VERRUCULATUM

The electrical properties of the large neurones of a

marine pulmonate, Onchidiniuwn verruculatum, have been studied

by Hagiwara & Saito, {(1959). The ehape and size of the action
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and resting potential was similar to those found in Aplysia.
They were able to drive certain neurones by antidromic
stimalation of the pedal nerves. They found that the sction
potential was characterized by a bump on its rising phase.

This prepotential became more clearly visible when the membrane
resting potential wes hyperpolarized. Hagiwara & Saito
investigated the voltage—current relations of the soma membrane
with the cell held at & set voltage. An inward current was
diminished or disappeared in the absence of sodium from the
external solution while the outward current was unaffected.
Prom the experiments of Oomura, Ozaki, & Meeno, (1961), it

would appear that the neurones of QOnchidinium are capable of

forming normal action potentials in the sbsence of sodium ions
in the external solution provided the external calciwm ion
concentration is maintalned. A high concentration of external
potassium abruptly depolarizes the resting potentisl to zero.

The reuronal membrane of Cnchidipiwm shows both spatial

and temporal summation of excitatory postsynaptic potentials

in the formation of the neccessary degree of depolarization to
induce a full propagated action potential, (Kusano & Hagiwara,
1961). The stimulation ol a certsin nerve produced similar
postsynaptic potentials in several cells and so it was suggested
that a presvnaptic fibre branches and innervates many neurones.

It is possible that dlifferent afferent fibres were being




- 20 -
sirmultaneously stimulated and each was synapsing onto a
different neurcnee.

There was not a one to one relationship between the
stimulus and the action potential. Excess calcium in the
external solution increased the amplitude of the postsynaptic
potential. Excess magnesium decreased the amplitude of the
postsynaptic potential. However the maximum amplitude of
synaptic potentials reached by repetitive stimulation was
almost unchenged by altering the calcium and magnesium
concentrations. Thus in the calclum rich solution the
conductance of the synaptic membrane was close to the maximum
value for a single presynaptic impulse. Kusano & Hagiwara
concluded that the increase of amplitude of the synaptic
potentisl produced by repetitive presynaptic stimulation was
not due to a simple temporal summation but to the incresse of
the active area of the synaptic membrare innervated by each

presynaptic fibre.

TIHE CRUSTACTEAIl CARDIAC GANGLIOIL

This preparstion is much simpler than that of the molluscan

brain since i1t contalins only nine neurones.
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Intracelluler recordings were first made from the nine

cells of the cardiac ganglion of Panulirus interruptus by

Hagiwara & Bullock, (1955).

The ganglion 1s capeable of initiating at regular intervals
complex bursts consisting of several to many impulses in each
cell. There is a distinct pattern in the whole comlex of
nine neurones asg well as in the bursts of impulses in each
unite There appears to be a division of labour smong these
NEeVronss. Certain cells initiate the burst which starts s
heart beat while othersfollow them. During a burst up to 19
potentials occur, (Bullock & Terzuolo, 1957) . It was found
that two separate spike-like events occurred in the same soma.
These had different slzes and frequencies and probhabilities
of occurrences. They concluded that the diverse forms of
activity observed can be reduced to two types. The activity
may be characterized by rapid deflexions, which they termed
synaptic potentials, and those initiated by a slow depolarization.

At least two separste lmpulses can originate at different
places in the same neurone and occur simultaneously or at any
phase relatlion to each other. These impulses cennot lnvade
the soma except as small 5- 20mV spikes. In one type of cell
soma, lnvaslion can produce full potentials. These separate
impulses in the soma are able to sum and i1t is suggested they

form the large spike potentials.




Potentials may arise at various phases after a preceding

potential. Thus & second potentlal may occur during the
falling phase of the firest. It is sugegested that the two

potentiels converge upon the soma from different axonsal

processet.

The small slow deflections were shown to be possibly
presynaptic in origin since when a simultaneous surface
recording was made, each small slow deflection in the intra-

cellular record was preceded by an impulse of another neurone.

The response to stimulating the soma with an intrscellular
electrode hes been studied by Hagliwara, Watanabe & Saito,

1959), and they showed that the propagated action potential

fid not invade the soms membrane of the cell.

Flectricael interaction can occur between the large neurcneg.

potential the

other onee.

Thease results from the cardisc ganglion indicate the
complexity that cccurs when several neurones are inter-
connected. Certain of the phenomena ohserved are also

found in the =snsll brain and are due t0 the interaction

between many nerve cells




4 -t
e Ko i
o o) -l 42
< o o w ¥ ®
& i) -+ U o O ©
-t -+ ord [@] 4 <2 i o
Ao IS 5] oy [} o3 @
e O b .f A
Gy e @ w o V- U
ot a3 o] = st
42 ® o © el
<O 43 It oV o3
5 o} o s8] [ @] @]
0 o
43 [t o L)
) @] o =
5 o A
o w o P o
L4 iy [i7] < o e
) o) et o o]
43 & Mo 2
=) o 4] © ot
o = 3 ot e} [t
~ - @ 42 £
O A4 5 e} O 43
£ ) 0 =
By - +3 g ¥ 0
5] g v D A w
02 M o > 42 15 o
=3 a3 frw] 3 ©
e
£ o W ) Rt 4
g -3 G
ot o e} jon
mmu o} (73 [ )
4 ® 32 ~
23 o~ [ H o 2
£ 0 € @ 4+
£ 10 Gy
o N o o o~
] jot @] O %]
@ 9] oy —
4D
© O
= D
b ja
© et
<3 O
(]
Q
gt o
) @] °
b i
w @ [} )
© ] o B
& ) = o o
w3 b o] !
1= O Ld =
[y ° p=] o3
i e Py —
O ) 43 o3
2y o @ O
© © o ©
o fr 43 m O




-y
i
e

7 A . By e
and (b to lincrease

O
o
@
o
[vn g

the pota
shout =

to be in

o

The

ot

the axon of all three preparations, (the Molluscan brain, the

neurone), and probably

3]
=
e
m
27
62

these neuroneg do =0 onto thisg region of the axon.

N (S

ontrast to the vertebrate system where the al

et
pet
A

ne g0me of bthe neuronc.

SCR ) - - PR N 4
fibres synepse ochto U




ACETYTCHOLIIE

INTRODUCTION

Though 1t had been thought for some time that a chemical
transmitter occurred between the nerve-nerve Junction, and
also the nerve-muscle Junctlon, 1t was not clear as to what
this trsnsmitber was. Dixon, (1906), tested extracts of
frogs hearts, whose vagus nerve had been stimulated, on
normally beating hearts and Tound that they were inhiblted.
This effect could be abolished by atropins. About the same
time it was shown that the suprarenal gland contained compounds
which produced a hypotensive effect in excess of the known
choline contente. Cholinesters were synthesised and 1t was
found that acetylecholine had effects 1,000 to 10,000 times
more potent than choline.

™

4

Dale, (1914), demonstrated that acetylcholine had two

a
effects. The first wss a depressor cardioinhibitor effect,
which was similar to the effect of muscarine. The second
was a8 pressor effect, similar to the effect of nicotine.

This response only appeared when the first type was sbolished

by atropine.

Direct evidence for chemical trapnsmission came in 1921,




with the investigations of Loewle. He found that stimulation
of the vago-sympathetic trunke of & perfused isolated heart
released two antagonistic substances. These when transmitted
to a second hesart had an effect similar to that of stimulation

of the two nerve trunks.

Glear evidence for a role of acetylcholine in the trans—
mission of impulses between neurones came with the
investigations of Feldberg & Gaddum, (1934). They perfused
the superior cervical ganglion of the cat with Locke's
solution containing eserine, and examined the emerglng venous
flow. Stimulation of the cervical sympathetic nerve caused
the liberation from the ganglion of a compound which was
pharmecologically identified as acetylcholine. It was
further shown that ilmpulses passing along the vagus nerve

and entidromic impulses released no acetylcholine, (Feldherg

& Vartiainen, 1935). They concluded that the liberation of
acetylcholine occurs alt the synapse. They estimated that

-

10’15g of acetylcholine was released per synapse in

around
response to a single maximum pregenglionic volley. A low
concentration of eserlune potentiated the scetylcholine response

whereas high concentrations depressed or blocked it.

Dale, Feldberg & Vogt, (1936), stimulated the motor nerve




- 2% -

fibre of perfused voluntasry muscle. They found that this
caused the apvesrsnce of acetylcholine in the venous fluid.

When the muscle was completely denervated, no scetylcholine

wes released. When the muscle response was blocked with
curarine, acetylcholine still appeared in the perfusate.
When conduction from the motor nerve fibre to the muscle

2

failed due to exhaustion, then no acetylcholine was relessed.

It was later shown that the nerve lmpulse in
fibre induces an end-plate potentisl in the postsynaptic
miscle fibre membrane. This end=-plate potentisl in turn

to the muscle action potential, (Hccles, Faty &

glives rigse
Kuffler, 1941). It would eppear that the end-plate potentials

£

famad

c

e

o

[

were induced by liberated scetylcholine from the nres
o £

membrane of the motor nerve fibre. With this as a background

investigetions as to the possible role of acetylcholine in
the centrel nexvous system wore uderyiaken. These will now

he reviewed 1n mors detall.
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VERTEBRATES

The distribution of acetylcholine in the vertebrate brain
was investigated by MacIntosh, (1941). He found that in the
dog, acetylcholine occurs in the gray matter, and in those
parts of the white matter which contain efferent axons, but
not in white matter containing only afferent axons. In the
cat the distribution of acetylcholine did not run parallel to
that of cell bodles or synapses. The cerebral cortex and
some nuclei and tracts are relatively poor.

Crosslsnd, Pappius, & Blliott, (1955), concluded that the
most likely level for the unfrozen hemispheres in the rat was
Ced ,xg/g, and 1.9 fig/g for unfrozen whole adult brain. The
content of acetylcholine in whole adult frozen brain was 3.1 W
g/g.

In addition to acetylcholine, two other homologues have
been found in vertsebrate tissue. Ranister, Whittsker &
Wijesundera, (1953), found two’such compounds in the ox spleen
and one of them they were able to identify as propionylcholine.

Kewltz, (1959), isolated Y~aminobutyrylcholine from the
brain of the pig.

Another approach is to investigate the powers of the

different regions of the brain to synthesise acetylcholine.
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Feldberg & Mann, (1946), studied the synthesising sbilities
of the brain. They found that the synthesising ability of
the cerebrum was greater than in the cerebellum. It was
e&lso high in the retina. They found & correlation between
the brein acetylcholine content and the synthesising enzyme.
The greater the acetylcholine content, so the more acetylcholine
could be formed by the enzyme from braein extract of that
region. The central nervous system had a lower content of
acetylcholine, but it had higher powers of acetylcholine
synthesis than the automomic nerves.

Acetylcholine synthesis in 40 regiops of the central
nervous system was later investigated by Feldberg & Vogt,
(1948). In the thalamus, 220- 520 fg acetylcholine /g
dried tissue was formed per hour. The anterior roots formed
2364, compared with the thalamus as 100k The most active
regions in the centrsl nervous system were from where the
spilnal and cranlal motor nerves originated, that is the
anterior horns and the hypoglossal and vagal (motor) nuclei.
These regions have 70% of the anterior root activity. The
activity was lowest in sensory nerves and tracts, the
pyramical tracts and the cerebellar cortex. The cerebellar
peduncles have moderate activity. The whlite matter and the
corpus callosum have slightly higher activity than the

pyramidal tracts.




The caudate nucleus, the region of the suprsoptic nuclei and
cornu ammonis have an activity slightly higher than the
thalamuse. The activity of the cerebral cortex is lower than
in the thalamus, but it is comparatively wiform in the
functionally different areas, for example, motor, somaesthetic,
visual and olfactory. It ie highest in the olfactory area.
Feldberg & Vogt suggest that in voluntery motor pasthways,

the finding of high engyme concentration in the anterior
horns and motor nuclei of the cranial nerves agrees with the
cholinergic concept of the lower motor neurone. The lower
values in the pyramidal tract indicate that the upper motor
neurone is not cholinergic.

The retina contains large amounts of the enzyme which
synthesises acetylcholine but the optic tract is free, that
is, acetylcholine is the transmitter at one or more of the
synaptic Jjunctions in the retina. The optic fibres run into
the lateral geniculate body, and the high activity here
suggests a cholinergic pnature of the third neurone.

The sensory pathway which starts in the posterior roots
is non~cholinergic, but the high activity values for the
nuclel into which these fibres pass suggest evidence for the
cholinergic nature of the second neurone in the sensory
rathway. Fibres from the nuclel gracllis and cuneatus

terminate in the thalamus. The third neurone originates
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from here and leads to the cortex. This 1t is suggested
is non-cholinergic since there are low activity values in
the internal capsule.

The activity in the cerebellar cortex is low. This
suggests few or no cholinergic fibres.

Low activity values in the posterior pituitary indicate
non-cholinergic fibres. The high activity found in the
supraoptic nucleus suggests that cholinergic fibres end in
this region. It has been shown by Pickford, (1947), that
acetylcholine stimulates the supraoptic neurones. This
sensitivity to acetylcholine is evidence for the presence of
acetylcholine-sensitive cells from which non-cholinergic
fibres emergee.

In contrast, the hypoglossal nuclel provide an instance
of central neurones, which are sensitive to acetylcholine,
Miller, (1943), and also the origin of cholinergic fibres.
This can be compared with the situation in the peripheral
nervous system where the sympathetic and psrasympathetic
neurones are sensitive to acetylcholine, the former are the
origin of adrenergic fibres and the latter are the origin of
cholinergic fibrese.

Feldberg & Vogt conclude that choiinergic neurones only
form a fraction of the neurones 1n the central nervous system;

They have a pathway of alternating cholinerglc and non-cholinergic




fibres. The same cell may recelve both cholinergic and

non-cheolinergic fibres synapsing onto it.

CHOLINE HOTHERASE

Burgen & Chipman, (1951), investigated the relative
amounts of choline acetylase, acetylcholine, and crolinesterase
in different regions of the brain of the dog. They found a
good correlation between the occurrence in a given area of
the three compounds except in the cerebral hemispheres where
there was a disproportionally high cholinesterase content and
in the anterior spinal roots where there was a low
cholinesterase content. However liebly, (1957), points out
that it is difficult to account for the function of true
cholinesterases solely in terms of acetylcholine function.
The cholinesterase in the cerebellar cortex largely occurs in
the glial cells and there is no evidence that these cells are
capable of synthesising acetylcholine. Motoneurones were
found to contain large amounts of true cholinesterase, (Koelle,
1954) . The enzyme was located in only certain of the neurones
of the brain. This would agree with the idea of alternatively

cholinergic and non-cholinergic pathways.
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PSREUDO-CHOLILESTERASE

Pseundocholinesterases occur in the central nervous
system as well as true chollinesterase. The relative
concentrations of each have been investigated by Furgen &
Chipman, (1951). They found that the dlstribution of true
cholinesterase was very unevei, the ratio of the highest, the
caudate nuclevs, to the lowest, the sub-cortical white matter,
was 40031, The similar ratio of the pseudocholinesterases
was 18: I. In 80% of the brain areas examined,
pseudocholinesterase contributed to over 10% of the hydrolysed
acetvcholine, and in 30% of the brain areas to over 40%. The
activity in the optic nerve due to pseudocholinesterase was
92%, in the corpus callosum B4%, in the hypothalamus 43%,
cerebellar hemlsphere 24, 1n the caudate nucleus 6%, and in
the lentiform nucleus 8. Cavanagh, Thompson, & Webster,
(1954), found thet the white matter ol the human brain wes
ryich ip peseudo-cholinesterase. The high activity of the
glioma tlssue led them to suggest that 1t was located in the
glial cells. Pseudo-cholinesterases were not found in
conductive elements of peripheral nerves. They suggest 1t
is confined to the cells of Schwann,.

Desmedt & Grutta, (1955), injected inhibitors selective

for elther aceto- or pseudo-cholinestersses into the externsl
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carotid artery of unanaesthetized cats while recording
electrical activity of the cerebral cortex. They found
that the activation of brain potentials depended on inhibition

of pseudo-cholinesterase.

DIMETHYLAMINOBTHANOL. ¢ DMAE

This compound was first suggested as a precursor for
acetylcholine by du Vigraud, Chandler, Simmonds, Moyer &
Cohn, (1946). DMAE has been reported to occur in the brain,
Honegger & Fonegger; (1959). The electroencephalogrem
3

recording of the rabbit was found to be greatly enheiced

following the injection of DMAE, (Goldstein, 1960) . How-

ever, the observed behaviour of the animal was associated
more with overexcitation than with depression. This action
of DHAE was antagonized by choline and atropine. It was
interesting that the bralrn eleclroencephalogram responded as
for a depressant yelt the animal was overexcited,.

Pepeu, Freedman & Giarman, (1960) tried to find out if
DMAE was a precursor for acetylcholine in the brain, and to
see in the concentrations used, 1if DMAE could elecit effects
referable to an action con the centrsl nervous system. They
found little difference in the acetylcholine content of the

brain with or without the priocr administration of DHAN. From




a study of the blosynthesis of acetylcholine in vitro from

(92}

DMA® in the presence of various anticholinesterases, they
could find 1little evidence for the importance of DMAE in
acetylcholine productione. They tested the effect of DIUAE

on the effect of barbituraste and ethanol which are both
central depressants. They found that DHAR greatly prolonged

the duraticn of the depression caused by these btwo compounds.

The effect of DMAE on behaviour was examined. Rats were
trained to climb a rope 1n order to obtain fcod. The

They conclude that 1t is premature to sscribe DHAL aschtions
on the central nervous system to its conversion to acetylecholine.
It may have actions of its own or be a precursor for some
other compound. They suggest the introduction of labeled
DHMABE into the animal and the testing for the presence of
labeled acetylcholine would be a useful experiment. They
conclude that DMAE induces an i1ndifference to food, that is,

a temporary decrease in the thresholds for food motivation
behaviour.

The possible role of DIAK as a central nervous system
stimulant has been reviewed by Murphree, Jenney & Ffelffer,

be concluded that the role of DMAE in the

19589 . It

P
.

e

neyvous system 1s far from ¢




APPLICATION OF ACHIVICHCLINE TO THE SPINAL CORD

The action of acetyvlcholine in the central nervous
system will now be considered.

1Fg of acetylcholine was injected into the circulation
through the spinal cord of the dog, (Bulbring & Zurn, 1941).
It was found to produce a dlscharge of motor impulses which

of the tibislis
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were recorded ss & serlics of
anterior. They concluded that the response was due to the
direct stimulation of the motoneurones. Comparable effects
were produced by escrine. Adrenaline was found to facilitate
the action of acetylcholine, while the acetylcholine effect
was blocked by atroplne.

Bceles, Fatt & Koketsu, (1954) investigated the trans-
mission of impulses from the collaterals of the spinal motor
axons to the interneurones or Renshaw cells. They worked
on the hypothesis suggested by Dale, (1934), that a cell will

release the same transmitter chemical from all its endings.

It was known that the motoneurone at the neuromuscular

junction released acetylcholine. 50 they studied the effect
of this compound on the system. Inpulses in the motor axons

set up & prolonged repetative discharge in these Renshaw cells.
The transmiscion to the Renshaw cells can be inhibited by

dihydro- f -erythroidine and to a lesser extent by atropine.
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The administration of acetylcholine via the arterial blood
supply of the spinal cord caused repetitive firing in the
Renshaw cells. However there is a wide range in the response
of the Renshaw cells to acetylcholine. Anticholinesterases
prolong the discharges of the Renshaw cells. The nature of
the ilnhibitory chemical liberated by the Renshaw cell presynaptic
membrane onto the motoneurone membrane is not known. The
lepesepe. 80 produced can be blocked by strychnine.

Kiraly & Phillis, (1961), tested drugs which potentiated
or antegonized transmisslon at cholinergic synapses, on slow
depolarising dorsal root potentials evoked by stimulation of
adjacent dorsal and ventral root systems of the isolated toad
spinal cord. some drugs acted specifically on the dorsal
root potential evoked by ventral root stimulation. Acetylcholine
depressed this potential whilst anticholinesterases in low
concentrations potentiated and in high concentrations depressed
it. They suggest this offers some evidence for a cholinergic
link in the pathway responsible for the generation of
depolarising potentials in the dorsal root subsequent to
ventral root stimulation.

Motor neurones of isolated cords of the frog, bathed in
recirculated nutrient Ringer's solution, were activated
antidromically polysynaptically via the dorsal root fibres,

and via simpler connexions from descending fibres in the
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lateral column, (Crepax & Erookhart, 1960). The eserinized
perfusate was assayed for 5-HT activity on the heart of Venus

mercenarias. A compound resembling 5-iT appeared in the

perfusate after excitation and at rest. Acetylcholine
appeared in the perfusate in greater concentration during
lateral colwmn stimulation than during dorsal root or anti-
dromic stimulation. They concluded that the role of
acetylcholine as s transmitter can only be inferred if there

ig a quantitative link between acetylcholine produced and motor

neurone sxcltation.

APPLICATION OF ACETYLCHOLINE TO THE VERTEERATH ERATN,

The response to acetylcholine has been tested on different
regions of the vertebrate brain. These effects up to 1950
have been reviewed by Feldberg, (1950). Action potentials
were recorded from the cerebral cortex of the rabbit by
Sjostrand, 1937. He added a drop acetylcholine to the cortex
surface and recorded a burst of activity. Repeated applications
of the same dose or a single application of a stronger
concentration inhibited the activity completely.

Crossland & HMitchell, (1956), during an investigation into

the nature of the Cerebellar Factor, tested the effect of
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acetylcholine on the cerebellar activity. Acetylcholine
potentiates the activity of the cerebellum. The Qerebellar
Factor however was not acetylcholine as the activity remained
on destroying the acetylcholine in the extract.

Acetylcholine was found to stimulate a motor nucleus, the
hypoglossal nucleus, (Miller, 1943). He observed the same
effects on the application of acetylcholine as when he applied
a current to the nucleus. The acetylcholine at s concentration
of 1:50 million, rapidly penetrated to the nucleus. The
response lasted for only 4- 15 seconds. It was potentiated
by eserine and antagonized by atropine. The response caused
the tongue to contract and deglutition.

Trephine holes were made in the skull of cats under deep
ether and then allowed to recover (Dikshit, 1935). A week
later he introduced Oul= 0.5 g of acetylcholine into the
lateral ventricle of the brain, or deeper into the hypothalamus.
This induced sleeps The effect came in after 10- 30 minutes
and lasted for 2-3 hours. The injection of saline had no
effecte.

Reserpine is normally associated with the release of 5=HT
and possible other amines, but it has been shown by Malhotra
& Das, (1962), that after the injection of reserpine the mean

content of acetylcholine in the hypothalamus rose by 25%.
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Bradley & Mollica, (1958), recorded single unit activity
in the reticular formation of the decerebrate cat. Acetyl-~
choline was 1lnjected via the intracarotid, at concentrations
of 0.2~ 1.0fkgc All the units tested showed a response.

The response occurred in two parts. The first response
pcceurred after O.b= 8 seconds, and the second one after 20-40
seconds. There was no blood pressure effect. Generally
both effects were the same, though in some cases there was a
prima;y incresse in activity followed by inhibition.
Acceleration of the activity was more comwmon than inhibition.
Some units responded to both ascetylcholine and adrenaline,
and here the effects could be the same or different. Some
units responded only to acetylcholine.

Krnjevie & Phillips, (1961), used 5 barrel micro-pipettes
to investigate the sensitivity of the cortical neurones of
the cat to acebtylcholine. By this means they were ahlse to
record the extracellular electrical activity of single units.
The other 4 barrels contained strong solutions of acetylcholine
or other compounds which could be released in the immediate
vicinity of the neurones by ilonophoretic injection. The tips
of the micro-pipettes were 5-10rL, and could easily he inserted
into the cortex after the removal of the plsl layer. They

examined 1,367 cells 1n various cortical area in 13 cats
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anaesthetised with Dial or Chloralose. All the cells were
excited by l-glutamate; this action and any spontansous
activity was effectlvely blocked by GAFA. Of the cells
investigated, 200 were sensitive to acetylcholine, elther
by an increase in the frequency of firing of the spontaneous
activity or the firing of qulescent cells. To obtain an
effect, a current of D.O5-O.I’LA was passed through the
acetylcholine barrel for a minimum of 2-20 seconds. When
the acetylcholine current cessed, the heightened activity
persisted for periods of 5-60 seconds. By passing a similar
or much stronger outward current through another barrel
containing for example sodium sulphate, it was easy to show
that the observed excitation could not be ascribed to the
electrotonic effects of the flow of current.

Acetylcholine sensitive neurones were also excited, though
to a lesser extent, by carbamylcholine, propionylcholine, and
succinylcholine, but not by butyrylcholine. They were affected
by neostigmine and edrophonlum applied in a similar manner.
FBoth these compounds potentiated the action of acetylcholine,
or even exclited the cells. On the other hand tubocurarine
could not be shown to have any blocking action. The only
response observed in some cases was a delayed but pronounced
excitation. Hicotine had s Similar excltatory action, which

bore no relation to the acetylcholine sensitivity,. Atropine




and hyoscine had a non-specific depressant effect on nearly
all the cortical neurones to which they were applied.
Gallamine wag the only compound which selectively blocked

the action of acetylcholine. Acetylcholine sensitive neurones
tended to occur in clusters, and they often showed spontaneous
activity related to slow waves of the electrocorticogram.
Although a few sensitive neurones were found in most aresa,
they were distributed mainly in the primary somatosensory,
visual, and auditory receiving areas. The greatest
concentration of acetylcholine sensitive cells were found in
the primary visual area of some of the cats.

The pharmscological properties of urocanylcholine, murexine,
have been investigated by Keyl & Whittaker, (1958). This
choline ester has both ganglion stimulating and neuromuscular
blocking actions. The neuromuscular blockage was due to the
depolarization of the end plate region and, as with decamethonium,
cats were most sensitive and rats least sensitive. The action
of urocanylcholine was short-lasting in all the species studied,
but this they suggest was not due to hydrolysis by plasma
ecterases.

The pharmacological properties of senecioylcholine,/%,/%—
dimethylacrylylcholine, have been studied by Sekul & Holland,
(1961). Preliminary evidence suggests that it is a ganglion

stimulating agent. It was found to produce a pressor response
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in the absence of atropine. This effect was partially
bhlocked by sdrenalectomy and almost completely abolished by
ganglionic blockage. The pressor respounse to senecioylcholine
was reversed by adrenerglc blockage. This ester produced
coptraction of the nictitating membrane. This actlion was
antagonized by ganglionic blockage. It produced the
contraction of isolated frog rectus abdominis muscle.
Acetylcholine owes 1ts muscarinic and nicotinic asctivities

to the presence of three chemically active groups: the keto
oxygen, the ether oxygen, and the guaternary nature of the
nitrogen atom. In acetylchnoline these are arranged to bring
about optimal activity. These groups have a similar spatial

arrangement in senecioylcholine.

INVERTEERATES

LOCALIZATION OF ACETYLCHOLIUE IIN CRUSTACKA AND INSECTA

Acetylcholine has been shown to occur in the nervous
tissue of seversl crustaceans. Smith, (1939), found 12.6 K
g/g in the nerves and 45.8 fxg/g in the ganglia of Cambarus

bartoni. The blood of Cambarus limosus contained O, 7- I.If&

g/g.
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Schallek, (1945), reported 3.1 Fg/g in the ventrsl

amb

2
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ganglion of Cancer; 9.8 jg/g in the nerve cord of
Lancer M-E

jo]]

13.2 fig/g in the circumoesophageael ganglia of Limulus; an
0.3 ’;g/g in the Limulus cardiac ganglion. When he perfused
the wentral nerve cord of the lobster, 10% of the acetylcholine
passed to the perfusate after 1 hour. Schallek found both
bound and free acetylcholine in the lobster nerve cord.

Florey & Biederman, (1960), found acetylcholine only in
the sensory axons of the crustacean peripheral nerve, at
concentrations vangloe from le7 - 8.7 }Ag/g nerve tissues

The estimation of acetylicholine in insect heads was done

by Lewis & Smallman, (1956). They found 32.7 pe/g in

Calliphora; 28¢5 V.g/g in Lucilia; 2£6.1 Hg/g in Musca;

7.8 Hg/g in Tenebrio; and 9.8 ’Lg/g in Periplaneta americana.
This last insect had 36.7 txg/g in its isolated nerve corde.

Lewis & Fowler, (1958), extracted amcetylcholine from frozen

insect heads. They found 38.7 fig/g in the head of Calliphora.
There was no significant difference in the acetylcholine yield
depending on whether the head was severed before or after
Treezging.

Golhoun, (1958), estimated the acetylcholine content of

the nervous tissue of Periplaneta americana. He found 135.2

Hg/g in the braln and 95.4 }Lg/g in the thoracic ganglia.
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5¢5 mg/ge In the female the bursa copulatrix contained up
to 8.2 mg/g. Acetylcholine has also been found in seversl
allied specles. Acetylcholine-like activity has been found

in the Sphingidi, lioctulds, and in a Plutellid.

OTHER CHOLTNY ESTERS IIi INVERTEBRATES

Several choline esters occur in the inverbebrates, Keyl,
Michaelson & Whittaker, (1957, found scetylcholine,

urocenylcholine, (murex1ue;, and homarine in HMurex fulvescens

Thais lapillus,; and Urosalpinx cinereus whole tissue or

hyprobranchial glend. Another speclies otudied, Thails
Tloridana, was found to contaln a new ester, ﬁ, 5 =dimethyl-

acrylyleholine (Senecioylcholine). The only physiologically
active choline ester found in lobster nervo Lissue was
acetyvlcholine, A hiph acetylcholine equivalence wes found

in Ruccinwm undsa bume. This was not identified. Murexine was

first found by Brspameyr & Dordoni, (1947), in the hypobrsnchial

gland of Murex trunciilusSe

In addition to urocanylcholine, and senecioylcholie,
Whittaker, (1960), found acrylcholine in the hypobranchial
gland of certain merine gastropods.

Acetylcholine has been reported in the gans:

octopus and in Aplysis, Dacq, (1935).
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CHOLIIE ESTERASES

Cholinesterases have been examined histochemically in

the nervous system of the lobster, Homarus americanus,

(Maynard & Maynard, 1960). Unfixed, frozen sections of
lobster braln, eye-stalk,; sub-oesophageal, thoracic,

nglis were inpvestigated. The

(t\

rdisc ge

’D

stomatogastric, and cs
cholinesterases hydrolysed acetylthiocholine more intensely

than butyrylthiocholine, but both substrates were hydrolysed
at the same sites,. In the brein, suboesophagael, thoracic,

st neuvrcnes have only a small

..»

and stomatogastric genglia,

3

amount of cholinestcrase 1lp tre cytoplasm of the goma and

—

s a large amount of cholinesterase in

<

:0

PIYOCESSED, There wa

the shesth cells eround the soms of the nerones. The cardisc

ganglion conteined only & very little enzyme.
Meynard & Maynard, (1960b), also found cholinesterasss inp

1

toth the sensory neurcnes and in the motor and 'accessory!
nerve fibres of the muscle recepior organs.

It was found by Hechmanschn & Meyerhof, (1941), that
practicelly all the choline esterave present in the giant

fibre of the squid, Loligo paealii, was localized in the

sheath. The enzyme activity of the axoplasm was negligible.
They consider this as evidence that the enzyme is alwavs

concentrated at or near the surface of the nerve cell. They
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found a very high concentration of choline esterose in the

Augustinsson, (1948), found that the dart sac of Helix
5 A\ /8

was able to hydrolyse esters of choline. Jsing

acetvlcholine as substrate he found 908 Vl of GOZ were
evolved during 30min from 100mg of dart sac tissue. On a
comparable basis 70 Fl of 00g were formed using acetyl-pf’ -

t

336 Pl of G 2 vere ITormed using acetylsalicylcholine; 107 u

GO

-3

=

ok were formed using benzoylcholine;

-4

methylcholine; 2

I8 3
fd

_2.1

of GO ere Tormed using tributyrin; smaller amounts were
formed using acetylsalicylic acid, scetylansurine and ethyl

and 1ittle orxr none was formed uslag H-scetyl-p-

acetate;
aminobenzoylcholine, carbaminoylcholine oxr galicvicholine.

OHOLING ALRTY

es chollrne acetvlase and

The dlstribution of the engyw

found thaet choline acetylase appeared flrst, followed wmuch




later by cholinesterase, and final

LA i F R G
5111 hatcehing time.

,0) s surveyed 14 differesnt species of

insect and mite in varlous development stages and 14 organ

svetems T Periplaneta americana for thelr estersse

It

activity with reference to acetylcholine, acetyl—/ﬁ—metbyl—

Tk

ioline, bengoylcholine, triscetin, and o-nltrophenylacetate.

He concluded that insect acetylesterases were a group of

related enzymes with widely divergent properties,

FUNCTION OF ACEIYILCHOLINE Tii ThE THVERTEPRATES

ALNBLIDA

It has been suggested thaet acetylcholine transmits

LY

impulees across bthe neuromuscular Junctlion of lomgltudinal

muscles of the leech, Hirudo medicinalis, (Eacq_& Coppee,

1937) . Racq, (1937), concluded thet the motor nerves of
worme were cholinergic. Stimulation of the nerve leading

to the leech muscle led to the eppearsnce of & chemical in
the surrounding fluld which had the properties of an unstable
cholipne ester. This substance was guickly destroyed in

s

the ebaence 0f scerive. He considered the substance to
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be acetylcholine. Similar experiments using molluscan motor
nerves and muscle did not yleld acetylcholine in the surrounding
mediumn. Although there was acetylcholline present 1n the

crustacean nervous system, 1ln, for example, the stellate

ganglion, stimulation failed to mobilize 1t.

MOLLUSCA

Acetylcholine has been suggested as a possible trans-

mitter of inhibition in Aplysia, (Tauc & Gerschenfeld, 1960)°

Intracellular recordi: were made from neurones in the
abdominal ganglion. It was found that acetylcholine at a
concentration of 10“12 g/ml hyperpolerized the membrane snd
mimicked the inhibitory postsynaptic potentisls in cells
which had sn inhibiltory input. Neurones which only had an
excltatory ilnput were depolarized by acetylcholine. The
inhibitory response of acetylcholine was reversed when the
cell membrane was artificlally raised. The reversal-level
for acetylchollne potentlale and inhibitory postsynaptic
potentials have equal values. They suggest this lndicates
a similar selective permeabllity variations of the membrane.

In the cells with excitatory inputs, the eqguilibrium level

is close to the gero membrane potential. This indicstes
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a different and non-selective permeability change.
D-Tubocurarine and atropine in external solutions reduced
the ilnhibltory postsynaptic potentials ss well as the asction
of acebtylcholine., Eserine at first lengthensed the inhibitory
effect and then reduced the size of the inhibitory postsynaptic
potentials by inactivating the postsynaptic membrsne. fHserins
dld not effect excitatory postsynaptic potentials,. From
these observations they concluded that the inhibitory system
in Aplysia central nervous system is chollnergic.

Acetylcholine has been appllied to the neurones in the

central nervous system of the snail IHelix pomatia, (Tauec &

Gerschenfeld, 1960). They found that for a given cell the
acetylcholine effect depended on the resting potentisl of
the cell. If the resting potential 1s below 50mV, then
acetylcholine hyperpolarizes the membrane, inhibiting the
activity. IT the membrane resting potential is raised
above -BOmV, then acetylcholine depolarizes the membrane
and excites the activity of the cell. The acetylcholine
effect depends on the resting potential value, and the
critical wvalue varies from cell to cell. The concentration
of acetylcholine which gives this response is 10-8 g/ml. At
a concentration of 10"5 acetylcholine, the activity is

inhibited and the resting potentisl may fall, Roth effects




are potentiated by eserine.
It has besn suggested that scetylcholine transmits the
impulses across the synapses between the cardlo-acceleratory

fibres and the heart muscle of Venus mercenaria, (Prosser,

1940, Welsh & Slocombe, 1952). Prosser, (1940), found that

3—h i
“ acetylcholine

the heart was sensitive to dilutions of 10~
in the spring. Stimulation of the visceral nerve caused
inhibition of the hesrt similar to that caused hy the
application of acetylcholine. In non-toxic concentrations
atropine had wno affect on the effect of acetylcholine. Fluid
from & heart inhiblted by visceral nerve stimulation was often
found to depress the beat of an eserinized test heart.

Teerine was found to prolong the response to applied

acetylcholine and to nerve stimulation.

It was sugrested that the heart of decaspod crustacea

was accelerated by cholinerglc accelerstory fibres. Welsh,

[O)]
!

(1939), found that acetylcholine 10"3 accelerated the heart

of Panulirus argus. This effect was potentiated by eserine.

Atropine 1nhibited or blocked the heart beat. It also blocked

the response to ascetylcholine. Wiersma & Novitski, (1942),
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stimulated separastely the acceleratory and inhibitory nerves
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m
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0 pon ¢ stimulsting
the acceleratory nerve or after the addition of acetylcholine
were ldentical. deerine did not affect the normel reart
beate but 1t did potentiate the acetylcholine effect. Fut
Florsy, (1961), has found that ecetylcholine is not present
in the cardioaccelerstor fibres and the cardiac ganglion of

the lobster Homarus americanus. Neither atropine nor

egserine had any effect on the stimulation of the acceleratory
nerve. Acetylcholine does not appear to be the natural
excltatory regulator of the crustacean heart.

The effects of anticholinesterases on synsptic trans-
mission in the crayfish have been examined by Schallek &
Wiersma, (1949). High concentrations of hoth eserine and
diisoflurophosphate were needed to block the trasnsmlssion.
They suggest that since high concentrations are required
that the anticholinesterases themselves may produce a direct
rlock. Thie is a glant nerve fibre system and chemical

transmission 1s unlikely at thelr syvnaspses, (Furshpam &

Potter, 1959).

Acetylcholine at concentrations of 10™% M, after 1-5




minutes caused & burst of asynchronous action potentials
Trom the desheathed abdominal nerve cord of the cockroach,
followed by block, (Twarog & Roeder, 1956).

During dispeause the loss of endocrine activity is
parallelled by the disappearance of spontaneous electrical
activity snd of cholinesterase from the brain of Cecropia,

(van der Kloot, 1955). He suggested that low temperatures

promoted the sccumulation of a cholinergic substance in the

brain. This compound might eventually trigger the synthesis
of cholinesterase. The reswnption of hormone relesse is

accompanied by the return of cholinesterase and electrical

activity to the brain.

ARACIIVI DA

Acetylcholine has been applied to the ommatidia of the

horseshoe crab, Limulus tridentatus, during physiological

stimulation, (Kikuchi, Naito & Minagawa, 1960). It appeared
to have two actionse. Acetylcholine had a summative action
with phyeiclogicel stimulation which could be explained as
the sensitization of the chemical pro-uced or acceleration of
its liberation during illumination. Acetylcholine also had a

depolarizing action on the sensory cell membrane.




RBefore a chemical can be classified as a transmitter of

impulses 1t has to.satisfy certaln requirements. These are
outlined in the Jiscussion on page 206  The evidence for a

cholinergic mechanism in the autonomic pnervous system and st
the neuro-muscular Junction 1s conclusive 1in the vertebhrates.
The evidence also supports the suggestion thet acetylcholine
ectes upon the membrane of the Renshaw cells in the vertebraste
spinal cord, though the chemical released by these cells onto
the postsynaptic membrane of the motoneurone is unknowne. It
is not acetylcholine. A good correlation has been constructed
in the vertebrate central nervous system betweern the occurrence
of choline acetylase, acetylcholine, and cholinestersse.
Certain neurones in the braln are also sensitive to physio-
logical doses of acetylcholine. It is therefore likely thst
there are chollpnerglic pathways in the vertebrste bresin.

The situation in the lovertebrete 18 far from clesar. It
would appear that in the annelids and the molluscs there is
some evidence for a cholinergic mechanism. This 1s possibly
true Tor the neuromuscular Junction of the leech, and betwsen
certein synepses in the abdominal ganglion of Aplysia. We
have yet to discover the transmitter substsnce for the synspses

in other phyla, but of all the chemicals so far tested,

Acetylcholine seems the most probable.
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The physliologlcal effects of extracts of the suprarenal
capsules waes first investigated by Oliver & Schafer, (1898).
They found that the extracits had a striking effect on
mascular tissue generally and especlally upon heart and
arteries. They sugpested that the suprarenal medulla
produced a substance which maintained the right amount of
tonic contraction which was essential for physiological
activity of the tissue. Langley, (1901), extended this
work and concluded that the suprarenal extract had a specific
stimulating actlon on sympathetlce nerve endinge, with 1ittle

or no effect on cranlal and sacral autonomic nerve endings.

The degree of the stimulastory adtion varied with the nerve

[

endings in different tissues. Blliott, (1908), found that

stimalation of sympathetic nerves to, for example, the bladder,

O
h

could be mimicked by the addition adrenaline,

The actual relsase of an adrenaline-like substance was

o

P 3 y . . 3 r NP R, 1 A
firet shown by Ualahro, (LJWS). The pature of the gsciive

substence was further eluclidated by the experiments of Greer,

LG

FPinkston, Paxtsr & Dranaon, (1938). They showed the similarity




between the actlions of the released substance and
noradretalineg. The identity of the specific neurohormone
of adrenerglc nerves with laevo-noradrenaline was later
shown by biological and chemical methods applied to extracts
of such nerves, (Buler, 1946, 1948).

The possible role of the catechol amines in nervous

transmisslions in the central nervous system will now be

reviewed.
LOCALIZATION UF CATECHOL AMINES IN THE VERTERERATE TRAIN

The dlstribution of adrenaline and noradrenaline has
been reviewed by Vogt, (1957). The highest guantities of
noradrenaline, O«4d - T Fg/g fresh tissue in the dog, werse
found in the hypothalamus and gray matter around the agueduct,
and in the area .ostrema. There sare reglons which contailn
hardly any novadrenaline, for example the visuasl and acoustic
cortex, and the cerebellar cortex. The percentage of
idrenaline in the hypothalamic sympeathin varies from 6-25%
in the dog, and from 2.5-IIj in the cat.

carlsson, (1959), has investigated the occurrence and




distribution of cetechol amines in the nervous system.
Noradrenaline and dopamine, 3=hydroxytyramine, are present
in epproximately the same amounts, 0.25 and 0.30 pg/g
respectively, in the brain of the sheep. Adrenaline occurs

\

the noradrensline level.

e

in smeller amounts, less than 10% o

[

In the amphiblan brain adrenaline appears to be predominant,

1.4 pg/g compared with 0.86 pg/g noradrensline. The

distribution of noradrenaline end dopamine are different in
Dopamine

the mammalian brain. Thelfiormex is found to predominate in

the corpus striabtum, while the highest concentrations of

noradrenaline occur in the bralnstem, especlally the

hypothalamus. This agrees with the findings of Vogt, (1957,
1954) .

Bertler, (1961), found that the anterior and middle
portions of the hypothalamus of man contained large amounts
of norsdrensline. Lower levels of noradrenaline were Tfound
in the mesencephalon and the fourth ventricle. Dopamine
wag confined to structures involved in the extrapyramideal
systen. He also found high concentrations of B-HT in the
hypthalamus, medulla oblongate, corpus striatum and the

thalamus.

FORMATION OF ADRENALINE

A knowledge of the smines involved in the synthesis of




of adrenaline 1s helpful, since any one of these itsge

haeve & role s 8 chemical transmitter st cert

nervous system. The possible pathway for the synthesis of
gdrenaline will be briefly reviewed.

The intermediate stages 1In the formation of adrenaline
are as followss- the oxidatlion of l-tyrosine to l-dopa; this
in turn is decarboxylated to dopsa ; dopamine i1s oxidized

N

to noradrenaline; and this is methylated to adrenaline,
(rlaschko, 1957, 1959).

The evidence will be reviewed briefly. The enzyme, l-dope
decarboxylase was first shown to be present 1n mammalian

o

kidney by Holtz, Heise & Ludtke, (1933). Thi

[95]

enzyme was
shown to decarboxylate l-dopa to dopamine; 1t had no effect
on H-methyl dopa, (Blaschko, 1942). This enzyme was shown
to occur in adrenerglic neurones by Holtz, Westermann, (1956)0
They have fownd a high concentration of thisg enzyme in the

tha lam The next step in the series was shown when

uSe
. 4 . - . . -
LL~dopa-— o0 pas incubated with bovine adrensal homogenates.

It was found that BO% of the radiocactivity was present as

dopamine, (Demis, Ilaschko & Welch, 1958). There was also
a little radioactive noradrenaline.

solated the rsdloactive dopamine and

-

Hagen, (1956)

3 2

re-incubated 1t with homogenate from the suprarenal gland




of the fowl. In this way he obtalned radioactive
noradrenaline. The formation of adrenaline from noradrenaline

was shown by Bulbring, (1949). It was found that the
adrenaline content of the incubated suprarenal gland increased
at the expense of the noradrenaline content when ATP was
added.

Experiments have also been done on the intact animal.
Gurin & Delluva, (1947}, administered radlioactive phenylalanine
to the rat and Tound that radioactlve adrenaline appeared in
the suprarenal glands. Intraperitoneal administration of
radiosctive tyrosine or phenylalanine into rats or rabblits
also yielded radioactive adrenaline, (Udenfriend, Gooper,

Glark & Baer, 1953).

APPLICATION OF ADRENALINE AlD NORADRENALINE TO

THE TRAIN

The effects of catecholamines on the central nervous
system has been reviewed by Rothballer, (1959). HMainly work
desling with the response of individusl neurones to
catecholamines will be discussed.

Pradley & Mollica, (1958), recorded from single units

in both the mesencephalon and medulla of 46 cats. They




injected B-25 pe intravenously or 1—5;}g via the common

carotid of edrenaline HC1. They tested 38 uvpnits in the
mesencephalon. In 13 cases there was no effect, in 11 cases

there was an incresse in the activity, and in the remaining
12 cases there was elther a decrease in the activity or
complete lnhibition. Adrenaline HCLl was tested on 31 units
in the bulbar reficular formation. In 15 cases there was no
effect on the activity, in 14 cases there was acceleration,
and in only 2 cases was tvhere inhitition. When adrenesline
was injected intravenously, there was & rise in blood pressure,
and a delay of 20-30 seconds before a result was observed.

With the carotid injection, there was rise in the blood
pressure and an effect was observed in 2-5 seconds. In 7
cases which showed an effect, 10-50 Fg noradrenaline was then
administered intravepnously. In 3 cases there was the same
effect as with adrenaline, and 1n the remalilning cases no effect
was observed.

It hes been shown by fQuadbeck, (1957), and Weil=Malherbe,
Axelrod, & Tomchick, (1959), that intravenously injected
adrenaline penetratés the blood-brain barrier of the hypothalamus
much nore rveadily than elsewhere in the brain.

Adrenergic blocking agents, including divenamine,

yohimhine, ergotemine, and dihydroergotsmine; inhibitors of
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amine oxidsse, isonigid and ipronlazid, inhibitors of catechol
O-methyl transferase, sodlium p-chloromercuribenzoate, have
been applled lonophoretically to neurones of the spinal cord

end no sction has been observed, (Curtis, 1961). /

GREFECT Ol IRATH CATECHOL LEVELS 0F TiE THJICTION OF

RESHRPINGE Ok OTHER CATHCIOLS

The administration of reserpine causes the almost
complete disappearance of both dopamine and noradrensline
from the hrain of the rabbit, (Carlsson, Lindgvist, Manusson
& Waldeck, 1958). The injection of dopa, 3,4-dihydroxy

phenylalanine, to normal and reserplnized rabbltis caused

Y

’

marked rise in the level of dopamine 1n the brain, (Carlsson,

1959) . The noradrenaline level 1s not much affected by the
administrstion of dopa. Dopa is thus able to penetrate through
the blood-brain barrier. Carlsson suggests a physiological
role for dopamine. The corpus striatun forms part of the

extrapyramidal system and lesions in this system induce the
Parkinsonian syndrome. Administration of reserpine, which
depletes the dopamine 1n the corpus stristun, mey produce s

syndrome similar to the Parkinsonlan sypndrome,
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Carleson suggests that dopamine is involved in the
control of motor functicns.

]

The effect of reserplne on the metabollism of dopamine

@D

and noradrenaline in the brein has also been studled by

-

e fou

=

Rertler, (1L961). 14 that dopamine was depleted from

the brain at a faster rate than norsdrenaline. The dopamine

{

content fell to 50% of the normal level in 15 minutes, while
the corresponding time interval for noradreunaline was 45
minubes. The dopamine in periphersl tissues was only

elightly reduced aftexr 13 hours while the braein dopamine

was reduced to insignificant smounts. 5-HT is sffected in
a similer mannere. It ie sugrested that reserpine may act

by blocking the active transport of the catecholamines into
the grapules. Reserpine does not affect the formation of

catecholamines from dopge

DISTRIBULTON OF CATHCHOLS IN THE INVERTEERATES

Ostlund, (1954), investigated the distribution of

catecholamines in seversl invertebrate phyla, using bio-

assay technlgues. He found very little adrensline-~like
compounds in the protozoa, coelenterates, ehinoderms,

crustacea, molluscs, and tunicates, He found 0.13 ﬁgm/gm




adrenaline and 0.48 Ngm/gm noradrenaline in the ventral

ganglionic chain of Lumbricus terrestris. They also occurred
in Arenicola maring. In Lioctiluca, sea anemone, and Mytilus
edulis he found an unidentified amine which he called
chol 4. This compound was not adrenaline, noradrepaline,
dopamine, dopa, tyrosine, or 5-iT, In insects he found

dopamine widely distributed in the concentration range of

5-15 Pg/g. The percentage of dopamine varied during the
life cycle, beling highest in the larva. The ratio of
dopamine: noradrenaline: eadrenaline was 100:10:1.

-

von Huler, (1961), has reinvestigated the occurrence of
catecholamines using a fluorlmetric technigue. He found
0.015 Hg/g noradrenaline and O, OOJ}LL/O adrenaline in

Lumbricus terrestris, and 0.33 Hg/g noradrensline in the

larvee of Ileris brassicae. The concentrations of adrenaline

and pnoradrenaline in the aschelminthes, molluscs, other
annelids, crustacea, cechinoderms and tunicates were less than

0.005 Hg/gc Arphioxus contalilned 0«16,1g/g noradrenaline but

there was no evidence for adrenaline. vop Huler used whole
animal extracts except 1n the case of the echinoderm where

only the visceral orgens were used.
Erspamer & Forettl, (1951), have shown the presence of
p-hydroxyphenylethanolamine, octopamine,; in the posterior

salivery glands of Octopus vulgaris. von Ruler, (1955),
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has also found noradrenaline in these glands. In addition
to these, Hartman, Clark, Cyr, Jordan & Leibhold, (1980),

have shown the presence of b-HT, histamine, dopamine, and

the amino acids tyrosipe, and hietidine, in Octopus apollvon
and Cctopus bimeculatus salivary glands.

Rlaschko, \LubQ), suggests that octopamine formation occurs
via the decarbhoxylation of tyrosine to tyramine and on to
octepamine. This compound has slso been found in the urine
of rabhits after treatment with monoamine oxidase inhibiltors,
Kekimoto, & Armstrong, (1960).

Recently EBrspamer & Glasser, (1960), found leptodactyline,

the first naturally occuring m-hydroxyphenylalkylamine, in

the skin of certaln species of the genus Leptodactylus. This

compound has a free OH group in the meta position of the
benzene ring, this 1s ilmportant for the intensity of the
pharmacological effects. The physiological significance of
this compound in the skin 1s obscure.

Catecholamines have been little tested on invertebrate
Neurones. However Gerschenfeld & Tauc, (1961), tested the

regponse of adrenaline and noradrenaline on neuropnes in the

vigsceral ganglion of Aplysia depllans. They tested thelr
response on two types of cells. They tested them on cells

conld accelerste, D=cells. Noradrevalins st




concentrations up to 1077 was found to hyperpolarize and
iphibit the Deneurcnes and actlvate the H-neurones,
Adrenalinsg has the same effect but is about five times less
actlive.

Twarog & Roeder, (1957), studied the effect o

and poradrenaline on the activity of the desheathed lact

abdomlinal nerve cord of Periplancta smericana. Adrenaline,

1

. - B s n -
at concentrations of 1 x 107% ¥, increased the activity anad

-

. o . . , -3
induced it in bursts. At 1 x 107Y M, adrenaline blocked the

-'?
atimalation of the cervical nerve. Retween 1 x 10

""2 ne - EY -
10 1, noradrenaline blocked the vesponse.
larlow, (1958), used two preparations to test the response

of drugs on the nervous sysbtem of Locusta migrsitoria. The

igolated leg was made to kick by stimulation of the crural
nerve, and o reflex retracticn of the tibis of the hind-leg
was initiated by stimulating the tarsus by hest. Compounds
were apnlied directly onto the ganglion. Adrensline had no

MeGeer, MeCGeer, & McLennan, (1961), tested several compounds
on the creyfish stretch receptor neurone. They found thet

B—hydroxybyramine was bLhe moet active componnd tested, having

approxitotely 100 tlmes the actlvity of GATA. The activity

O
F

norsdrenaline was comparable to All the compounds
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COHCTLUSION
The role 0of Sthe ceotechols Lo trepenlesion 1o the

eyrpathetic nerve-muiscle Junction of |
The function of the catechols in the

AGrensline snd noradrensline crye found in b aress of

the bhrain. The relative proportions appear to very from
specles Lo sgpecles. In certain regions of the brain catechols
are absente. Brain adrenaline may he assoclated with the
function of acetylcholine silnce 1t 1= found to potentiate

the action of the latter. Catechols are found in the brain-

stem nuclel

envolved
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R R - yme T P by SV 2o S . R LN L R o
clear sexample of an adrenergic system in the spinal corde

Al though the annelids and possibly the molluscs contain
cotechol smines theilr function ig not knowh. el

b I 1. N o2 P T T
i

adrenaline and noradrevaline hove heen fownd to be active
on the neurones of Aplysia, and dopamine was found to be
very actlive on the crustacean stretch receptor neurone. It

ie possible that the catecholamlines may pley an ilmportant

9

role in other lovertebrate synapses.
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LOCALIZATICON OF HISTANING

Histamine was filrst determined quantatively 1in nervous
tissue by Kwistkowskl (1943), in a nunber of mammals. In
the cat and dog he found less than Q.1 Vg/g in the spinal
cord and medulls oblongate, D.16 Hg/g or less in the cortex,
0.28 pg/g in the mid brain, and 1.5-2.0 Ke/g in the cerebellum.
The vegus was rich in hietamine, up to 4.5 pig/g, and the
lumbar sympsathetic contained 1l.0-1.4 Hg/g. During
degeneration, the histamine content of the sciatic nerve was
found to rise

Harris, Jacobsohn and Kehlson, (1952), found values up

n the anterior and

X.—.J.

to 43.0 Pz/g and Vﬁ.O’xg/g respectlively

posterior 1lobe of the piltulteary. They found 0.7-8.3 Hg/g
in the hypothalamus, 3.6-25.0 Pﬂ/g in the medlan eminence,
and 4.0-~15.8 Vg/g in the sympathetic ganglion, but none in
the cerebellum. Lastly Adam, {1961}, determined quantatively

the histemine content 0f the central pervous sretem and

hypophysis of the dog. lie found a mean velue of 14.3 FE o
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the hypothalamus, 0.9 %g/g in the ventral, 040 Vg/g in the

dorsal, O.Vélxg/g in the corporxa memillaria, and 554F&g/g

in the supraoptic reglon. It is consgidered that these
reglons do not contain mast cells. The area postrema of

the medulla obloigsta contalned 0.92 Fg/g.

White, (1959), lnvestigated the formation snd catsbolism

5

brain tissue of the cat, pig and dog.

14 .. o
C=histidine and

of histamine 1in

Winced brein tissue wee incubated with

14,
A

the ~histamine formed was determined by sn isotope dilution

.

techniques The formation of histamine was fourd to be
greatest in the hypothslamus, as much as lolfig/g belng

. . - 14 o s oas . .
formed in & hours zrom.éOfig C-nistlidivue in the dog. The

inhibited

14}

cerebellum yielded O-OOZlig/g. The reaction wa
by semicarbazide and hydrazine. When the cat brain was

£ - 0 K] Y s . 03 -y
incubated with 1%G~ﬁlstam1ne, the principal metabollte formed

T4 _

-

was methylhistamine. White found that, while the braip
reglon wichest in histamline was also ﬁighly active in forming
it, the cortex metabolized histamine at a faster rate,
indicating more histaminase than in the hypothalamus.

The findings of White, (1959), and Adem, (1961) agree Tor
the hypothalamus but not in the case of the area postrema.
Adam found much more histamine present thap White suggested

from his experiments.

that the srea postrema




being acquired from the blood flowing through it or fro

the cerebral cerebrospilnael fluld thet bathes 1%, However,
he found that the latter contained less than O@Jﬁl,lg/ml

hisgtamin

4]

The dlstribution of histamine closely parallels that
of E-HT and noradrenaline already mentioned. The highest

concentrations of the three are found in the hypothalamus

and the area postrema, intermediate concentrastions in the

mid-brain, and the lesst in the cerebral cortex and

However, kahleon {1960) points out that ceution must be

exerciged 1ln postulating physiologlcal functions only on the
distribution of & compound and its enzymes in a system. He

found that stervation, the removal of the pitultary glend or
adrenals, the complete lphibition of the histemine destroving
enzyme histaminase, or the inhibilition of histidine decarboxylase
(which converts histidine to histamine &) by semlcarbagzlde, had

little effect on histsmine tigssue values.

Resexpline does not appesy to have any effect on histamine

content of the brain, (Wsalkes, Coburn & Terry, 1959) . This




is not the case with the histamine in the optic ganglia of

Yot

the squid, Bledone moschata, (Bertaccini, 1961). The

histamine content of the optic gesnglis veries from l.70-
4o 00 Fg/gs depending on the tilme of year. e aleo lnvest-

ivated the b=IT and catecholamine content, the former ranged

67

O.SO~1.20fig/g.
2serplone, the histsmine

-

The B2IIT and

cetecholanine levels were elso depleted. Helf an hour after

iition of harmeline, & monoamine oxidase inhibitor,

s

the level of b

histemine had risen from 4.00-1@.00f1g/g, and

the level of 5-iT hed risen from 4.20-11.80 Pg/g‘
#rom thie rate of increace RBertaccinl calculated that the

turnover of histamine 1n genglionic tlssue must be very hig
the half life being approximately 15 minutes.
1ife of B-HT in this tissue wag sbout 10 mlinutes,. Rertaccini

concludes that histamine, B-IiT, and the catecholamines may

he associated with chemical trespemission in the central

AT I 1 I 4 TT oyt Sy ¢ v'"'r"‘ T
APPLICATION OF HISTANINE

The evidence for a physiological role for histamine in
the central nervous system will now be considersd.
Fuche & Kahlson, (1957}, showed that in rabbits, on

2

dlstruction of the adrenal medulls, the intrevenous infusion

@]
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of BO ug/kg histamine caused a significant lymphopenic

response which wes parellel to the response after injection
of corticotropin. The histamine response did not occur after
hypophysectomy. They suggested that histamine wes a possible

chemical mediastor of the cerebral control of the anterior

piltultery glande.

In hieg investigetion into the nature of the Cerebellar

Toctor, Crossland (1960}, tested the effect of histemine on
the cerebellar cctivitye. e found that 70 seconds after the

injection of OQOS,Lg of histamine stimulated the sctivity of

the cerebellum. There may be & correlation between histamine
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response and certaln regions of

compounds or removal of

vyemove the motlon sickhness response. This latter polnt was
r . oy ey _ - -
shown by Wang & Chinn, (19568), in the dog. Crossland, (1980)

has slso Found an enzyme which

cerehellurm.

m exogepously formed histemine which is carried

;..'
C)

cersbellum fr
to the cerehellum in the blood.

Trendelenburg, (1954), has shown thet histemine stimmlated

i

{‘o

the hypothaleamus, and also 'to potentiste the response o
the superior cervical gangllon to preganglionic stimulation,

(1955).
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herwood, (1954), developed & technique

in which & cannu was permanently lmplented i1nto the laterel
ntricle of the cat brain. Drugs were injected through
this cannula into the unansesthetised ceat. of

histamine injected through this

—QOO,LQ

canpula induced licking with

or without swallowing, profuse salivation, retching,
defeecation and btachypnoea with panting. The effect of the

injection of B5-HT, adrenslive and acetylcholine wae also
btestad. 75500 pe of b caused misculer weakness,
tachypnoea and bursts profuse salivatlion. Adrenaline

and noradrenaline at & concentration of 20-80 ke, produced

g condition resembling light sodlum pentobarbitone ansesthesis
Thia oceurred after 10 to 20 minutes. During the first few
minutes after the injection, licking movements and swallowing

occurreds,

defaccation. Ace
seconds elliclted &
next few hours the
stuporouss.

ldberg &

injection of 10-20

venous effluent.

scistlc nerve

~

133. o) U

followed by

retehing, vomiltiog and on one occasion,

tylcholine at 10—20}1@ after a few
peculiar high-pitched cry. During the

animal appeared subdued, detached and
K oy e 2 - 1.1 %
(L9B8), found that on arterial

g of 48/80, histamine appesred in the
Abont 305 of the histsmine content of
was released. There was no lncrease 1n
amine released when the amount of 48/80

L2
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injected was luncrease

Histamine has already besn mentioned te ocecur in the
brain of the QOctopodla. The distribution of histamine in
the lovertebrates has been lonvestigated by Ungar, Unger &

Parrot, (193%7). They found histemine-like compounds in
coelenterates, sponges, ecninoderms, annelids, crustacea,

and mollusca. The nervous tiseue of (Cctopus vulgsrlis was

Tound to contain 200 Fg,

£

Histamine has been found in certain moths, (Biessi, Fragzer,

.

L

Rothechild & Schachter, 1960). They found 750 Hg/g freeze—

dried abdomipal tiscue 1n the white ermine, Spilosoms lubricipeda

and in the cinnabar, Hypocrita Jacobaese. They found lesser

amountes 1n several other moths.
Histemine has been found in the venom of the hornet,

abro, (Bhoola, Calle & Schachiter, 1960, 1961). They

A
<5

1
m
[C
o]
aQ
=
’3

Tound 14-30mg/g of dry venom gac. They also found acetylcholine
and 5-HT, 1n concentrations of the same order.
Recently histamine has been shown (o occur in very high

concentratlions in the hesrt of the crab, Carcipnus maenas,

(Kerkut & Price, 1961). The heart was Tfound to contain




ventral

[}
R

th

oL

stellate

The
content

[

L9

H

|
1

2.
1

s
111

21 f.i,,.;/

(&

cous

The hist

4o
o]
o

43
I3
O
=

matocyst.

fro

ged

3

8

r

na

L

@

@O

m BO=-150 P

(@]
O
(&)}

Fed
o

Tr

54

i

e

W

4

-
as

/

€

oun

i

s

it

i

630)

T

GLLE

two oth

tLne

in

ES
soal

1l

]
O
4

L)

et
)

occeur

4
L

h concen

iz

i

4

¢

i

s

)

o
1
'
18]

i

e’
o)

Jd

)




Gl

TSI

LJ.JU.LJ

T

~t

role

tter

oy

mnoxy

much

nub

£

b




o




80

-~

one-way peaper chromatogrephy and the Venus heart and isolated
byssus retrsctor mmecle of Mytilis for bicessay, Twarog and
Fage demonstrated the presence of B-HT in acetone extrac of

dog, rat and rebbit brein, in conce. of O.l—O.Eblxg/g Llaeue,

Amin, Crawford & Gaddun, (1954) found that the distribution
of B-HT closely resembled that of noradrenaline. Trey found
5~ only in the gray matter. They Tound 0.28 Hg/g in the
hypothalamus, U215 Pg/g in the area postrems, OGKOS}Lg/g in
the mid-brain snd 0.17 Fg 2 Ll the nuclel gyeciliis and
cuneatus of For thelr bloassay they wused the
oestrus rat uterus. They concluded that the B=¥HT in the
thalamic arveas with autopomic activities and

at tho reglons n trapsmlesion of sensory
impulses to the ce: loed none. The mein site of
5-HT production and storage in mammals appears in the
intestine. If this organ 1ls removed 1n the rat, then 5-HT
metaholism falls, (EBertaceini, 1960).
H=HTE HCARPONYIASL A AWIL

There seems to be some correlstion between the distribution

of B-IT in the brein and the enzyme B-HTF decarboxylsse,

(Geddun & Giarman, 1956). Thies enzyme decarhboxylases B-HTP,

the precursor of to form B-IT.

onvanlne oxidase,
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which breaks down B-HT, il widely distributed in the b

rdroxylase enzyme to b-hydroxytrytophan. This is

lecarboxylated
influence of amine oxldsese, 5-IT ls metebollized to B-hydroxyindole

acetic acid.

5-HT, Frice & West, (
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to B-hydroxytryptophan.

APPLIGATION OF B-IIT TO

V oETEADRATE PRATI

51T ejected close to the neurones in the

studled by Curtis

neurcnes which responded monosynaptically and

ively to an optic nerve volley, was

nenrones were exclted by l-glutamete,

5-HT had no effecte. The entidromic splke response was
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unelbered by 5H-IiT. Surtis & Devis conclude thet since

],.J
=
£,
m
o
)._l
o]
]
=

BT does not affect antidromic nor leglubtemic etis

Yy e R £ -y
conductance 0of the

combining with excltstory syoapses.

blood~hrein barriecr. Thie can be overcome by the injection

0f B-HTP which capn penetrate tihls barrier. Thie leads to

an increase in the brain B-HT content, (Udenfriend, Weisshach,

o o 5
& Bogdanskl, 1957).

D

There 1s however some dlscrepancy in the interpretation of
the response to lncressed conc. of braln 5-HT. In some cases
there is a marked central stimulatiop, (50@tawski, Welsshach

& Udenfriend, 1953). Othere heve veported & centrsl depreseion,
(Lewis, 1958), (Glasser & Wantegazzinil, 1980,

"he effect of electrostimuletion on the braln BT content

Chin

s}
=3

hes been invesgtlgsled by Breltner, FPlcchio
1

(1961 After generalized convulsive electrical

the rabhit, rat and cet B-HT content Lncressed.

brain shtem stilmulaetion had no effect on the B-IT content.
They conclude thet the benefits of locelized stimulation in
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chion of B~IT certain

-

wage been fTound

]

fonad

relegse Be- Lysergic acld diethylamide, L3D, antagoniczes

- . -

Ipronlazid ls used as & mopoamine

the action of

The level of B-HT in the braln ls grestly reduced aftery

inletration of reserpine, (Passonen & Vogt, 1956).

by an unknown means, lrreverslbly affects the 5-HT binding

It hes however been shown by Kirpekar, Goodled & Lewls,

(1988), that reserpine also releases caebtecholamines, histsmine

and ATF.
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shown to occur in the perfusate of the'superior cervical
penglion of the cat, (Gertner, Paaconen & Giarman, 1957) .
They added iproniazid to the perfusate and after 2-3 hours
they found 10-20 Pg/min. 5-HT.  When both iproniazid and
5-HT were present in the perfusate, B+HT appeared after

15 minutes.

DISTRIBUTION OF 5-HT IN THE INVERTEERATES

5-HT was first gssoclated with the molluscan heart when
Erespamer & Ghiretti, (1951), found that it stimulated the
heart of the species studied. They doubted if it was the
cardio~regulator since 1t was absent from the posterior
salivary gland of certain species whose hearts were very
sensitive to 5-HT. Welsh, (1953), extended this study to

the hesrt of Venus meréenaria. He first showed it to be

present in the nervous system of V. mercenaria, (1957), at

!

a conc. of 15fkg/g wet ganglion tissue.
These studles were greatly extended with the advent of

the spectrofluorometer. It was found by Udenfriend, Welssbach

& Glark, (1955), that B-HT could be measured spectrofluor-

metrically. As has already been mentioned, Welsh & Mdbrhead,

(1960), detefmined by this method the guantitative distribution

of 5-HT in seversl invertebrate phyla, with special reference

to thelir nervous systen content.
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They found that the nervous tissue of the bivalve
molluscs contained more B5-~-HT than was found in any other
bervous tissue exsmined. They found 40’Lg/g of Venus
gaﬁglia. The cephalopod nervous system had the least 5-HT
of the molluscan nefvous tissues examined. Crustacean
nervous system contalned very little 5-HT. The perilcardial
organs however contained 2.5 - 4-Fg/g. 5~HT was found in
the heads of insects, 0.5 - Ool6lxg/g.

The identification and distribution of B5-HT in the sea

anemone, Coalliactls parasiticsa, has been studied hy HMathiss,

Rose & Schachter,(1957, 1960).  They found 500-~600 pmg/g

freeze-dried tissue in the coelenteric tissue, and,6-7tig/g

in the tentacles. Other species contained 1ittle or no 5-iT.
A similar situation occurs in the Octopoda, where the

salivary gland of Octopus vulgeris contains approximately

500 Fg/g, whereas that of Octopus macropus contains none,
(Erspamer, 1954). Thie type of distribution is perplexing
if a function of fundamental importance for the substance is
to be considered.

5-HT has also been identified in the venom of the wasp,
(Jagques & Schachter, 1954).

Meng, (1960), investigated the mechanism of the control

of the heart beat of Hellx pomatil By paper chromatographic

®
©

technigues and testing the elutions on the heart he Found



evidence for the presence of 5-HT and acetylcholine.

However Jullien, Cardot & Ripplinger, (1961), Cardot &

Ripplinger, (1961) , using chemical chromatographic technicnes

failed to find asny bB-HT. Among the compounds they identified

were phenylalanine, histidine, tyrosine, alanine and glutemine.
Recently 5-HT, at & comcentration of about 107  has been

found in the snail brain (Kerkut & Cottrell, 1962).

THE PRESINCEHE OF IZNZYIINS ASSCCIATED WITH 5-HT

It has been shown that the formation of 5-HT from 5-HTP
by an homogenate of Venus ganglia takes place at a high rate,
(Welsh & Moorhead, 1959). The incubation of homogenates of
the fluke, Pasclols, with b-HTP and pyridoxal phosphete for
1 hour resultsd in a 100-300 fold increase in the amount of
5-HT in the reaction mixture, (Mansour, Lago & Hevkins, 1957).

5-IT, but neither acetylcholine nor catechols, stimulated the

endogenous respiration of excised gill of Modiolus demissus

and Mytilus edulis, (Moore, Milton & Gosselin, 1961). The

respirastion was found to be stimulated by the addition of
5..HTP. 2-bromoLSD inhibited the effect of 5~HT, while LSD
mimicked 1t.

If the branchial nerve 1s cut in situ Jjust distal to

its origin from the viscersl ganglion then ths cilicyy

5
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ound that gilll tissue

H

activity ceases, (Alello, 1957). He
extract and 5-HT activste the guliescent cilla.
Blaschko & Milton, (1960), showed that homogenates of

gill plates of HMytilus edulls used oxygen when 5-IT was added.

The oxidation of 5-HT was not due to the presence of amilne
oxidasge but to that of an enzyme which catalyged the oxidation
of other 5-hydroxyindoles, e.ge. 5-ITP and bufotenine. The
oxidation was cyanide-sensitive but was not inhilited by

iproniazid.

FUNCTION OF 5-HT

MOLLUSCA

The effect of 5-HT was tested on two types of cell from

the abdominal ganglion of Aplysia depillans, (Gerschenfeld

& Tauc, 1961). They found that 5-HT excited both the cells
with excitatory inputs and those with inhibitory inputs.
But the response was ten times greater on the cells with
excitatory inputs. However interneurones may mask the true
effect on the recorded cell. It was found that on occasion
5-HT excited an inhibitory interneurones which inhibited the
5-HT response from a cell with inhibiltory inputs. This

conld be avoided by local injection of the drug.
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PLATYHRLMINTHE

The rhythmical activity of Fasclola was stimulated by
5-HT and by LSD, (Mansour, 1957). This effect was peripheral
and not mediated through the central ganglion. This action

was antagoniged by bromolysergic acid and diethylsmide.

INSHCTA

Concentrations of 10™4M 5-HT and a number of tryptamine
analogues blocked the development of an action potential and
of tension in the fibres of the metathorax extensor tibialis

and flexor tiblalls muscle of the locust, Schistocerca

cregaria, (Hill & Usherwood, 1951). High concentrations of
these compounds failed to block the action potential in
fibres of the crural nerve which supplied& 'fast' motor axons
to the extensdr and flexor tibialis. They concluded that
these compounds blocked neuromuscular transmission by
preventing the release of transmitter compounds from nerve
terminals or blocking the receptor sites at the junctional

regions of the muscle cells.

CONCLUSIONS

West, (1958), estimated the 5-HT content and the 5-HTP

decarboxylase activity of several tissues of seven species
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of mammals. Prom his results he suggested the following
functions for 5-HT in the body:- (1) the control of the
central nervous system activity; (2) to stimulaste peristalsis
in the gut; (5) to control capillary permeability in the
tissues; (4) it was important as a haemostatic agent. Only
the first coiiclusion concerns usS. There are three pleces

of evidence which favour a possible role of 5-HT as & chenical
transmitter, 5-HT is found in the brailn, but in varying
concentrations from region to region. The rate of turpover
of 5-HT is fast. Lastly 5-HTP, which can penetrecte the
hlood-brain barrier, 1ls decarboxyleted by brain tissue to

form 5-HT. This in turn can be oxidized by the brain.

Lastly it may be mentioned that Brodie & Shore, (1957),
propose that B-HT and noradrenaline are chemical mediators

of mutually antagonistic centres in the brain.

As in the vertebrates; the role of 5-HT in the
invertebrates appears to be diverse. There seems to be a
link between b-HT and defence or attack, since it is Ffound
in both coelenterate tentécles, possgibly nematocysts, and
in the venom of wasps. Weksh considers that elther 5-HT
or a chemical analogue is produced by the cardioregulator
herves but it has not yet shown that 5-HT 1s released by them.
The role of 5~HT in either neuromuscular transmission or
nerve-nerve transmission is even lese clear. The

pregencs

£

A
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of 5-HT in molluscan nervous tlissue and the presence of =
decarboxylating enzgyme might be indicative of a transmitter
functione. 5-HT would seem a possible candidate for the role

of nerve-nerve and nerve-muscle transmission in the gastropods.
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GABA AND RELATED COMPOULIDS

Gamma amino butyric acid is of great interest partly

due to the reactions that occur when it is added to the
nervous system, and partly due to the light it throws on the
pharmacology of fhe nervous system. Most of the work has
been carried out on the vertebrate nervous system, and this
vertebrate work will be briefly discussed first of all to
provide a general picture before the invertebrate examples

are considered.

VERTEBRATE STUDIES

Three groups of workers first reported the occurrence
of GABA in the mammalian brain in 1950. Prior to this,
Gale in 1940 had shown that certain bacteria could convert
glutamic acid to GARFA by a bacteria decarboxylase, and
Steward, Thompson & Dent, (1949), had found GAFA to occur
in potato extracts.

Awapara, Landue, Fuerst & Seale (1950), analysed
chromatographically the quantitative distribution of GABA
in the human braln. They found that the highest conc.,

100}Ag/g fresh tissue, occurred in the caudate nucleus; the
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lowest conc., 30 ﬁg/g fresh tissue, was found in the white
matter. Levels in other homoilotherms ranged from llO/Lg/g
fresh tissue, in the pigeon, to 40’Lg/g Tfresh tissue in the
rabbite. Thus there is a regional distribution of the compound
in the brain.

Using chromatographic techniques, Roberts & Frankel (1950),
showed that GABA and the brailn extract had the same Rf. They
also incubated 014 labeled glutamic acid with fresh mouse
brain acetone powder, and demonstrated the presence of
radioactive GABA. They suggested that GABA was Tormed via
the o -decarboxylation of glutamic acid.

Lastly Udenfriend (1950), using the isobope derivative
method, identified GABA in mouse brain extractse.

In the study of tissues and body fluids ip various
vertebrates inclupding fish, amphibilan, repﬁilian, avian and
mammalian species, GABA has been detected unequivocally only

in the brain and spinal cord, (Roberts & Eidelberg, 1960).

GABA, FACTOR I AND THE CRUSTACEAN STRETCH RECEPTOR |

It was in 1954 that Florey observed that a vertebrate
brain extract would inhiblt the crustacean stretch-receptor

rYesponse. He called this extract Factor I.
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Florey & McLennan (1955), placed an irrigation chamber
in contact with cat brains and collected the exudate. This
was assayed for activity on the crayfish stretch receptor.
The inhibitory action reached a maximum in 20 minutes.
Transmission could be blocked with Factor I in the inferior
mesenteric ganglion and the stellate ganglion using a conc.
of 13105. No effect on transmission could be obtained in

the superior cervical ganglion. Neuromuscular transmission

was also unaffected. Factor I was next applied topically
in conc. of 0.06 BE to the exposed spinal cord, (Florey &
McLennan 1955b). The monosynaptic stretch reflex evoked by
mechanical stimulation of the patellar tendon was inhibited
in 5 sec. The recovery time depended on the conc. applied,
and this might suggest enzymlc breakdown. When Factor I
was applied during the elicitation of a polysynaptic flexor
reflex, there was no inhibition of the reflex. In some
cases the response was enhanced. However with additional
applications this enhancement was not observed. Factor I
also caused an lncrease in thé hypoglossal nucleus activity
when topically applied.

The next advance came when Bazemore, Elliott & Florey
(1956), identified GABA in the purified extract of Pactor I.

An investigation was carried out by lMcLennan (1957) to
see 1f 8ll the physiological actions of Pactor I could he

duplicated by GABA. He also compared the actions of



X —amino-A-hydroxybutyric acld and carnitine. The sguid
rectum and the cat knee-jerk reflex were affected differently
by Fgctor I and GABA. 'd.—amino—/3—hydroxybutyric acid
reacted similarly to GABA. He concluded that PFsctor I
contained inhibitory compounds in addition to GAEA. MclLennan
also found that after the application of Factor I or GABA,
stimulation of the motor cor&ex falled to cause movement of
the contralateral hind leg. The preparstion recovered after
10 minutes.

The Factor I story was rather confused by the finding of
McLennan that Factor I did not contain GARA (1958). He
suggested that GARBA had been broken down from a larger
molecule during the prepsration of the Factor I extract of
Bagemore, Elliott & Florey, (1956).

Further evidence against Factor I ceontaining GABA was
presented by Honour & McLennan, (1960), when they showed
that monosynaptic stretch reflexes and tresnsmission through
the inferior mesenteric ganglion were blocked by RFactor I
but not by GABA, A -guanidinopropionic acid, and |
Y -guanidinobutyric. acid. Y -—aminobutyrylcholine, a
substance shown by Asano, Noro & Kuriaki, (1960), to be
present in mammalian brain, was inactive on all the test

preparations. None of these compounds can explain the

actions of Factor I,



APPLICATIOL OF GABA TO THI BRAIN

The rest of this account will be devoted to the effect
of GABA and related compounds on the brain and spinal cord.
| Purpura, Girado & Grundfest (1957), tested the effect
of GABA painted on the cerebrsel cortex and cerebellar cortex.

notentials

2

They found that the surface negative postsynaptic
of the apical dendrites/produced by various stimulations were
reversed by GABA. Thé resulting positive potentiesl was
almost a mirror image. GARA eliminates the surface negative
dendritic postsynaptic potential but does not induce the
positive potential when applied to the cerebellar cortex.
The differenée it 1s suggested is due to the fewer inhibitory
inhibitory synapses in the cerebellar cortex. They suggest
that GABA hyperpolarizes the synaptic membrane of the apical
dendrites, and selectively blocks the depolarization
assocliated with excitatory synapses. /3 -alanine they found
gave the same effect as GABA but more weakly. They conclude
that the action of GABA is specific.

The action of GABA on the cortical electrical activity
of the cat has been studied by Iwama & Jasper, (1957). They
topically applied 0.02- I.0% of GABA in unansesthetized
cats with partial destructién of the brain stem. After the

application of GABA the amplitude of the spontaneous
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electrical activity was often doubled. Sensory evoked
potentials recorded 0.5-I1.0mm beneath the surface of the
cortex were unaffected by surface or deep GABA injection.
They concluded that GABA had a selective depressant action
upon the structures in the most superficial layers of the
cortex.

Another approach to the problem of deciding the role of
GABA 1is to add compounds to the brain which lead to a rise or
fall in the conc. Of GABA, and also to observe the effect on
the intact animal.

The addition of certein hydrazides which depress the
glutamic acid decarboxylase activity cause convulsions. The
level of GAEA in brsins treated in this way is lowered,
(Killam, 1957). Similarly the addition of hydroxylamine
which inhibits the GABA-ketoglutaric acid transaminase, causes
an increase in the GABA conc. in the brain. This rise in
conce. 1s accompanied by an increase in the selgure threshold,
(Baxter & Roberts, 1960).

It should be noted that the level of glutamic acid changes
inversely with that of GABA and the observed responses could

be due to this.

APPLICATION OF GABA TO SPINAL CORD NEURONES

The next step was to test these amino acids (glutamic
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on cells'acid, GABA, etc.), the resting potential of which could

be recorded. This was done by Curtis & Phillis, (1958);
Curtis, Phillis & Watkins, (1959), and Curtis, Phillis &
Watkins (1960). They recorded from neurones in the spipal
cord of the cat which they could drive anti- or orthodromically.
The compound to be tested could be applied ionophoretically
through one of the barrels of a multibarrel electrode. The
centre barrel which was longer than the rest recorded the
potential. The other barrels each contained a substance
.which could be ejected on to the experimental cell.
Their first experiments were conducted using GAEA and

f# —alanine, (Curtis, Phillis, Watkins, 1959). It was found
that neither compound afiected the resting potential of

the motoneurcone, but the membrane was less exéitable when
stimulated elther abti- or orthodromioaily; i.ec. a voltage
which would normally result in the formation of an action
potential failed to do S0.  BOth €epPeSeDe'S and iL.Pes.p.'s
were blocked. The effects af both GARA and ffealanine were not
blocked by strychnine. This compound acts by selectively

blocking the inhibitory synapses:w Thus GABA and /[ -alanine

i

cannot wholel}y act by blocking the inhibitory synapses.
GABA and p-alanine blocked the responses from not only
motoneurones but also from dorsal horn cells, small motoneurones,

and Renshaw cells. Both compounds also blocked the excitatory
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response of dorsal horn cells to glutamic acid andé of
Renshaw cells to acetylcholine.

Thus these compounds act on the postsynaptic neurone
membrane, and do not inhibit the release of these chemicals
transmitters. Both the chemically and electrically
excitable areas of the membrane are blocked,.

In motoneurones the inphibitory and excitatory transmitters
alter the permeability of the membrane t0 produce il.peS.p.'s
and e.psS.p's, (Coombs, Beccles & Fatt, 1955a & b).

If the cell was surrounded by inhibitory transmitter, one
would expect a hyperpolarization of the resting potentisl to
the 1.p.Sepe. level. The exclitatory transmitter would still
ProduCe €ePoSeP. 'S but.thesgxmuld be smaller.

A specific ilnhibiltory compound applied to motoneurones
would be expected to hyperpolarize the membrane to the
equilibrium potential abolish the orthodromically produced
i.pss.p's and reduce the size of the e.p.s.p's. But with
GABA and f3 -alanine there was no efféct on the resting potentiel
and both the eepes.p's and i.p.s.p's were depressed or

'abolished. The fact that the intravenous injection of

strychnine did not prevent their action also was evidence

against them as natural inhibitory transmitters.

Curtis, Phillis & Watkins, (1959), therefore sugpested that
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both in the spinsl cord and the brain that GABA and p —alenine
were pon-speciflc depresssitss

GABA and related amino acids have also been tested on the
neurones in the brain stem of the cat, (Curtis & Kiozumi,
1961) . These neurones responded in a similar fashion to

those in the spinal cord.

APPLICATION OF GLUTANTIC ACTID TO SPINAL CORD INEUROLES

Glutamic acid has also been shown to occur in the
vertebrate brain, (Williams, Schurr & Elvehjem, 1950). This
amino acld occurs.in the rat brain in greater conc. than
any other amino ecid, (McIlwain, 1955). Glutamic acid in
the presence of glutamic acid decarboxylase, forms GAFA and
is the precursor of GABA in nervous tissue, (Roberis &
Frankel, 1950). This engyme is found only ip the nervous
tissue, (Albers & Brady, 1959). Curtis, Phillis, & Watkins,
(1960), investigeted the sction of glutamic acld and related
acicdic amino aclids on the motoneurones of the cat spinal cord.
The technique of ionophoreﬁic injection was the same as in
the case of GABA. They found that the injection of glutamate,
asparate, and cysteate extracellularly, close to the
experimentel motoneurone, caused excitation. These ilons

excited motoneurones, interneurones, and Renshaw cells by
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depolarizing thelr membrane. If this depolarigation was
sufficient it initiated spike potentials.

How do these compounds act? Do they act on the outside
or inside of the neurone membrane? Curtis, Phillis & Watkins,
(1960), concluded that it was not likely to be due to their
entry into the cell. This conelusion was based on three
pieces of information. The neuronal membrane is considersd
to be impermeable to glutamate ions, (Shanes, 1958).  When
glutamate lons are injected intracellularly into the neurones
there is no effect on the resting potential, (Coombs, FEccles
& Fatt, 1955). Activation by these compounds is not due to
thelr power of chelating calcium since more powerful
chelating agents fail to excite the neurone, (Curtis, Perrin
& Watkins, 1960).

The normal excitatory transmitter would be expected b0
act at specific points, receptor sites, on the membrane; 1In
a similar fashion to Ache. on the Renshaw cell membrane. This

4

acetylcholine action can be blocked by dibvrdo—p«~erythroidine
which forms a. complex at these sites, s0 blocking the
acetylcholine effect. But in the presence of dihydro~p -
erythroidine, these amino acids still excite the membrane.
Therefore these ions 4o not combine with the specific
receptor sites to exert their action. Thus their action

-

appears to be & non-specific end wrelated to excitatory
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synaptic transmltter action.

Curtis & Watkins, (1960), also doubt the presence of
enzymes to break these amino acids since they, and also the
dextro and laevo forms of glutamlc acid, all exert their
action for a similar period. It is unlikely that each
enzyme would function at the same rate.

Glutemic acid was found to excite every neurone tested
in the brain stem of the cat, (Cnrtis & Koizumi, 1961). These
authors found thet acetylcholine, 5-HT, noradrenaline and
tubocurarine failed to influence neurones in the medullary
and mesence_phalic reticular formatlon. Curtis & Watkins,
(1960) , have compared the structures of these depressants and
excitents to see 1f there is a correlestion between thelr
structure and funcbtione. They found that when the o« -carhoxyl
group of the excitant acidic amino acid was removed, 1t
became a depressante. A powerful excitant when decarboxylated

2

became an equally powerful depressant, e.ge glutamic acida to
GABAY aspartic acid to B -alanine, and cysteic acid to
taurine. They found the followlng correlations between
structure and function; (1) at least one amino and one
carboxyl group was required for activity; (2) the optimum
activity is obtained when the amino group is f# or Y with

respect to an acidic group; (3) the excitant depolerization

ig solely due to the extra carboxyl group which for maxirmum
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activity should be o with respect to the amino groip;

(4) D & L forms exert the same effect; (5) and the addition
of substituent groups into the carbon chain of the amino
group abolished the activity.

The properties of these compounds which have to be
remembered in formulating a method of action are as follows;
(1) slight structural modifications have a large effect on
the action; (2) the excitatory action is & direct link with
depolarization; (3) the depressant action does not affect
the membrane potential and diminishes both i.p.s.p's and
eepesSep's; (4) all these amino acids affect both cholinergic
and non-cholinergic neurones; (5, the excitatory action is
antagonized by the depressant action when the latter is added
and vice versa. |

With these properties in mind Curtis & Watkins suggested
a possible mode of sction of these compounds based on receptor
sites on the membrane involving elther two or three charged
centres. These charged centres would react with the ionized
amino and carboxyl groups.

Recently Curtis & Watkins, (1961), have found snalogues
of glutamic acid and GABA which are more potent than these

two amino acids. These responses were first shown in

neurones in the toad spinal cord, (Curtis, Phillis & Watkins,

1961). The investigation was extended +to two marmmalian
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preparations, the interneurones of the cet spinel cord and
cells from the exposed parietal cortex. N-methyl-D-aspartic
acid was found to be approximately ten times as potent an
excitant, and D-homo-cysteic acid three to six times. Among
the depressants tested, 3-amino-I-propane-sulphonic acid was

two to five times as potent a depressant as GABA.

INVERTEEPRATE STUDIRES ON GABA

OCCURRENCE OF GABA

Attempts have been made to find GABA in invertebrate
nervous tissue. Kuffler & mBdwards, (1958), claim to have
found GABA in the crustacean nervous system but present no
direct evidence. Florey & Chapman, (1961), chromatographed
extracts of peripheral and central nervous system of crabs,
They showed the presence of a single ninhydrin-positive
substance which was not GABA, and could not find GABA.
Glutamic acid decarboxylase was also absent.

Homogenates of bee brain are able to convert glutamic acid
to GABA, (Frontali, 1961). This demonstrates the presence in
the bee brain of the enzyme glutamic acid decarboxylase. The
same author states that GABA has been found in the free state

in extracts of bee nervous tissue.
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OCCURRENCE OF GLUTANMIC ACTD

Glutamic acid, at conc. of 24% 8mg/l00ml, was detected

in the haemolymph of the cockroach, Periplaneta americana,

by Stevens, (1961). Glutamic acid was also found in the

sera of Limulus, Cancer and Homarus, at conc. 0f 0.30, 0,26-

0e33, 0059-1.44, and 0,16 mg/lO0Oml respectively, (Stevens,

Howard, & Schlesinger, 1961).

In the snail, Helix aspersa, glutamic acid has been found

to be the most abundant amino aclid ih the brain, (Kerkut &
Cottrell, 1962). It occurred at a concentration of 0.20 &

M/g braine. Hydrolysed brain extracts ylelded a trasce of GARA.

APPLIGATION OF GABA TO INVERTEBRATHE NEURONES

The crustacean $stretch receptor was found to be very
sensitive to GABA and is used for the bioassay of GAEA,
(Bazemore, Elliott, & Florey, 1956). The membrane in the
crayfish stretch receptor under the action of GABA were
investigated by Hagiwara, Kusane, & Saito, (1960).  They
found that GABA and related compounds imitated the membrane
changes producéd by the inhibitory presynaptic impulses.

The conductance increase of the postsynaptic membrane was in

part dependent on the concentration of chloride across the

membrane,



Hirchar, (1960), tested the effect of GABA on %the
activity of the desheathed isolated fifth abdominal ganglion

of the crayfish, Oronectes virilis. He found that it had no

effect. f -—alanine caused either excitetion or inhibition,
. . -4
depending on the concentration applled; 10 "M was the

2

threshold for excitstion and 107°M for inhibition.

8low post-syneptic potentials have been recorded from
the giliant motor fibres of the crayfish, by Furshpan & Potter,
(1959). These potentials are associated with an inhibitory
effect.s It was found that GABA at conc. of 3-5 x 1O~5g/m1
mimicked some of the effects of the slow potentlals.

The effect of GABA was tested on two types of neurones

from the abdominal ganglion of Aplysia depilans, Gerschenfeld

& Tauc, (1961). Certain cells which have inhibitory inputs
and are inhibited by acetylcholine were depolarized and
accelerated by GABA. Other cells which have excitatory
inputs and are depolarized by acetylcholine were always
hyperpolarized and inhibited by GABA. However in certain
cases the cells with inhibltory inputs were inhibited by
GABA-

GABA and glutamic acid also play important roles in
metabollsme. This subject has recently been considered by
Roberts & Ridelberg, (1960), and Roberts, Baxter & Hidelberg,

(1960).



CONCGLUSION

Though there has been some confusion about the presence
or absence of GABA 1n the nervous system, it is present in
the vertebrate, and also in the mollusc nervous system. It
is not present in the crustacean nervous system. There are
two inhibitory substances present in the nervous system;
they are called Factor I for the vertebrate preparation,
and Substance I for the crustacean preparation. These are
not GABA.

The action of GABA and glutamic acld on neurones would
appcar to be non-specific. This would remove thelr possible
function as chemicél transmitters in the nervous system.
Their most likely role would be in metabolism via the
tricarboxylic cycle. GAEA might be a possible precursor
for other compounds. CGABA has a marked effect on the
crustacean stretch receptor but there is no evidence for a
natural function in this system. The same may bhe suggested
for its role in the crustacean heart ganglia. Since GAFA
is present 1n the molluscan brain, it would seem necessary
to test its action on the snall neuronés to determine the

physiologieal and pharmacological actions.



- 107 -

THIAMING AND COCARBOXYLASE

It was shown by Minz, (1938), that 4-8 times more
thismine diffuses into the solution surrounding excised
nerves when they are exclted than when they are gqulescent.

It was found thet on analysing stimulated and non-stimulated
nerves which on excitation had been put into liguid air, more
thiamine was present in the excited than in the gulescent
extract, (von Muralt, 1942). Von Muralt thought that the
excitation had shifted the "bound thiamine into "free"
thlamine., In nerves polsoned with ilodoacetate, sbout 5@

of the "free" thiamine disappeared during stimulation 1nto

an unknown compound, compound X, (Wyss & Wyss, 1945).

Thiamine is active in organisms 1In the form of thismine
pyrophosphate or cocarboxylase. It was thought possible
that this coengyme might play a part in the synthesis of
acetylcholine from choline, (Minz, 1946) . High doses may
cause a contracture of the leech dorsal muscle. Put this
reaction is not potentiated by eserine, (Minz, 1932). If
cocarboxylase is capable of transforming choline to acetyl-
choline, then the mixture should exert an effect on the leech
muscle which is potentiated by eserine. Cocarhoxylase alone
had no effect on the leech nwuscle in the presence or shegence

of eserine. Cocarboxylase enhances the contracture nro uced
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by choline on the leech muscle. This increase was even
greater in the presence of eserline. Tius the muscle may
cserobically and in the presence of cocarboxylase trsnsform
choline into an ester the action of which is potentiated by
eserine. It is known thet cocarboxylase catalyzes the
decarboxylation of pyruvic acid, forming acetic acid.
Banga, Ochoa, & Peters, (1939), Oéhoa, (1941), have shown
that decarboxylation is assoclated with phosphorylstion of
adenylic acid to yield adenosine triphosphate. Adenosine
triphosphate intensifles the activity of choline acetylase
which synthesises acetylcholine. Thus via the action of
cocarboxylase the cell has acetic acid and adenosine
triphosphate, both concerned with the synthesis of acetyl-
choline.

The effect of adding antimetebolites to the solution
bathing stimulated single myelinated nerve fibres was
investigated by von Muralt, (1958). He used four
antimetabdlites; oxy-thiamine, a competitor for eocarboxylase;
neopyrithiamine, a competitor for thiamine; purified
thiaminase, from carp intestines; and extracts from the

fern, Pteris aguilina. The latter two compounds destroy

the thiamine molecule. The addlition of fern extract rsised
the node threshold from 50mV to 80mV after one minute.

After 7 minutes, the threshold was 110mV, and the asction
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potential height had fallen. It recovered when it was
returned to normal Ringer. The action of neop¥yrithiemine
was next examined. After 1 minute in contact with this
compound the threshold had risen from 50-80mV, the height
of the potential had fallen and the repolarization time had
greatly increased. von Muralt assoclates this change in
shape with either an ipncrease in the external sodium
" concentration or inactivation of the sodium transport system.
Oxythiamine had little effect on the preparation.
Neopyrithiamine did not affect the resting potential,
indicating that 1t had no effect on the potassium permesbility.
von Muralt concluded that thiamine had 1little effect on the
resting membrane but was important during activity of the
fibre. Cocarboxylase 1ln-addition might be importent for
metabolisme

von Muralt inJected labeled thiamime—855 into animals
wlth severe aviteminosis. When the animals were normal they
were killed and the nerves plunged into liquid iso-propane.
It was found that the chemical composition of the excited
and qulescent nerves was different. At rest a compound X
appeared with thiamine in autoradiogrsms, while in the
exclted nerve it disappeared and thiamine-phosphate appeared.
It would appeaxr that on stimulation, the form of thiamine in

the nerve changes,. Petropulus, (1960), using the same



preparation found that fern extract reduced the size of
the action potential and hyperpolarized the membrane. The
effect of the fern eﬁtract could be completely blocked by
the addition of thiamine.
There is an enzgyme 1in Egl;z dart sac and blood which will

hydrolyse acetylthiemine, (Augustinsson, 1946, 1948).

CONCLUSION TO THE REVIZEYW OF THE LITERATURE

This account of the litersture concerned (a) the electricel
responses of the molluscsn brsin, crustacean heart ganglion
and the crustacean stretch receptof; and (b) the effects
of wvarious drugs on the nérvous systems of vertebrates and
invertebratese. Though the two sections may appear to be
guite distinct, it would seem thet 1f the trensmission hetween
nerve cells i1s due to the liberation of chemicals, then these
chemicals should be cspeble of producing the described
electrical effects. In some respects it is as 1f the chemical
and electrical analysis of the nervous system were fragments
of a story 1o two different languasges; the reader has to
try and construct the complete story as well as a dictionary
of the two languages. A knowledge of the changes in the

EN

membrane that taeke place during excitation and inhihition



indicete the type of responses that the ‘natural' transmitter
substance(s) will have to mimic.

In reviewing the types of compounds that have been

=3

fde

considered as possible chemical transmitters, 1t is more
then likely that many more are yet to be discovered. In
this respect it should be remembered that many of the
chemicals that can be found in the brain will have a metaholic
or a structural role and not a transmitter function. The
neurones must have enzymes present that will allow synthesgis
end breskdown of the transmitter. The transmitter must have
a similer effect to nstural stimulation and it must be
released in concentrations comparable to those that will
allow experimentsl verification.

The present investigation 1s concerned with the nature
of the functional connexlons between the nerve cells in the
snaill brain. A certain amount of work has been done on
this subject, mainly electricel studies by Tauc and his
colleagues on the abdominal ganglion of Aplysia. The
neurones show most of the properties that one sssociates
with nerve cells throughout the snimal kingdom. The revier
of the chemical nature of the transmitters has indicated
the probable chemicals that can be tested for transmitier

action. It 1is now intended tb describe the electricsl
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actions of speil brain neurones 1pn some detail, and then to
study the way in which silmilar electrical effects can be
hrought about by chemical stimulsation. The types of
response have been divided into two, depending on the
concentration of the drug. From the literature it would
appear that transmitters occur in concentrations in the order
of I x 10'6g/g tissue. Concentrations in excess of this
have been labeled as phsrmacological and they often have s

different type of response on the sctivity of the cell. The

]

e

regponses to be described in Section One of the drug experimertic

41

are largely in the way of preliminary screening experiments
to see which compounds are acltive at physiological concentratis =
end s to whether these are acceleratory or inhibitory in
naturee. Sections Two and Three are concerned with the
responses of marked cells. Where ever possible comparisons
will be drawn between electrically and chemically stimulated

Tesponses.
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METHODS

Apparatus

The microelectrodes used ranged in resistance from 5
to 30 megohm. They were connected to a cathode follower.
by means of silver-silver chloride wire. A 6B b7 valve
with a grid current of approximately 10-10 amps was used in
the cathode follower. This led to a Tektronix 502
oscilloscope. The potentials were monitored on a twin
channel tape recorder. A 3bmm Shackman camera was attached
to the oscilloscope. In this way a contipuous record of
the experiment could be taped and selected potentials filmed.
The tape records were replayed elither onto an Ediswan Pen
recorder or the camera.

A square wave stimulator with a Radio freguency probe
delivered a pulse of variable duration, voltage and freguency.
A frequency of one imphlse per second with a width of 2.5msec
was found to be a convenlient form in which to explore possible
connexions. During the stimulation of each nerve the voltage
was gradually raised. There was a nine-way switch and it

was possible to seclect each of these channels in turp and

stimulate the eppropriate nerve.
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THE ANIMAL

The garden snail, Hellx aspersa, was used 1n allthe

experiments described in this study. The gastropod molluscs
were chosen because of their relatively simple central nervous
system and because of the presence of large brain cells.

The presence of large nerve cells in this animal was recorded
by Nabias in 1894. This animal was chosen in preference to
any other gastropod because of its comparatively large size,
the ease with which 1t can be identified, and because 1t can
be collected locally in large numbers.

In pfeliminary experiments 1t was found that aestivating
and hibernating snails had low resting potentials and the
cells were not spontaneously active. For this reason cells
were always activated prior toause. This was done in the
following way. A guater of aﬁ inch of water was placed
in a glass jar and a bright light was shone onto it.

Several pleces of filter paper were also added together with
the snails to the glass Jjar. In this way a warm hunid
envifohment, together with a ready food supply was created.
The snails soon emerged from their shells and began to crawl
around. After five or six hours in this environment they
were ready for experimentation.

Snails entering their third year were generally used



SALWVARY GLAND N

/

—— =

BUCCAL GANGLION

ANTERIOR GASTRIC
N,

i
i
!/BUCCAL RETRACTO

N.

' LABIAL
N.

OLFACTORY

CERVICAL

N CERVICAL" N.

LEFT PLEURAL RIGHT PLEURAL GANGLION

GANGLION .
* PEDAL N.

| PEDAL N,
| v . RIGHT PARIETAL
? L GANGLION
LEFT PARIETAL GANGLION i)
—— RIGHT PALLIAL

AN

\\ANAL
N.

VISCERAL GANGLION

& v {IPEDAL N,
JLEFT PALLIAL / PEDAL N
N.

A

INTESTINAL
N.

Figure 1 shows the dissection of the nervous system

of a young Helix aspersa to show the major ganglia
and the nerve trunks leading into them. The dissection

is shown from the dorsal surface.



in this study. The nerves of younger snalls were usually
not long enoughe. Older snails developed pigmentation and
calcium deposits within the ganglion tissue and generally
the resting potentials of many of their neurones were low or

difficult to record.

PREPARATTON

In the initial experiments an lsolated braln of Helix
aspersa was used. At first tungsten external electrodes
were used. When glass microelectrodes were used the
connective tissue was removed to expose the neurones.

In the in vivo experiments the snail was removed from
its shell and extended and pinned onto wax in a bathe. The
brain was exposed and the oespphagus was cut and removed to
one side, to expose the sub-oesophagael ganglion. The
nerves were exposed and hooked onto the external silver
stimulating electrodes. Nine of these electrodés were
used in each experiment. The preparation was viewed under
a binocular microscope during the experimenf, and a
magnification of 25x and 50x was used.

Fig. 1 shows a snall brain with the major nerves used in

the stimulating experiments. This was a young specimen in
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which the pleural ganglia, (1 and 5), had not yet fused
ﬁith the parietal ganglia, (2 and 4). Between the two

- parietal ganglia is the visceral ganglion, (5). Beneath
this complex of ganglia are the two pedal ganglia. These
seven ganglia are connected with the supra-oesophageal

ganglia by two pairs of connectives.

Leaving each parietal ganglion is a single large nerve
trunk, the pallial nerves. These pass mainly to the
lateral body wall musculature. There are two large nerve
trunks leaving the visceral ganglion. The more dorsal of
them is the intestinal nerve, and the more ventral of them
the anal nerve. These send branches to the body viscers,
the heart, etc. Associated with the pleural ganglia are
three pairs of cervical nerves. There are ten pairs of
pedal nerves radiating from the pedal ganglia. These

innervate the muscles of the foot.

Passing between the five dorsal and the two ventral

ganglia of the sub-oesophageal ganglionic mass 1s the aorta.

From the supra-oesophageal ganglia nerves run to the
eyes, the olfactory tentacles, the buccal mass and ganglia,

the reproductive system, and the collumellar muscle.
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RIKGER SOLUTION

Throughout the experiments described in this study a

70% frog Ringer solution was used, (Cardot, 1921).

All the drugs used in this study were made up in this

solution, the pH of which was 7.2 Carbon dioxide was

blown into the solution and the pH remeasured, it was 7.19.

Several'of the drug solutions were tested for their pH.

The results are summarised in the following table:

DRUG pH CONCENTRATION OF DRUG
Acetylcholine 7ed 5 x 107° g/ml

Higtamine hydrochloride 6e'7

7.1

Te2
Dopamine | 7ol
Senecioylcholine Te2
Urocanylcholine Te2
Butyrylcholine 7.15
Crotonylcholine 7.0

1

1

X

X

At physiological concentrations the pH does

affected by the addition of the drug.:

10—4
1075
106
1074
1074
107°
104

10~4

not appear to be
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APPLICATION OF DRUGS

In all experiments known amounts of drugs were released
over the preparation via a pipette. Initially Iml of
solution was applied either close to or over the experimental
cell. In later experiments smaller amounts of liguid, C.1
to 0.3ml, were applied using the same method. The smaller
volume 1t was hoped would reduce any mechanical response
resulting from the addition of larger amounts. The lowest
concentration of the drug was applied first and the
concentration gradually increased.

All the drug concentrations are expressed in terms of

6

grams per millilitre. Thus a solution of 107~ contains one

part of the drug in a million parts of water. The only
liquid used, DWAE, was made up v/v instead of w/V.

=z
Dilutions of 10"6 and more dilute are considered to be

physiological, while those more concentrated are considered /
to be pharmacological. The experimental bath contained |
10ml of solution, so\in determining the final concentration
of a drug this had to be ﬁaken into consideration.
Concentrated test solutions were made up and stored in
the refridgerator. They were diluted during the course of

the experiment and applied, the most dilute first.
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EECORDING ELECTRODE

For the initial experiments a fine tungsten glass
external electrode was used. This recorded from within
the surface of the whole suboesophageal ganglionic mass.
The connective tissue was not removed from over the ganglia.
This meant that applied drugs had to first penetrate the
connective tissue over the neurones. It was found that
on removing the connective tissue the nerve activity
disappeared, though the reason for this was not clear.
The results from these sxperiments are not described in
this accounte.

It was thought necessary to record from individual
neurones, and for this purpose glass microelectrodes were
made. They were manufactured from Pyrex glass tubing
with an external diameter bore of 4mm and an internsal
diameter bore of 2.0mm. These were pulled on a locally
constructed vertical machine, initially under gravity and
then under the influence of a solenoid.

The microelectrodes were first filled with absolute
alchohol under reduced pressure at approximately 60°C.
When they were filled with the alcohol it was displaced
by distilled water and then in turn this was displaced by

3M KC1.
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MARKING OF THE CELL

The electrodes used in the marking experiments were
pulled in the normal way but thé&m;ére filled with 2.5M
KC1l and 0.5M NayFe(CN)g. IOHg0, sodium ferrocyanide.
Activity could be recorded from a penetrated neurone for
several hours without deteriation of the shape of the action
potential. At the end of the experiment a current was
passed through the electrode, the inside of the electrode
acting as the cathode, and the bath as the anode. A. D.C,
voltage of up to 30V could be applied across the electrode tip.
The sudden application of this voltage to the cell in the
intact brain of an in vivo preparation often resulted in

a movement of the animal and the electrode then came out of

the cell. To overcome this, O.35M Mg012 was added prior

to the application of the voltage. The preparation was
left in this solution for ten minutes.

It was often found that the electrode tip quickly
polarized and the current then fell to zero. When this
happened the polarity of the electrode and the bath was
reversed several times. This generally removed the
polarization and permitted the passage of a current.
However, on occasions this had no effedét. Then a voltage

of 170V D.C. was substituted for the first supply and this



Figure 2 shows a section through the sub-oesophageal
ganglionic mass of Helix to show a marked cell.
The marked cell is blue against a pale red eosin

background. Only the cytoplasm has stained.
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passed through the electrode for a few seconds to depolarige
ite. The 30V D«C. supply was then replaced and the current
passeds With a current of 5 to 8 pamps, the current was
allowed to flow for 10 minutes. The electrode was then
removed and a few drops of I.IM FeClg solution applied over
the cell. If the marking was successful, then a Prussian
blue colour filled the cell. This was due to the ejected
ferrocyanide lons combining with the ferric chloride.

The brain was then removed from the animal and fixed in
90% alcohol. The brain was then cleared, embedded and
sections were cut at 10 e and lightly stained in eosin.
A photograph of a marked cell can be seen in Fig. 2.

The stain was restricted to one cell. It is interesting

to note that in many cases the nucleus did not take up the

staine.
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Figure 3 shows the positions of neurones capable of being driven antidromically
and also in some cases orthodromically.

The neurone axon is always in the nerve
trunk which leads directly into the ganglion in which the neurone is situated.

In the right parietal ganglion can be seen a small group of neurones with
similar efferent axons.
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Figure 4 shows the positions of neurones capable of being driven antidromically

and also in some cases orthodromically. The neurone axon is always in a nerve

trunk which leads into a ganglion other than the one in which the neurone is
situated.
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RESTILTS

PHYSIOLOGICAL NEURONOGRAPIIY

In an attempt to trace some of the anatomical connections
of the neurones in the snail brain, 236 experiments were
carried out using the physiological neuronography technicue.
The results are summerised in figures 3 to 8.

From figures 3 and 4 1t 1s not clear as to whether the
efferent axons of the neurones emerge into the nerve trunk
leading from the ganglion in which they are situated or
whether they emerge rrom an adjacent ganglion nerve trunk.
Both situations obviously occur, but is is suggested that the
pathways of figure 3 will prove to be the usual route. Small
groups of cells are present in both parietal ganglia which
lead out directly via the emerging pallial nerves. From
figure 4 it can be seen thaﬁ there 1s no tendency for ﬁhe

efferent axons of pneurones in, for example, the right parietel

(0]

ganglion, tb emerge via the left pallisl nexrve. There 1s
only one occurrence of such pathway in fiLgure 4. Th~ lsclk
of this crossing over of axons may be contrasted with that
found in both vertebrate and annelld systems. It would
appear that the lntestinal nerve has efferent axons from
neurones of both parietal ganglia. So far the maximum
number of synspses onto a neurone is three, that iz, cction

potentials have been Jriven orthodromically following the



/

LEFT
CERVICAL

RIGHT
CERVICAL

Q
O\ o

l% RIGHT
RIGHT PALLIAL
LEET PEDAL
@ PALLIAL X
N/

N\

LEFT <V D ANAL
PEDAL

e

INTEST INAL

Figure 5 shows the positions of neurones capable of being driven only orthodromic-
ally., The afferent axon is in the nerve trunk which leads directly into the
ganglion in which the neurone is situated. In three cases described in the figure

a second afferent axon also synapses onto the meurone, in this case from a nerve
trunk which leads into an adjacent ganglioun.
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Figure 6 shows the positions of neurones capable of being driven only

orthodromically. The afferent axon(s) is in a nerve trunk which leads into

a ganglion other than the one in which the neurone is situated. As many as

three axons synapse onto the same neurone. There are many more examples of

this typé of synapsing than of the type found in figure 5.
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stimulation of three different nerve trunks.

The pathways outlined in figurés 5 to 8 are all in
response to driving the action potentials of the neurone.

In many additional cases, the asctivity of the neurone has
besn éltered without directly driving the cell activity.
Some of these experiments will be described later. It is
highly probable that many of the orthodromic synapses shown
in the flgures synapse via interneurones. It should be
remembered that there 1s no real evidence concerning the
morphological nature of the synaptic connections. There 1s
no direct evidence for some-axon connectlons and i1t has been
suggested that most of the synapses will be between axons in
the neuropil, (Nisbet, 1961).

In figures 5 and 6, cells which could only be stimulated
orthodromically are shown. The vast majority of such
neurones recelve synapsing axons which enter the brain via
nerve trunks which do not enter the ganglion in which the

»
neurone 1s situated. As can be seen from figure 6, most
of the experimental neurones are located in the right parietal
ganglione. These cells recelve a large number 6f synapsing
axons from the left pallial merve and the inteétinal Nerve.
It is suggested that the neurones in the left parietal

eganglion will likewise recelve afferent synepsing axons from
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Figure 7 shows two neurones so far traced in the pedal ganglion. One was driven
antidromically and the other orthodromically. These studies are to be extended.

The nerves shown in the figure are three of the ten pairs of pédal nerves.
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Rigure 8 shows the p051t10ns of neurones so far mapped in the rlght supra-
oesophageal ganglionic mass. Only orthodromlcally stlmulated links have so

far been observed in thls reglon. These studies are to be extended.
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the right pallial nperve.

The nine ganglia of the snall brain did not prove all
ecually accessible to microelectrode examination. This
was partly due to the availability of large cells, and also
the avallability of nerves via which the cells could be
stimulated. In head region many of the nerves are short,
less than Imm in length and proved difficult to stimulate.
The cells in the supraoesophageal ganglia are rather small,
less than 50 P-in diameter.

Pligures 7 and 8 are the results of preliminary studies
of mapping the neuronal connections in the pedal and supra-
oesophageal ganglia.” It is hoped at a future date, to
greatly extend these studies.

A series of the stimulation experiments will now be
descrihed to indicate the types of responses obtéined when

the nerve cells are stimulated through the axons.

AN ANALYSIS OF THE RESPONSES OF THE

NEURONE MEMBRANE TO STIMULATION.

When a nerve leading to the brain of a snail is
stimulated, one of several things may be observed in the
experimental cell. There may be no effect. Sometimes

the spontaneous activity of the cell is sccelersted or
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C = 20 msec,

Eigure 9 compares the shapes of orthodromically and antidromieally
driven e.p.s.p.'s, pseudopotentials, and full action potentials.

A). and B). are antidromic and C)}. is an orthodromic e.p.s.p.

D). and F). are orthodromic and E). is an antidromic pseudopotential.
G). and H). are orthodromic and J). and K}. are antidromic

action potentials. The delay time in K). is 6.5msec and in

G). it is 20msec.
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inhibited. The cell may adapt to this stimulus or 1t may
alter its reaction. Stimulation may drive the cell, produciu;
full action potentisls, pseudopotentials, excitatory or
inhibitory potentials‘or a combination of these bioelectric
phenomena.  The cell may show adaptation, sumation or
facilitation. The cell may be capable of being driven anti-
or orthodromically. There may be ipsilateral and
contralateral anteagonlsm Oor synerglsen. Many times only one
of a pair of nerves elicits a respbnse. Examples of these
different types of responses will now be given.

In describing these experiments the stimulus voltage is
normally giwven. The frequency of stimulation unless
specifically stated is one per second and the width of the

stimulus 1s 2Q.5Bmsec.

| / THE PROBLEM OF ORTHO- AND ALTIDROMIG STIMULATION

One of the problems in.tracing the conpexions in the
central nervous system is to distinguish between orthodromic
and antidromic stimulation. In this study three main
criteria have been used.

A short delay time between the stimulus artifact and
the potential has been taken as an indication of antidromic

stimulation, figure 9. In figure 9G there is a much larger
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delay time between the artifact and the action potential.

- . - / s
This is an orthodromic stimulation. In this case the rate

of conduction along the nerve has to be taken 1uto comsideration.
It would sppear that the rate of conduction along the pallial
nerves does not exceed 1l00cm per second, that is one millimetre
per milli-second. The rate of conduction along the ilntestinal
and anal nerves 1s lessg that is 50cm per second or half a
millimetre per milli-second.

The second criterion depends on fhe fact that an
electrically induced excitatory potential has a relatively
fast rise fime compared with a chemically induced excitatory
postsynaptic potential. This 1s shown in figure 9. ¥Figures
9A and B are €.P.S.P.'S induced by antidromic stimulation
while figure 9C is one induced chemically\by orthodromic
stimalation. Figures 9D, E and ﬁ éhow three pseudopotentials,
one resulting from antidromic stimulation (E), the others,
D and ¥ from orthodromic stimulation. The orthodromic
pseudo potentials, figures 9D and ¥ have a longer rise time
than the antidromic potentials figure 9E.

The. third criterion is the presence of a step on the
rising phase of the full action potential, figures 2J and K.
The step of the antidromic spike oécurs at the firing level
of the cell soma. It represents the transition from the

electronic spread of the spike in the axon to the spike



Figure IO .




Figure I0 shows spontaneous and induced generator-type potentials.
A)}. Spontaneous activity in the form of a long depolarization,
accompanied by an increased rate and a fall in the height of the
action potentials.,

B). A driven generator potential with superimposed pseudopotentials.
C). The shape of the action potentials shown in A}. The action
potential had a duration of 20msec.

D). Stimulation of the left pallial nerve of cell 229 produced

a burst of activity.

E). An action potential with a large positive afterpotential. The
afterpotential was about I8mV in height. |

411 the figures, except B)., are from the ssme neurone.
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potential of the soma, and so indicates an antidromic
propagation. Figures 9G and H represent orthodromic
stimalation along different nerves. All four records, G

to K are from the same neurone.

GENERATOR-TYPE POTELTIALS

Figure 1OA shows the type of spontaneous activity recorded
from a cell. As the rate of activitj increased 80 the
resting potentiél depolarized and the height of thé action
potentials fell till the resting potential level was -23mV.
The resting potential then slowly repolarizéd to 1ts previous
level of 43/32mV at each action potential.  The shape of
the action potentials can be seen in figure 10C. This was

~This cell could not be driven and while raising the voltage

o . [T :, e

A

ﬁﬂbf ﬁhe_gﬁimu;us to the right paliiai nerve the reéting
potential fell to zero and did not recover.

lelﬁ@ﬁé\was a spontanequsly active cell which could be
.driven orthodromically to show both full action potentials
and e.peS.p. ' s.Figure 10 B shows the response to stimuiating
the cell via the left pallial nerve. The cell membrane

responded by & depolarigation of the resting potential from

-65 to 55uV which was maintained during the period of
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Figure II shows both acceleratory and inhibitory responses to
stimilation, in the absence of driving the cell; and the replacement
of spontaneous activity by driven action potentials.

A). Acceleration due to the stimulation of the right pedal nerve,

B). The inhibition of spontaneous activity and the driving of the

cell via the left pallial nerve which adapts.

C)e Acceleration via the right buccal nerve.

D). Driven action potentials on stimulation via the left pallial nerve.

The duration of the action potential is 27msec.



- 128 -

gstimulatione This resembled a generator potential. On
stopplng the stlmulatlon, the resting potential slowly repolarized

to its previous level.

ACCELERATION OF SPONTANEQUS ACTIVITY

Cell No. 144 was spontaneously active. Stimulation

e T

could accelerate the spontaneous activity or this cell,

figure 11lA. In this case the right pedal nerve was
stimulated with a frequency of I/sec and a voltage of 3.3V.

A burst of activity could be obtained by stimulating the

T e N

right buccal nerve, nlgure 11C.  The spontaneous activity

of the cell could be inhibited by stimulating the left

pallial nerve with the same voltage. Stimulating via this

nerve produced €.pP.S. DS These adapted after 18sec. The

e T TR

voltage of the stlmulatlon was then rsised and the cell was
redriven, figure 11E. Bven at this higher voltage the cell
soon adapted. The presence of the e.pe.s.p., and the shsape
of the potential indicated that the cell was being driven
orthodromically, figure 11D. It is possible that the cell
was being driven naturally via this pathway, the left pallial

N

nerve, and stimulation inhibited the natural rhy thm.

-
) }
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Figure I2 shows more non-driven responses which lead to both

physiological and pharmacological effects. A). and B).; D).

and E).; are from the same neurones; C). and F}. are from
different neurones.

A), Stimulation via the left pallial nerve caused physiological

-

acceleration.

B). Stimulation via the right cervical nerve caused
pharmacological acceleration,

). Stimulation vis the right cervical nerve vas initially

| physiological but later became pharmacologicai.

D). This was a spontaneous burst of activity.

/ E). This was & burst of activity induced by stimulating the

/ left pallial nerve,

F). This shows an inhibitory pause followed by pharmacological
acceleration after stopping stimulation of the right pallial

" nerve.



The same cell can exhiblt both a physiological and

Sy

stimulated. Cell Ho. 285 was spontaneously active, but
could not be driven. Stimulation of the left pallisl

nerve with a voltage of 4V caused slight acceleration,

figure 124. This was accompanied by an incresse in the
duration of the action potential. The action potential

sobn returned to its normal shape. Stimulation of the

right cervical nerve at the same voltage slso accelerated

the activity, but this lead to a more drastic pharmscological
response, figure 1l2B. The cell did not recover from this
stimulation. This stimulation probably released a

vharmacological couoentratlon of cnemlcal transmitter. 1In
another cell (lio. 259), stimulation of tﬁgﬂflght cervical
nerve produced an acceleratory effect which graduslly
became pharmacological, figure 12C. Thig cell had action
potentials of 2 heights, figure 10C. As has already been
mentioned, the activity of some cells occurred in bursts,
figure 12D. This burst could be induced by stimulating

the left pallial nerve, figures 10D, & and 12E. The action

potehtial in this case had a very large positive afterpotentisl,

figure 10ORE.
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CHESSATION O STIMULATION

Stopping the stimulation to a cell may have more effect
on the spontaneous activity than the actual stimulation
itself. <§ﬁ_?xample ?E};/béndescribed. Noe. 161 was an
sctive cell iﬁw¥£éxﬁiécéral ganglion with a rate of o/sec.
action potentials. Stimulating the anal nerve with a voltags
of 5.8V, drove full action potentials with a delay of 3Emsec.
The driven action potentials did not affect the rate of the
spontaneous activity. Thus, the spontaneous activity, if
it was due to syuwaptic action, was belng stimulated via
another nerve. Stimulating the right pallisl nerve with
a voltage of 4.5V partially inhibited the activity. When
this stimulation was stopped, there was a short inhibitory
period and then the raté of the activity greatly incressed,
figure 12F. The rate of activity slowly fell, but did not
return to its previous level. The height of both the action
and resting potentials fell, and the duration of the action
potential lncreased. These did not return to normal. Later
on restimulating the right pallial nerVe, the rate sgain
increased, but the action potentials were replaced by small
depolarizations. Gradually both bioelectric potentisls of

the cell decreased 1n size and finally the cell cepolarized

to zZero. This was an extreme response which is oinly

——
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Figure I3 shows that the action potential shape can change
firgtly during the stimulation of a given nerve trunk and

secondly from one nerve trunk to another., In the latter case !
;ge resting potential was also reduced and this was a
pharmacological response from which the cell failed to recover.
A&). Shows the shape of the potential on stimulating the right
pallial nerve. The duration of the potential was 26msec.
B). Later on stimulating the same nerve as in A). with the
same voltage, the duration of the potential had increased to 32msec.
C). Shows the shape of the potential on stimulating the
intestinal nerve with the same voltage as in A). and B).
The duration of the potential, including the prepoctential,
was 47msec. The normal action potential of the cell failed to
recover,
D). Shows the shape of the potential on restimulating via
the right pallial nerve. The duration of the potential was

approximately 57msec.
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. -3
mimicked by acetylcholine 10 ~ g/ml.

CHANGE IN SHAPE OF DRIVEN POTENTIAL WITH TIVE

Driven action potentials can change their shape with
timee. Generally they increase in curation and often fall
in height. This 1ls termed a pharmacq}ogical type of e
potential. Two experiments wiliwbe cited!rwthM

The first example (io. 202) occurred in the right parietal

ganglion and was sponteneously active with a rate of 1l.5/sec.

Stimulating the right pallial nerve with & voltage of 4.5V

inhibited the spontaneous activity and drove the cell
orthodromically: The delay was 38msec, flgure 14A. Tihe
regponse was all»or none; there were NO . €sPeSe p.'s and no
adaptatione. During the course of driving the cell, the
actlion potential changed in shape, figure 13B. Stimulating

the intestinal nerve with a voltasge of 9.0V drove the cell

orthodromically with a delay of 45msec, figure 13C. In

tﬁis case there Waé no inhibition of the spontaneous activitys
no adaptation, and 0O €ePeSePe’ S The response was all or
none. There wes e difference in shape between the tvo

Griven action potentials. The potential driven via the
intestinel nerve haed o longer duration and a reduced overshoot.

The resting potential was also reduced. The cell did not






Figure I, shows examples of both facilitation and summation

of e.p,s.p.'s to form full action potentials.

A). Sﬁows facilitation of e.p.s.p.'s to form full action
potentials on stimulating the anal nerve. The delay time was 20msec
and the duration of the action potential was ébout 20msec.

B). Another cell shows full action potentials without any
summation or facilitation.

C)., D). and E). are further examples of a cell showing
facilitation and also summation.

F). and G). are examphes of summation to form pseudopotentials
and full action potentials. The duration of the complete potential
in G). is about 80msec. Stimulation is via the intestinal nerve.
H). Shows the shape of i.p.s.p.'s stimulated via the right pallial
nerve. The height of the potential was 2mV.

A). 3 B)., C)., D). and E). ; F)., G). and H). are from the

same neurones.
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recover from the intestinal nerve stimulation, and on
restimulating via the right pallial nerve the driven potential
was greatly altered, figure 13D. The action potential had

a large positive afterpotential.

THE SUMMATION OF c.PeS.Ps's TO FORM PSEUDOPOTENTIALS

AND ACTION POTENTIALS

Figure 14A shows the response to stimulating the anal
nerve withra pulse voltage of 12Ve. This cell, No. 228, was
a resting cell with a resting potential of ~7lmV. The
driven e.pe.se.p.'s facilitated to give full actlon potentials
This was temporal facllitation. These action potentials
quickly adapted and dimipished to e.p.s.p.'s. On raising
the voltage t0 14V the c.p.s.p.'s sgain facilitated to
produce full action potentisls. The delay time was
independent of the voltage applied. This was an antidromic
stimulation, the nerve cell showing a very long prepotential.
It was an acetylcholine sensitive cell. 1t was also
possible to stimulate this cell orthodrbmically via the
left pallial nerve with a voltagé of 12V. —

The next cell to be considered was also silent with a

res*ing potential of -58mV. The cell was stimulated



orthodromically with & voltage of 5.0V. At Tlrst full
action potentials could be driven with a delay of 22msec,

Dot e

=

figure 14B. The cell then began to adept and eep.Se

m

were initially driven which facilitated to first pseudopotentis Lz

and then full action potentials, figure 14C. Later in the

experiment both faciiitafion and summation occurred during

the formatiopn of a full potential, figuresldD and E. It

would appear that facilitation preceded summation in this

cell, The full action potentials had a negetive afterpétenti;lp
In cell Ho. 163, the intestinal nerve Waé driven with a

voltage of 6.0V full action potemtialé and pseudopotentials

could be driven, figure 14F. As can be seen ia the figure,

CePeSePe's summated to produce a pseﬁdbpotential. This was

a silent cell with a resting potentiaiﬂg%M;S5mV. In figure

14G can be seen the swmation of at 1eas£&three EeDeSeDe 'S

to form a full sction potential. It would appear that

often two €epeSep.‘'s would sum to form a pseudopotential and

a third one would trigger the full potential. This response

depended on the state of the membrane since 1t is seen in

the“first figure that similar summation may only form a

pseudopotential. .This cell did not show obvious fscilitaetiorn.

The cell did not adapt. Stimulating the righ pallial nerve

with a voltage of 9.0V drove small l.p.s.p.'s, figure 141,

These guickly adapted.



=) R

f

v

vvvvvvv

waW\

AT Iy ki



Figure 15

in the absence of d1.p.sSepP.'s.

shows inhibitory responses on stimulation

In'the frace the

height of the stimulus artifact is never more than

haIlf the height of an action potential.

A). Shows inhibition
pallial nerve.

B). Shows inhibition
pallial nerve.

C). Shows inhibition
pedal nerve.

D). Shows inhibition
pedal nerve.

E).

Shows dinhibition

pedal nerve.

addition of nicotine, which later had a-

on stimulating the

on stimulating the
on stimulating the
stimulating the

on

on stimulating the

right

left

left

left

left

This inhibition was blocked by the

pharmacological effect on the cell activity.

A), B)., and C).; D). and E). are from the same

cell.
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TYPES OF INHIETTION

Inhibition can occur in three forms:-

(1) cessation of activity without a noticeable change
in resting potential;

(2) =a markgd hyperpolarization of the resting membrsne;

T

(3) driven i.p.sep.'s.
- N
Figures 15A, B and C show the result of an experiment of
cell No. 207-2 in which stimulation of the right pallial
nerve, the left pallial nérve, and the left pedal nerve

inhibited spontaneous actlvity, There Were No l.pesep.’

S
and no change in the resting potential of the cell. The
inhibitory effect fell off with time, adsptation, and was
not blocked by nicotine.

This type of inhibition was found to occur severasl times.,
In the case of cell No. 201, ﬁhere there was 1lnhibition but
N0 lepese.p., inhibition lasted for up to 1%sec after the
eessation of stimulation, figure 15D. There was, howsever,
some hyperpolerization of the cell, the resting potential
tose from 40 to 48mV. Nicotine blocked the inhibition,

ficure 15HE.






Figure:I6 shows induced inhibition accompanied by i.p.s.p. 's.
A}. The first group of stimulations via the left palldal nerve,
each stimulation produces an i.p.s.p. The inhibition lasted for
about 4 sec. after the stopping of the stimulation.

B). The second burst of stimulation via the same nerve. The
induced i.p.s.p.'s were quickly replaced by a sudden hyperpolarization
of 3mV which then gradually adapted.

C). The third burst of stimulation via the same nerve, from
which the cell adapted and the activity returned during the
stimulatory period. In this case there were neither i.pesS.p.'s
nor e merked hyperpolarization,

D}. Shows the shape of a driven i.p.s.p. on stimilating the
right pallial nerve., The i.p.s.p. had a hyperpolarization of
IOmvV.

E). Shows the shapes of driven and spontaneocus action potentials.
The driven action potential had a duration of 50msec and the
spontaneous potential a duration of 74msec. The height of the
former was 40mV and of the latter 35mV.

F). Shows the shape of an i.p.s.p. driven by stimulating the same
nerve as in E). but later in the experiment. The height was IOmV.
G). Shows a driven i.p.s.p. followed approximately I50Omsec later
by a small action potential. The cell was beginning to run down

( the resting potential was beginning to deteriorate).



T.PeS.T.

Cell No. 220 was a spontaneously active cell.
Stimulating the left pallial nerve at a voltage of 6.0V,
completely inhibited the spontaneously activity, figure 164,
which gradually sdapted. The method of inhibition was of
interest. Figure 16A shows inhibition involving at each
stimulus an il.pe.s.p. together with a gruadual hyperpolarization.
Whein the stimilatlion was stopped, the RP slowly depolarigzed
and the activity continued. When the same voltage was
reapplied, there was a mmuch more marked hyperpolarization
which gradually adapted, figure 1l6B. On applying the same
voltage for the third time, there was neither a marked
hyperpolarization nor i.pe.s.p.'s, snd the activity returned
while the nerve was stlll being stimulated, figure 16C.

The final inhibition lasted for 8~1O0sec.

When stimulating the right pallial nerve was stopped,
there was an increase in the rate of activity. This cell
was insensitive to acetylcholine.

Cell No. 197 wes a silent cell with a resting potential
0f —A41mVe gtimulating the intestinal nerve with a voltage
of 5.6V, drove pseudopotentials with a delay of 4Omsec.
There was no adsptation. Stimulating the right pallisl

nerve with a voltage of 5.0V it was possible to drive i.Des.p.'c.
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These were accompanied by a hyperpolarization to -53nv,
figure 16D. These gradually adespted snd the resting potential
depolarized towards its previous level.

In stimulating the intestinal nerve with a voltage of
5.6V drove full action potentials in cell No. 148, with a
delay of 20msec. There WETre NO GePeSeD.'s and no adaptation.
Both driven action potentials and spontaneous ones occurred, .
figure 16E. The heilght of the spontaneous action pgégﬁfisl
wag less than the driven pbtential. Later stimulating on
the same nerve with the same voltage inhiblted the activity
and drove ie.p.se.p.'s, figure 16F. The delay for the
iepe.S.p.'s was 40msec. These adapted to driven action
potentials again with a delay of 3Omsec. With the same
voltage, width agd frequency, stimulating the same nerve
could produce a variety of responses. On raising the
voltage to 9.0V, iep.s.p.'s and inhitition sgain occurred.
The value of the resting potential prior to a driven action
potential or i.pe.s.p. was the same. At the higher voltage
the cell again adapted and the i.p.s.p.'s were replaced by
action potentials. It was possible to find a driven i.p.s.p.
followed by an action potential, figure 16G. Toward the
end of the experiment the cell began to run down.

In another cell (lio. 202) the driven i.pe.s.p.'s dia

pot interfere with the spontaneous activity. On stimulating
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Figure I7 shows more inhibitory phenomens associated with
iePesSep.'s. Both i.p.s.pe.'s and action potentials ocecurred
together. B). and F). are records from the ssme neurone
stimulated via the same nerve trunk at two points. The difference
in delay time can give an indicetion of the rate of conduction
along the nerve.

4). Shows the shape of the i.p.s.p. induced by stimulating the
right pallial nerve. The time delay was: 48msec and the height
was 8mV. The duration of the potential was over 200msec.

B). Shows the presence of both i.p.s.p.'s:and full action
potentials.

€)e Shows three superimposed i.p.S.p.'s each smaller as the
resting potential hyperpolarized. _
D}. Shows both driven i.p.s.p.'s and spontaneoﬁs action potentials.
The duration of the i.p.s.p. was: 230msec.

E). and F). Shows the delay time in response to stimulating at

two different points along the intestinal nerve.

&), B)., G). and D). ; and E). and F). are from the same neurones.
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the right psllial nerve at a voltage of 4.0V, 1eDeSep.'s
were driven, figure 17A. Figure 178 shows that while
i.p.s.p.'s were belnv driven the spontaneocus activity still
continued. The size of the il.p.s.pe. would appear to be
associated with the resting potential level, figure 170.
From the figure it can be seen that as the resting potential
was hyperpolarigzed, so the size of the i.p.s.p. was reduced.
Figure 17D also shows a driven i.p.s.p. and a spontaneous

action potential. The cell did not adapt to the stimulation.

RATE OF CONDUCTION ALONG PERIPHERAL NERVE

In some experiments 1t was possible to place two sets
of stimulating electrodes on the one nerve trunk. From the
difference in the delay time between the stimulus artifact
and the action potential, and knowing the distance between
the two sets of electrodes, it was possible to calculate
the rate of conduction along the nerve. An example is
shown in flgures 17 B and ¥, where the electrodes were 16mm
apart and the difference in the delay time was 76msec. This
gave a rate of conduction of 2lcm/sec.

Though there was some scatter, there appeared in general
to be two peasks of conduction, one fast and one slow. These

are shown in the following table:-
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NERVE FAST RATE SLOW RATE
ANT I~ ORTHO~ DROMIC CONDUCTION
Intestinal n. 7Ocm/sec. 30cm/sec.
Anal n. 70cm/sec. 30cm/sec.
Left Pallial n. 100cm/sec. 30cm/sec.
Right Pallial n. 100cm/sec. 30cm/sec.
Pedal nerves - 30cm/sec.

The fast might be associated with antidromic conduction
whilst the slow rate could be due to orthodromic conduction
and the passage of the action potential over a synapse. In
many of the slow cases, the stimulation gave rise to an‘
€ePeS.p. Which summated to form a full action potential.
The pallial nerves conduct at a faster rate than the intestinal

and anal herves.

RECORDING ¥ROM DIFFERENT AREAS OF THE SOMA

The following experiment would support the ldea that
the shape of the action potential is partially dependent

on the point of recording in the soma. Cell Lo. 130 was

active wlth rate of actlion potentials of 4/sec. The cell
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Figure: I8 shows that the shape of the action potential and
afterpotential varies depending on the point of recording in

the soma. E). and F). ere from another cell which adapted from
full action potentials t0 €sDeSeDs !s.

k). Shows: the shape of the action potential and afterpotential

in response to orthodromic stimulation vie the: left palliel nerve.
The. e.p.S.p. has;a slow rise time, The delay time is 7msec. There
is;a small depolarizing potential during the afterpotential. This.
wasg: absent when recording from another area of the soma.

B ). Shows the shape of the action potential in response to
antidromic stimulation via the right pallial nerve. Here there

iss a: sharp'rise time mf and a delay time of 5msec.

€). Shows the shape of a full action potential induced during

the recovery time of a psesudopotential. The action potential
probably synapsed via a synapse different from the one which
induced the pseudopotential.

D). Shows the shape of an antidromic action potential driven on
stimulating the intestinal nerve. The delay time is IOmsec.

E). Shows the seme action potential as: in D). but 6 sec. later.
F). Shows that the action potentials of D}. have adapted to
pseudopotentials. F). was filmed I2 sec. after D).

k) and B). ; €C). ; and D)., E). and F). are the same neurones.
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was located in the visceral ganglion. It could be driven
orthodromically via the right pallisl nerve with a stimulus
voltage of 4.5V, and a delay of Bmsec. The cell gave both
GePeSepe's and full action potentials, figure 18A. The
latter had an interesting depolarigzation following the
positive afterpotential. The cell did not adapt. Later
the microelectrode came out of the cell. The cell was
repenetrated and could be driven antidromically via the left
pallial nerve with a stimulus voltage of 3.3V. The action
potential was of normel shape, Tfigure 18B. Thé delay was
6msec, and there were no CePsSeDa ' Se The response was all
Or none. An adjacent cell showed a good exsmple of swamation,

figure 180.

DRIVEN CELLS WHICH ADAPTED WITH TIME

Cells which could be driven antidromically or
orthodromically adapted with time. The ddaptation of the
full action potentials could either be t0 €.peSepe's or a
complete adaptation where the stimulus had no'effect on the
cell. In either case these cells were usually silent.

Antidromic stimulation of the inteéfinal nerve with a

voltage of 4.0V drove full action potentials in a silent
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Figure I9 shows another cell which quickly adapted when
driven; above a certain voltage input via the stimulated
nerve the cell ceased to adapt.

A). Shows that the stimulation of the intestinal nerve
drove full action potentials which adapted.

B). Stimulation of the left branch bf the left pallial
nerve drove full action potentials which adapted.

C). Bhows the shape of the action potential driven
orthodromically in A). The time delay was 38msec.

D). Shows the shape of the action potential driven

in B). The delay time was 22msec. This delay time was
rather long for antidromic stimulation. '

E). Shows the effect of nicotine on the driven gction

potential and on the resting potential of the cell.
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cell, llo. 152, with a resting potential of ~b56mvV, figure

18D Initially the action potential was preceded by a

soma potential but this disappeared, figure 18E. After
7sec the full action potential wes replaéed‘by BeDeSePe 'S
which facilitated to form small pseudopotentials, figure 18F.
On raising the voltage the full potentials could again be
driven for a few seconds.

It is possible by varyiag the voltage to change an
adapting cell into a non-adapting cell. The presence or
absence Of e.pesS.p.'s can depend on the nerve stimulated.

The type of response obtained on stimulation would appear to
depend on the properties of the synaptic membrane stimulated.
It is possible that certaln synaptic membranes are cspable
of graded responses while others are not. Cell No. 205 in
the visceral ganglion had a resting potential of -68mVe.
Orthodromic stimulation of the intestinal nerve with a
voltage of 8.3V drove full action potentials, figure 19A and C.
The response was all or none, there were N0 e.pe.SePe's, and
the cell guickly adapted. Relsing the voltage to 3.9V
redrove the cell for 2lsec before it adapted. At s Voltage
of 4.7V there was Do.adaptation. Stimulating the left fork
of the left pallial nerve with a voltage of 4.5V, the cell
mae also driven orthodromlcally, figures 19B and D. Liere

it may be noted that the full action potential threshola
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Figure 20 shows the response from a cell which could be driven
on three nerves and which did not adapt on any of then.

In this preparation it took 7msec to cross from the right

to the left parietal ganglion.

A). Stimulation of the anal nerve drove full action potentials
which did not adapt, summate or facilitate.

B8). 3hows the shape of the action potential driven
orthodromically via the anal nerve in A). The delay time

was Z2msec.

C). Shows the shape of the action potential driven
orthodromically via the right pallial nerve. The delay

time was I3msec.

D). Shows the shape of the action potential driven
antidromically via the left pallial nerve. ~Here there are
€+PeS.P.'s and axon~-soma prepotentials of the full action

potentials. The delay time was 7msec.




would appear to be less than when the intestinal nerve wes

)

stimulated. The resting potentisl is lower in this case.
There Wwere N0 €«PeS.P.'s and the cell adapted slowly. Later

in the experiment stimulating via the same nerve 1t was
possible to drive e.p.s.p.'s as well as full action potentizls,
these eePeSep.'s sumned to form full action potentials. On
the addition of nicotine there was no»effect for 75sec and

then the resting potential and driven action potential fell

in height, figure 19E. There was no blockage of the driven

action potential.

DRIVEN CELLS WHICH FATLED TO ADAPT WITH TINE ,

The majority of the cells which did not adapt’to being
driven were spontaneously active. Some cells could be
driven both orthodromicaily and antidromically without
showing adaptation.

The cell to be described (lio. 210) could be driven by
three nerves. This was s.cell in the left parietal ganglion
with a rate of activity of 6/sec. Orthodromic stimulation
of the anal nerve with a voltage of 3.9V drove the cell,
figure 20A and E. Each stimulus drove one full action

potential, there were 00 €.peS.De's and no adaptation. The
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Figure 2I shows that driven pseudopotentials and e.p.s.p.'s
may also fail to adapt. In these cells it was impossible
to induce full action potentials. 7

A). Stimulation of the intestinal nerve drove a pseudopotential
which did not adapt.

B). Shows the shape of the pseudopotential of A).

C). SBtimulation of the intestinal nerve initially inhibited
and then accelerated the spontaneous activity.

D). Stimulation of the left pallial nerve drove an e.p.S.p.
which did not adapt.

E). Shows the shape of the antidromically driven e.p.s.p.
of D). The time delay was 5Smsec.

). Shows the shape of the orthodromically driven e.p.s.p.
via the left pedal nerve. The time delay was I8msec.

A). and B).; and C)., D)., E). and F). were the same neurones.




delay was 26msec. With the same voltage 1t was also
possible to orthodromicelly drive full action potentials
via the right pallisl nerve, figure 20C. The delay was
lBmsec. Later 1t was possible to antidromically drive
the cell, via the left pallial nerve with a voltage of 3.3V
here there were occasional e.p.s.p.'s, figure 20D. There
waes a delay of 8msec.  There was no adaptation. Allowing
for the rate of conduction along the right and left pallial
nerves to be the same, then 1t took Tmsec Tor the orthodromic
impulse to pass through the ganglionic mass from the right
to the left parietal ganglion. The axon-soms prepotential
of the antidromic potential can be seen in the figure.
Pseudopotentials can also fail to adapt. Cell No. 151
mas 1n the right parietal ganglion with a resting potential
of -62mvV. Stimulating the intestinal nerve with a voltage
of 5.0V drbve pseudopotentials with a delay of 20msec, figure
214, There was no adeptation, and neither e.p.s.p.'s nor
full action potentials could be drivern. The pseudopétential
hed an 1lnteresting second peak superimposed on the reéovery
period, figure .21B. This might be due to a postsynaptic
potential stimulated via awnother pathway. | The sharp rise
time of the pseudopotential indicates antidromic stimmlstion
bt the delsy time was rather long.

TeNeSeDe' & can also fail to adavnt. Cell No. 1%9 was
I P ¥
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sctive 1n the left parietal ganglion. Stimulating the
lntestinal nerve with & voltage of 4.0V initially inhibited
the activity and then accelerated it, figure 21C. Anui-
Aromically stimulsting the left pallial nerve with a voltage
Of 3.3V Arove cep.S.p.'s with a delay of 6émsec, figure 21D
and E. Increaging the voltage falled to induce either
psendopotentials or full action potentiasls, The cell did
not adapt. Orthodromically stimulating the left pedal nerve
with a voltage of 3.3V slowly rising to 6.0V, also drove

€ePeSeps's with a delay o

)

19msec, figure 21F. Ho action

potentials could be induced anda there was no adaptation.

SYLERGISTIC RESPONSES BETWEEN IPSI- AND CONTRALATERAL 1.ERVES

In many animels there ls a synergistic-antagonistic

relationship between ipsi- and contralateral nerves. The

52}

functional significance of this may be found in the neceselty
to have sntagonistic muscle movements when an animal, for
egxample, turns to the left or to the right. The precise
functional situation in the parietal ganglia is not clear,
but it was thought worth whileAinvestigating the reactions
of the cells 1n the ganglis to stimulation of the ipsileteral

£nd contralateral nerves.
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Figure 22 shows that both nerves of paired nerve trunks may
influence the activity of thevsame cell. The response may be
synergistic or antagonistic.
4). (i). Stimulation of the left pallial nerve accelerates
the activity while

(ii). stimulation of the right pallial nerve inhibits
the activity.
B). Shows the shape of the e.p.s.p. in response to stimulating
the right paliial nerve. The dela¥y time is 40msec.
C). Shows the shape of the action potential in response
to stimulating the left pallial nerve. The delay time is
about 50msec.
D). Shows the shape of the action potential in response
to stimulating the left pallial nerve. The delay time is
about IOmsec.
B). The response on stopping the stimulation to the right
pedal ganglion.

A).;and B).: and C). and D). are from the same neurones.




On stimulating the left pallisl nerve with a voltage
of 6V, the spontaneous actlvity of a cell in the right
parietal ganglion was accelerated, figure 224(1). When
the xight pallial nerve wes stimuleted at the same freguency,
width and voltage, the spontaneous activity was inhibited,
figure 224(ii). This inhibition gradually adapted. There
WEre NO LlePeSepPe 'S When stimulation via the right
pallial nerve ceased, there wss a burst of activity. The
cell then became silent. Stimulation of the intestinal
nerve at a voltage of 4V induced & burst of activity. Thess
WETC CePoSeDes ' Se

In another experiment stimulating the right pallisl
nerve with a voltage of 3.9V drove €.p«.SeD.'s of 4nV height
and 1lObmsec duration, with a delay of 40msec, figure 22R.
Stimulating the left pallial nerve at a voltage of 3.5V
drove full sctlon potentials with a delay of BOmsec, figure
22C. The response gradually adapted. These were both
grthodromic stimulationse The cell responded to acetylcholine
by an increase in the rate of the spontaneous activity and
the formation OF €ePsSeps'S.

It was also possible to affect the spontaneous activity
of the same cells via both pedal and both pallial nerves.
Cell Noe. 181 was in the right parietal ganglion and 1t had

o spontaneous frequency of 6/sec. Stimulation of bLthe 1ot



pallial nerve with a voltage of 4V drove full action
potentials with a delay of 40msec, figure 22D. There
Were NO GsPeSepo's and the cell did not adapt. The rate
of the spontaneous activity was no affected. Stimulating
the right pallial nerve with a voltage of 4V also drove
full ac%ion potentials with a delsy of 24msec. The cell
¢id not adapte. On stopping the stimulation of the right
pedal nerve with a voltage of 4.5V, the spontaneous activity
was inhibited, figure 22F. It gradually recovered.
Stimulating the left pedal nerve with a voltage of 3.3V
accelerated the activity. This acceleration was inhibited

on stopping the stimulation. | There was noctchange in the

action potential shape. This acceleration included the

appearance 0L €sDeSe.Pe type depolarizations. The addition

of 5-HTP accelerated this cell.

CONCLUSIONS

These experiments demonstrate certain properties of

the neurone membraene of the snail.

(1) It is possible to drive a cell either anti- or

orthodromically.

(2) It is poseible to distinguish between anti- ang orthodromic

gtimulation.



(4)

(6)

(7)

(8)

~ 146 -

The driving may or may not affect the spontaneous
activity. This sponteneous activity may occur in a

variety of forms.

The cell may or may not adapt to stimulation. It is
more likely to adapt if the cell is silent. The cell
adepts more often to orthodromic than to antidromic

stimulation. This may be associlated with the fatigue

of the synapse.

The driven cell may TOIM €ePeSeDe 'S, LePeSep.'s,
pseudopotentials, or full action potentials. On
stimulation 1t may produce one of these bioelectric

phenomena, two or more of them, or none of themn.

The cell may exhibit temporal or spatial summation or

facilitation.

The size of the i.p.spp.'s is associated with the

resting potential size.

There are several types of inhibitory response, that is,
ihhibition may occur without a noticeable change in the
resting potential, it may occur via a hyperpolarization
of the resting potential, or it may be associated with

iePeSepe’ So
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(9) There may be synergism between ipsi- and contralateral
pairs of nerves or between nerves on the same side of

the body.

(10) The shage of the driven action potential depends on the

gite of recording along the soma.

(11) A cell may produce more than one height of action

potential.

(12) The action potential shape may differ depending on the
nerve stimulated. This may be associated with the
release of differ=snt chemicals at the different

presynaptic membranes.

(13) The rates of conduction Aiffer in the different nerve

trunks.

(14) During the course of an experiment the membrane properties
of a cell may vary.

These experiments allow the following inferences:-

1. It is possible to drive a cell so that stimulation via
one nerve will bring about normal action potentials, aud

these can be inhibited by stimulating another ncrve.
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2. It is possible to drive the cell by stimulating both
nerves, the action potentlals belng of the same shape

and nature.

3. It is possible to drive the cell by stimulating both
nerves, the actlon potentials having a different nature

and being distinctive for the given nerve.

4. It is possible to obtsin full action potentials when one
nerve is driven, and e.p.s.p.,pseudopotentials from

another nervee.

These results give some indlcation of the complexity of
synaptic connections that must be considered to occur in

the snail brain.




TIHE BIRECT OF DRUGS Onr THX DIOBLECTRIC POTENTIALS

OF HELIX NEUROLES

THNTRODUCTION

The results to be described are divided into four
sectionse. In the first sectlon the overall effects of
the possible‘transmitter substances examined are described.
The positions of most of the cells in this section were not
recorded. All the cells occurred in the parietal, pleural,

or the visceral ganglia.

In the second section the interactions of drugs have
been tested by applying o series of drugs to marked neurones.
In the third section the effect of a drug on the same cell
in different brains has been examined. Preiiminary results
are given in this section and further experimentation is

hoped to be carried out in the near future.

In section four the effect of four choline esters has

been examined.



SECTION ONE

Over 300 neurones have been examined for their response

to different possible chemical trensmitters in the nervous

aysten.

In the initial experiments no attempt was made to

identify the experimental neurones. Possible transmitter

substances were merely tested and their effects on the

bioelectric
experiments
as the main
photographs
the drug on

potential.

potentisls of the cell recorded. In the earlicr
the effe¢t on the rate of the activity was taken
criterion for drug effect. In later experiments
were taken to show the more detailed effect of

the resting potentisl and the shape of the action

The overall response to each drug will be described

together with appropriate illustrations of the drug effect.

The overall response can be ééen En ééble I.
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A Sumnery of the Overall Drug Responses on

Activity of llelix aopersa licurones.

DRUG

Acetylcholine

Dimethyl-amino-
ethanol

Adrenaline
Nor-adrenaline

Dopamine

Phenylalanine
5-HT
5-HTP
Histamine Base

HC1
BABA
Glutamic acid
B -alanine

Thiamine HCL
(Aneurine HOC1)

Cocerboxylase

RESPOLSE AD THRESHOLD CONCENTRATION  LO. OF
R, TIHIDiT. TTONE TETL S
-8 -
g2 3 10 5 1 10~7 41 68
_ : 5 3 1077 7 12
-6 _
3 3 10 o 3 10°° 17 29
-9 _
4 i 10 1 ¢+ 10°° 14 18
6 : 10~10 10 1o'11 11 25 (2 Ai¢
_ both)
- : 5- H 10'9 4 ]
9 107 - 3 15 4
12 1 1072 o 3 1070 11 o5
5 3 1070 - 1 4
7 s 1079 1 s 10™7 8 16
4 31070 o, 1070 10 16
s 1 10”7 o 1+ 1077 18 22
2 11070 1 : 1078 5 7 (I cia
bo bl
5 3 1079 2 3 107° 8 12 (I

bot.
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Figure 23 shows the three types of response to

acetylcholine at a concentration of about I x IO .

6

The first record is a physiological response which

—
~——

.occurred after 25sec. The seégﬂa response is
pharmacological and occurred after b6sec, the
recovered from thid dose. The third response
pharmacological and occurred after b6sec, the

not refover from this dose.

semi-
cell
is

cell did
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ACETYLCHOLING  (Ach.)

The effect to Ach has been tested in 68 experiments.

22 neurones were elther activated or their activity accelerated

by acetylcholine at.physiological concentrations. = The
activity of b neurones was inhibited by acetylcholine and .
there was no physiological effect on the remailnder. The

threshold concentration for acceleration was 10"8 apnd for
iphibition it was 1077*  Ach was tested on both isolated
brain preparations and on brains in situ. The results

differ slightly as can be seen in the following tablet-

Ach. response

Acceleration Inhibition No response
isolated 10 4 25
in situ _ 12 1 16
6

At a concentration of 107 -, Ach. can have one of three
effects. In some cases there is an increase in the rate of
A.P«'s without any change in their shape. The rate of the
activity after such a response always returns to normal.

Such an acceleratory response can be seen in fig. 23(1i).

The response starts after 24 seconds.
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Figure 24 shows the effect of acetylcholine on the
shape of the action potential to (i). a semipharmacbl;
ogical and (ii). a pharmacological response.

(i). A). is before, B). 20sec after, C). 24sec after,
D). 29sec after, £). 34sec after, F). 4Isec after the
application of acetylcholine;

(ii). A). is before, B). I8sec after, C). 45sec after,
D). 60sec after the application of acetylcholine. In

this case the duration of the action potential increased

from 20msec to 40Omsec.
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Figure 25 is a graph to show the effect of adding

various concentrations of acetylcholine to a single

7

prepération. I0" ‘g/ml caused an acceleration; IO—6g/m1

caused a slight inhibition. The inhibition Was’more

-4

marked at the concentrations IO—S, I0 ",
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The second type of response can be regarded as semi-
pharmacological in that there are slight changes in the
shape of the A.P. eand in the Re.P. height, accompanied by
an increase in rate of activity.  Sfich a response cail be
seen in fig. 23(ii). The response starts after 6 seconds.
The increase in rate of A.P.'s is accompanied by the
appearance of e.pe.sS.D.‘'s, Fig. 24(1). The A.F. is slightly
increased in duration and the positive afterpotential is
replaced by o negative afterpotential, fig. 24(1i)C. The
cell recovers from this effect.

The third type of response has a much more draétic effect
on the biloelectric potentials of the cell. This response
occurslabout 7 seconds after the addition of the Ach., fig.
25(111). There is a vast increase in the rate of the A.P.'s
and e.peSe.p.'s and the R.P. and A.P. fall in height. The
AP. duratioﬁ greaﬁly increases, fige. 24 (ii) C and D.

The response to Ache. on & single neurone can vary
depending on the concentration applied. In an experiment
10~7 caused a slight increase 1n the activity; 10-% coused
2 decrease in the rate of activity for 1 minute, after which
the activity increased. As can be seen from fig. 25, Ach.
caused an increase in the duration of inhibition as the
added copncentration was increased. This experiment clouc

thet Ache. has a dual effect on the spontaucous sctiviivy
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Figure 26 shows an ‘inhibitory response to
acetylcholine I x IO-6. I4sec after the addition of
the acetyléholine, the full action potentials were
replaced by e.p.s.p.'s and then the cell was silent.

The resting potential was hyperpolarized. The normal

activity returmed after 55sec.



d@pending oh the concentration. Other cells examined
show only one type of response to Ach. either that of
inhibition or acceleration. The threshold concentrstion
to bring sbout the acceleration of the activity was found
to be 107%, while that Ffor inhibition was 107 .

Although the general effect at physiological concentrations
is one of acceleration in a Tew experiments these coucentreatio.r
resulted in the inhibltion of the activity. As cen be
ceen in the fig. 26, the addition of Ach. 10-6 induced e
few eePeaSePe's, followed by & period of inhibition. The

activity returned to the naermal rate salter about B5 seconds.

PROTECTION AGATIIST THE EFFECT OF ACETYLCHOLINE

A concentration of Ach. of the strength of 1074 caused
a brief increase in the activity and then a marked inhibilition.
The cell usually did not recover from such an effect.
Certain chemicals tended to protect the membrane from the
action of 10"4 Ach. These chemicals either prevented the

complete depolarization of the membrane or reduced the period

of complete inhibition. The effect was most marked after

the applicotion of ﬂ ~phenylalanine > glutemic acia )

cocarboxylase. The cnemicale are arrenged in order of

AL
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Figure 27 shows the action of IO—LL acetylcholine.

The resting potential (e) - and the frequency of the
action potentials (o) are shown in the figure.
Acetylcholine cauéed a sudden decrease in the resting
potential and an increase in the frequency of the
action potentials. As the resting potential returned
towafds the initial level, the frequency of the action

potentials decreased.



decrecasing protection against Ach. Ganhd @nd poradrencline

D

did not appear to provide any such protection to the membrsne.
Fig. 27 shows an experiment Where‘the membrane was first

treated with A -phenylalanine and then Ach 10~4 was added.

The R.P. fell from =60 to -36nV and the activity rose from

I per 15 secs to 30 per 15 secs. As the R.P, slowly ~

recovered the activity slowly decreased in ratee. If Ach.

10‘4 had been

%3]

Gded to the preperation prior to the
phenylalanine, then the R.P. of the cell would most likely
heve been depolarized to zero.

The possibllity that the response to Ach. depended on
either the R.P. 0f the cell or upon the difference between
the mexlmun/minimun R.FP. was lovestigeted. Table 3 shows
the results from fifteen active preperations in which the

maximum/minimum R.P. prior to an action potential w

recorded. There 1s a tendency for those experimentsl
neurones which did not respond to Ach. to have a very emall
difference between their meximum/minimum R.P. But this dosgs
not seem to be the only criterion, since & neurone in which
the maximum/minimum R.P. was 26mV did not respond to Acii.

7rhe value of the R.P. of the cell prior to the addition of

the Ach. appears to be egually uninportant. Silent cells

(@)

with R.P.s between -30 and -70mV were accelerated Ly 107

Ach, table 2.



CONCLUSION

The acceleratory response of Ach. does not appear to
depend on the difference between the maximum and minimum
R.P. The type of response of the cell to acetylcholine

avpears to be independent of the R.P. of the cell.

Table 2. R.P. and the effect of Ach. on silent neurones.

Neurone Acceleration Inhibition No response

Physiological Pharmacological

1 ~70mYV.

2 43mvVe.

3 56

4 30

5 e\

6 | —45mV
7 62
8 52
9 . 50
0 R | : - 62

11 | Y 62



Table 3. Tsble to compare the maximum/minirmm R.P. of

active neurones with Ach. response.

Heurone Acceleration Inhibition No responsse

Physiological Pharmacological

10mv
16mv

8

N I

16
17
14mv

®w g & O
-3

10mV ---->

10mv

©

11 S - 10

18



EFFECT OF ATROPIIG AND/OR ESERINE

The effect of these compounds varied according to the
nature of the cell under investigation. In some cases the
action of acetylcholine was facilitated by the addition of
eserine, (10“5) on other occasions eserine could produce
an acceleration by itself.  Sometimes atropine, (10%),
could produce an acceleration of the spontaneous activity,
the response lasting for up to 55 seconds after the atropine
had been added. In general atropine tended to reduce the
effect of acetylcholine. After prolonged washing the
addition of acetylchoiine alone could still bring about an
acceleration, thus indicating that the effect had been

inhibited by atropine.

DIMETEYLAMINOETHANOL ( DMAE)

This drug was tested on 12 neurones. It inhibited or
reduced the activity of 5 of them. In no experiment was
there a clear case of acceleration. The threshold concen-
tration for inhibition was 1072,

In one experiment 10710 o 10™7 had no effect. 106
hyperpolarized the R.P. to -55mV from -40mV and 1075

Gepolarized the R.F. L0 zZero.
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Figure 28 shows the action of dimethyl-amino-ethanol, 10~

(DMAZ). DMAE caused an increase in the resting

potential (e) and a decrease in the frequency of the

action potentials (o).
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Figure 29 shows the response to IO~6 DMAE.

The activity

of the cell was partially inhibited, but it slowly .

recovered,
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In spnother case there was little response till 10~
was added, this ilnhibited the activity Tfor 45 seconde. 10
after initial accelerstion depolarized the membrane to zero.

Pig. 28 shows the effect of adding 10~8 DMAE to s
Spontaheously actlve neurone. The freguency of the activity
fell from 40 per 15 sec. to zero. At the same time, the
R.P. showed a hyperpolarigstion from 45 to 70mV. As the
R,P. slowly depolarized to 1ts initial level, so the

frequency of the A.P.'s increased.

Higher concentrations of DMAE, 10-4, 10-5, 10"2, tended
to depolarize the R.P. to zero. This was the only drug
apart from Ache. and adrenaline which did this.

Fige 29 shows the response to 10-6 DMAE, the R.P. was

hyperpolarized by &mV.

5-HYDROXYTRYPTOPHAN , (5-HTP)

This drug wae tested on 25 neurones. In 12 cases it
accelerated the spontaneous activity or induced activity in
a silent cell. Only in 2 cases did 1t inhibilt the activity.
The remaining neurones were unaffected by 5-HTP at
physiological concentrations. The threshold coucentration
for excitation was 10"9 and for inhibition was 10™9, R-HIE

liocuced both full action potentiels and small excitatory
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Figure 30 shows the response of a cell to 10—9 5-HTP.

A physiological acceleration was replaced 45sec after
the application of 5-HTP by a pharmacological response.
The change in the shape of the action potential can be
seen in (ii). As can be seen by comparing 4 and B,
there is little change in shape with a physiological
acceleratory response. The duration of A). was I7msec,
aﬁd of B)., was I2msec. 5-HTP can induce e.p.s.p.'s

of a similar shape to driven e.p.s.p.'s, A). and B)., (iii)
(i). The response of neurone I8I to the application

of 5-HTP I0 7.

(ii). The change in shape of the action potential on
the addition of IO™2 5-HTP.

A). before, B). 1I8sec after, C). 24sec after,

D). 3Isec after, E). 48sec after, F). 5hsec after

the application of 5-HTP.

(iii). The shape of an e.p.s.p. A). driven and

B). induced by 5-HTP.
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potentialse

As in the case of Ach., cecxamples of the types of
response to this drug will be given 1in section two and
three. In an experiment 10-9 5-HTP caused accelerstion
sfter 5.5 secs, fig. 30(i) and (ii). This response was
physiological for &8 secs and then i1t became pharmacological.
The A.P. lost height and its durstion increased and the R.F.
fell in height. The cell did not recover.

Often during an acceleratory response A.P.'s and e.p.s;p.'s
sre formed as in the case of Ach. In a recording from a
neurone in the left parietal ganglion, only €ePeSep.'s
could be obtained either by driving the cell or by the
application of 5~-HTP. The height of the driven G.p.s.p.'s
wes 8mV and those induced by 5-HTP were around 6mV. The
Gurétion of the former was l4Omsecs and of the latter
llbmsecs, fige. 30 (iii). The height of the Ariven Gep.s.p.’'s
wes not constant and some of them coincided with the size
of the 5-HTP induced 6.De.S.De. 'S

As in the case of Ach. the possibility that the response
of the neurone to 5~HTP might depend upon the level of the
R.F. was investigated. The value of the R.P. was noted
prior to the addition of b-HTP in fifteen experiments. R.F.

values between -33 and -80mV were uhaffected by 5-I1F,

~

while R.F. Values between -62 and B5OmV were accelerobted b
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5-HTP, table 4. There does not appear to be any clear

correlation between the slize of the difference between

meximum and minimum R.P. and

B5.HTP, table 4.

the

the response of the cell to

Takble 4. To compare the difference in maximum/minimum ReP,
before and after the addition of 5-HTP.
Neurone . Response to 5-HTP Ilo _response Resting
Potentiol
Acceleration: Iphibition:
1 6 7 63
2 15 ¢ 15 65
‘5 14 ¢ 10 80
4 7 3 4 64
5 17 ¢ 17 57
6 -40 -40
7 50 ¢+ 23 | ~50
8 o 64 -64
9 B 68 68
10 18 : 18 5%
11 15 1 15 42
12 7 o1 o7 3%
13 23 3 '50 592
14 ~62 ! ep.cpb -32
15 7 s 13 53

-
i
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5-HYDROXYTRYPTAUTIE, B-IT

24 cells were tested with this drug. Nine of these
were acceleratéd by eilther 1075 or more dilute solutions.
There were no clear examples of inhibition. The threshold
concentrstion for acceleration was 10-9. In most cases
the 5;HT response occurs only once either at 10"9 or at
10-6. Very rarely is there a graded response, proportional
to the concentration applied. Fig.-45 (i), page /77, shows
the effect of 10™C 5-HT om the spontaneous activity of a

neurone also activated in a similar manner by reserpine.

The response to reserpine is shown in 44 G.

HISTAMINE HYDROCHLORIDE

Histamine hydrochloride, like the free base, was over-
whelmingly an acceleratory drug. liistamine hydrochloride
was tested on 16 neurones. 7 neurones were accelerated by
it and 1 was inhibited. The remaining neurones were
vnaffected. The threshold concentration for acceleration
was 10-9 agpd for inhibition 10-7, The response took place
5-10 segs after the addition of the compound. Fige. 31 shows

)7

the effect of adding 10 ' histamine HC1l to a cell accelerated
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Figure 32 shows the fiimed response of a cell to
histamine and the antihistamine compound, mepyramine
maleate.

(i). The effect on the shape of the action potentials
of two neurones from the same brain, to histamine
base I x I0™°.

A). and B). before, C). I68sec after, D). I78sec after,
the application to the first neurone.

E). before, F). after the application to the second
neurone.

(ii). Filmed‘response to histamine base of the

first neurone.

6

A). the response to histamine base I x IO .
B). the response to mepyramine maleate I x IO—6.
C). the response to histamine + mébyramine maleate, Ix IC™
D). the response to histamine base I x IO-6.
E). the continuation of film D).

C)., D). and E). were taken on A.C. The action potential

had a large positive afterpotential.

-

o



by histamine. This cell was also accelerated by 107° and

10'5 histamine. In one experiment at 1079 it was possible
to inhibit the preparation for 4.5 minutes after the first
application. But after the second application the activity

was inhibited for 2.75 minutes and only for 15 seconds after

the third epplication of 1072,

HISTAMINE BASE

In addition to the experiments on histamine hydrochloride,
~a few experiments have been undertaken using histamine free
base. It had been suggested that the acceleratory response
obtained from the histamine hydrochloride might be a pH
effect, but the tested solutions had a pH of 7.4. Histamine
base has so far been tested only on thé large cells in the
right parietal ganglioan. On three occasions it caused the
acceleration of the activity. The results are discﬁssed

in section two, page 76 .

The effects of histemine aud the antihlstamine compound,
mepyramine maleate, were investigated, fig. 32(ii). Histamine
10~6 alone, accelerated the A.P.s without any redical chenge
in thelr shape, there were no é.p.s.p.'s, fig. 32(ii)4.

After the burst of activity there was o compeusslory ponse

similsr to ones observed after natursl or stimulated bhursts



of activitye. The R.Po slowly depolarized end the activitry

daition of antinietand

©

returned to its previous level. The

on its own at 10-5

had no effect on the spontaneous activity,
fig. %2(ii) B. Histamine and the antihistamine added
together greatly reduced the response to histamine alone,

6 alone

fig. 32(ii) C. Later the addition of histamine 10~
caused another burst of activity much longer than the first
response to histamine, fig. 52(11) D. The addition of more
antihistamine 10_5 resulted in the fall in height of the
AP.s. The preparation did not fully recover. The shapes
of the A.P.s in response to the last applicatidn of histamine
can be seen in fig. 32(1i) A to D. TFig. 32(1i) E and F shows
the response of another neurone to histamine.

In table 5 are compared the effect on the maximum/minimun
R.P. difference before and after the addition of histamine
free base in the first four'cases and of histamine hydrochloride
in the last. Only in one case 1s there a :radical change
after the addlition of the drug. This result is compared
with the effect of Ach. 10"6 on the same neurones. In two
of the three cases tested Ach had an effect. In both of
these the histamine response gave A.P.s and €e.peS.p.'s.
The acceleratory effect of histamine would not appear to be

associated with a change in the maximum/minimum R.P.
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Table 5. To show the effect of histamine hydrochloride

and free base on the maximum/minimum R.P.

Heurone Refore applications After applications Ache. effect

1 82/75 = TmV 70/60 = 20mv no effect
2 67/63 = 4 68/63 = B AP.'s and
’ CeDeSePe'S
3 55/37 = 18 58/42 = 16 not tested
"M/57 = 20 78/56 = 22 not tested
4 72/64 = 8 75/66 = 9 A.P.'e ana

€ePeSePe' T

The first three neurones were tested with histamine free
base and the fourth with histamine hydrochloride. In all
the cases the histamine had 2 physiological acceleration

cffect,.
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Concentration of odrendline

Figure 33 shows the response of a cell to adrenaline
at different concentrations. In this graph the maximum
number of action potentials per minute was p;otted
against the added concentration of adrenaline. All the
data came from the same cell. The higher concentrations

of adrenaline caused a higher frequency of action potentials.
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ADRELALINE

Only 5 of the 22 preparations on which adrenaline
was tested gave a good response, and of these 3 were
acceleratory. The threshold for acceleration was 10"6,
and for inhibition 10'8. In many cases lO"4 caused
acceleration of a physiological nature but the responses
are only recorded if they are 10-% or more dilute. Generally
107% does not depolarize the membrane to zero.‘ This
behaviour differs from Ach., the latter at 10~% generally
results in the complete depolarization of the R.P. Bven
after 2 hours in a solution of 10~% adrenaline the
spontaneous activity was uwnafTected in several experiments.
In some cases hoﬁever, the R.P. was depolariged to zero by
107%. The responses to adrenaline both at physiological
and pharmacological concentrations were extremely varied.
Fig. 33 shows the effect of adding increased concentrations
of adrenaline, and for each concentration plotting the
meximum number of A.P.'s obtained per minute after the
addition of the concentration.

Fige. 34 shows the response to the addition of 10-°

adrenaline to an active cell. The acceleratory effect occurs

after approximately 18 seconds and lasts for about 12

seconds.
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Figure 35 shows the response of a sparsely active cell

to the addition of IO~ noradrenaline.



NOR-ADRENALINE

6nly 5 of the 19 neurones tested with this drug showed
a conclusive response, and of these, 4 were acceleratory.
The threshold for inhibitlon was 109 and for acceleration
was 10-Y. At the more dilute concentrations the response
to nor-adrenaline was physiological. It tended to affect
the height of the A.P. more than the R.P. 10™° wes the
greatest concentration tested and this did not in any
“experiment depolarize the R.P. to zero. Ach 10™% added
after a series of nor-adrenaline concentrations depolarized
the R.P. to zero.

Fige. 35 shows the effect of noradrenaline on a sparsely
active.ceil. At a concentration of 10‘95 noradrenaline

excited the cell activity.

%-HYDROXYTYRAMINE. (DOPAMINE) «

- Dopamine was tested on 25 neurones. This drug inhibited
the activity of 10 neurones and accelerated the activity of
© neurones. In the remaining 11 experiments, dopamine had
no effect. The figures for the overall effect of this

drug are misleading in so far ss the inhibitory eficcts are
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Figure 36 shows the response of a cell to 10”7 dopamine.
The response started after I5sec and the main burst

lasted for 25sec.
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Figure 37 shows an inhibitory response of alcéll to
the application of 10”7 dopamine. The effect occurred
after 8sec and lasted for about 45sec. During this period

the resting poténtial was hyperpolarized;



muech more startling than the scceleratory ones 1ln the
majority of experimentis. Dopamine was the best hyperpolariziig
agent at physiological concentrations so far examined. The

threshold concentration for acceleration was lO‘lO and for

inhibition was 10-t1.

ACCELERATTON

Pig. 36 shows the response of a cell with occasional
activity to the addition of 1O"'9 dopamine. During the
addition of the drug there were two action potentials and
then after 7 seconds the actlvity appeared. The cell

gradually recovered from this acceleratory burst of activity.

INHIBITION

10~10 dopamine concentration reduced the rate of the
spontaneous activity of & cell. A concentration of 10"9
inhibited the activity completely for 45 seconds, fig. 37,
whereas a concentration of 10~8 inhibited the activity for
only 25 seconds. 10-7 inhibited the activity for 15 seconds,

and more concentrated solutions, reduced the rate

for shorter periods.
In several experiments with this drug, the response was

Tound to increase as the concentration applied was raised.
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Figure 38 shows the action of I0”° dopamine on a cell.
Dopamine caused a sudden increase in the résting
potential (e) and a decrease in the frequency of the
action potentials, (o). As the resting potential
returned to the normal level, so the frequency of the

action potentials returned to normal.
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Another neurone, number 129, sxhiblted a mixed response
to dopamine. 30 seconds after the‘addition of 107 there
was o slight incresse in the rate of the activity. 10~7
inhibited the activity for 83 seconds, though 1t took 60
seconds before it had an effect. 12 seconds after the
addition of 10~°, the activity was completely inhibited for
65 geconds. The first addition of 107° completely inhibited
the activity after 4 seconds by hyperpolariéing the membrane
for 312 seconds. This response can be seen in fig. 38,
This concentration caused a decrease in the rate of activity
from 50 per 15 seconds To zero,. At the same time 1%
hyperpolarized the membrane from 28 to 5O0niv. As the resting
potential slowly decreased (0o 1ts orlginsl value, so the
action potentials increased in frequency back to theilr
original level. Since the activity was directly associated
with the value of the resting potential 1t is suggested that
thie is an autoaetive neurone. It is possible however that
an interneurone was also affected by the dopamine and had
en influence on the observed response. As with all
concentrations of dopamine applied to this cell the activity
completely recovered. Addition of more dopsmine 1075 agaln
hyperpolarized the membrane for 329 seconds. The ability

to both accelerate at one concentration and to inhibit at

enother concentration was most striking.
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Figure 39 shows the response of a cell to 10-8

/> -phenyialanine. The inhibition occurred after

about 6sec and lasted for about 35sec. During this

period there were a few e.p.s.p.'s.



DHL YLALANTIE

Only 9 tests were made with this drug. Of these 4
had no effect. In 4 of the remaining 5 experiments
phenylalanine hyperpolarized the membrane and inhibited the
activity. In the other experiment the addition of 1011
phenylalanine caused an initial burst of activity awd then
depolarized the membrane to zero. The threshold for
innibition was 107°.  As in the case of glutamic acid,
phenylalanine protected the membrane from complete
depolarization after the addition of 10™% Ach. The response
to this drug occurred 5-10 seconds after its addition.

Fige. 39 shows the effect of phenylalanine on the
spontaneous activity of an active neurone. A concentration
of 10=8 inhibited the activity for approximately 27 seconds
ané then the activity slowly recovered. Exclitatory
depolarizations dqcurred first and these were followed by
full action potentials. The response to phenylalanine

occurred after 3 seconds.

¥ -AMINOBUTYRIC ACID. (GABA)

GABA was tested on 16 neurones; 4 of these neurones

showed acceleration and 2 inhibition. The thresholids forx
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Figure 40 shows the acceleratory response of a cell
to 1072 GABA, ¥ -aminobutyric acid. The response

occurred after bsec and lasted for about 20sec.
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0-10, The usual concentration for the

both were 1
acceleratory response was 108, Fige 40 shows the

-9

=

esponse
after adding 10 GABA to a spontaneous neurone, Five
of the experiments were carried out on in vivo preparations,

none of these were affected by the drug.

GLUTAMIC ACID

Glutamic acld was tested on 22 neurones. In 2 cases
1t caused acceleration and in two cases it caused inhibition.
The acceleratory respdnses were delayed, occuring after s
minute, while the inhibitory responses occurred in 5 to 10
aseconds. Glutamic acld usually did not depolarize the
membrance In certain experiments 10-5 glutamic ecid were
followed by a range of concentrations of Ach. In these
experiments it was noted that the R.P. was often not
depolariged to zero after 10_éL Ach. In the absence of
glutamic acid-the membrane is usually depolarixed by this
concentration of Ache. Glutamic acild had little effect on

the shape of the A.P.

? —ALANINE

This drug w oily tested on 6 in vivo preoparaticns.

8]
{0

In 5 it had no effect. In the sixth cese, fig. 48(1i), it
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greotly accelerated the spontaneous activity and reduced

the height of the A.b., fige. 48(1i). The A.P. graduslly

recovered.

COCARBOXYLASE

12 neurones were tested with this drug. 8 of thess
cells were not affected by cocarboxylase. In 2 preparations
the activity was accelerated, in one it was inhibited, and
in one there was both scceleration and inhibition depending
on the concentration applied. The threshold for accelsratlon
was 10-9 and for inhibition it was 1079,

In one experiment 108 cocarboxylase inhibited the
activity for 13.5 minutes, while 10~7 inhibited the cell For
4.5 minutes. 1079 had no effect. 10~% inhibited the
activity for 20 minutes, and then it returned at its previous
rate.

7

In another experiment 107/ caused acceleration after

1Z minutes. This acceleration lasted le5 minutes. None
of the other concentration had any effect.
Cocarboxylase can cause both acceleration and inhibition

depending on the concentration applied. Thus 10~9 caueed

en initial burst of activity, while 10-P snd 107° i,hibitea
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Figure 4TI shows the response of two cells, one to
10_8 cocarboxylase (i); the other to 10_7 thiamine.
The addition of both compounds caused an increase in
the frequency of the action potentials. The thiamine

response lasted for about T00sec.
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Figure 42 shows the response of a cell to 1077
cocarboxylase. There was initial inhibition followed
by prolongéd acceleration. There is a break in the

record of 85sec between the third and fourth trace of

the figure.



the activitye. 10“7 and 10™° had no effect.
In fig. 41(i) can be seciu the response to the acdition

of 10~8

cocarboxylase to & preparation. 10"7 gave a much
reduced response while more concentrated solutions hadino
effecte.

Mig. 42 shows the response of an active cell to the
eddlition of 10-"7 cocarboxylase. There was an initial
decrease 1n the rate of action potentials but after
approximately 100 seconds there was a great increase in
the rate of activitye. After about 2 minutes the activity
returned to 1ts normel rate. The application of both more

¢ilute and more concentrated solutions of cocarboxylase had

no effect on the activity rate of the cell.

THIAMINE HC1

Thiamiﬁe HCl was tested on only 7 neurones. 5 of these
were not affected by it. One neurone was accelerated and
one was both accelerated and inhibited depending on the
concentration added. The threshold concentration for
ecceleration was 10“8 and for inhibition was 10“8, Thismine
HC1 did not depolarize the membrane tc zero in any of the

cxperiments. In one experiment thiamine HCLl hyperpolorized



the R.F. by 6V for lﬁ minutes. 107 accelerated thls

neurone, fig.él(ii). 10™% to 1075 had no effect. In

another experiment 10’8 accelerated the actiﬁity; This
acceleration was maintained and none of the other concentrations

applied had any effect.

CONCLUSIONS

From the foregolng account, certain con@lusions may be made;

l. All the drugs tested have an effect on the biloelectric

potentials of the snail brain neurones.

2. In most cases, a given drug accelerates some cells,

g

inhibits others, and has no effedt on others.

%« The response of a cell may vary depending on the

concéntration of the drug applied.

4. There 1ls usually an overall tendency to inhibit the
activity, for example [ -phenylalanine, dopamine, or
dimethylaminoethanol; or to accelerate the activity,
for example, 5-HTP, 5-IT, or histamine; while a few
drugs do both equally, for example, glutamic acid,

cocarboxylase or thiamine.
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When a drug has an acceleratory effect, it cen be
elther physiological or phsrmecological; the response

usually depends on the concentration applied.

A physioloéical concentration alters only the rate of
the activity, and has little effect on the shape of the
action potential or the height. A pharmacological

acceleratory effect increases the duration of the asction

potential and often reduces the height of both the action

and the resting potential. - In some cases the cell may

fail to recover.

Pharmacological responses generslly occur much sooner
than physiological responses after the application of

the drug.

There was no clear link between the maximum/minimum

resting potential and the type of drug response. There

was a tendency for an increased response as the heilght

of the resting potential was reduced.

Certain drugs, for example, acetylcholine, 5-HT, 5-HIP,

and histamine were able to induce e.p.Se.pe.'sS as well as

full action potentials.
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Figure 43 is a diagram of the suboesophageal ganglionic masé to show the

positions of the eleven neurones used in section two.



LCTION TWO

THE EFFECT OF SEVERAL DRUGS ON ONE HEURONE IN A GIVEN EBRAIN

INTRODUCTION

In the previous section, the various drugs were applied
to exposed neurones in the snail brain. The response to these
drugs were variable. Itvwas decided that one way of
simplifying the situation was to study the effect’of the drugs
;kaequgggg on specified cells in the brain. | The results of

y

these experiments will now be descr;pgd,A

The eleven neurones to be deséribed in this section are
shown in position in Tig. 43.

Neurone I lies in the right parietal ganglion. It is
anterior to the very large cell and slightly smaller, about
100-120 F. in diameter. The spontaneous activity was ilrregular,
occuring in bursts, followed by a period of reduced activity.

This form of activity can be seen in (@) of fig. 44. The

drugs were added in the order seen in the figure.

The following results were obtained:-



Figure 44, a pen recording, shows the response of

neurone I to the application of ten drugs, in the

6

following order:- A). Glutamic acid IO ;

6

B). p -alanine IO ~; C). Histamine base IO~

D). Acetylcholine 10_6; E). Mepyramine maleate 10-6.

6

3
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Figure 44 continued.
F). 5- HTP 10—6; G). Reserpine approx. IO—S;
H). Eserine 10‘5; J). GABA 10‘6;

6

K). Dopamine IO~ ~.
The spontaneous activity of the cell sometimes
occurred in bursts as can be seen in G). prior to

the addition of reserpine.



(i)

Ly '
,‘u",,“..ul‘u, il

3 hwmmeMWu

/ A
“Lly. _/\ =
| A b

Figure 45 shows the filmed response to adding

5-HT 10_6 to Neurone I of figure 44, and the shape
of the action potentials.

(i).A). Shows the rate of the action potentials
before and during the addition of 5-HT,

B). Shows the rate after the addition of 5-HT.
(ii). Shows the shape of the action potentials

A). before and B). 90sec after the addition of

5—HTI. This was a Physiological response.
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Glutamic acid - no effect
/3 ~alanine‘ - no effect
Histamine Base - no effect
Ach. | - no effect
Mepyramine maleate - no effect
5HTP L - no effect
Reserpine - . prolonged acceleration
Bserine . —!_ : no effect
GABA : - no effect
Dopaniine - no effect
5dT - prolonged acceleratlon

(see Tig. 45(1) ).
All the concentrations applied were 1 X IO’Gg/ml

The responses to both reserpine and HHT were physiologicual,
there belng no change in either the shape of the A.P. or the
size of the R.P., fige. 45(ii). The addition of a second dose
of reserpine folloWing the addition of eserine had no effect.
It is possible that the amine store liberated by the first

application of reserpine was exhausted. Neither after the

addition of reserpine nor BHT were there any €.pPeS.P.' S
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Figure 46 shows the response of neurone 2 to the

application of seven drugs, in the following order:-

A). Histamine base 10—6; B). Acetylcholine 10—6;
C). 5-HTP 10'6; D). Acetylcholine and Atropine 10'6;

- -~ -6
E). B-alanine IO 6; F). Glutamic acid IO 6; G). GABA IO .

Histamine and Acetylcholine accelerated the activity.

During part of the experiment, the activity occurred

in bursts.



It is concluded that this cell wes sensltive to 5-IT.
The addltion of reserpine appeared to liberate an amine which
greatly accelerated the activity of the cell. It is
tentatively sugzested that the amine may have been b5-HT. It
is etrange that 5-HTP had no effect on the cell activity.
Weurone 2 was a large cell in the posterior region of the
right parietal ganglion. Tie responses'to the drugs tested

can be seen in fig. 46. The drugs were tested in the following

sequences -

Histamine base - acceleration ( fig. 47)

Ach. | - acceleration ( fig. 47)

5HTP ; no effect

Ach. + Atropine .7’ no effect

J} =-alanine - no effect

Glutamic acid - no effect
- GABA - - no effect

Ach. - acceleration

Eserine - acceleration ( fig. 47(ii) C;

With the exception of atrbpine and eserine which were
10-2, the drug concentrations were 10-6.
The addition of histamine had little effect on the shape

0f the A.Fe, Tige 47(1iii) ¥ . It can be seen by compariuag
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Figure 47 shows the shape of some of the action potentials
and some filmed response to drugs of neurone 2, figure 40,
(i). A). before énd B). after the application of histamine
base. A). is a driven action potential with a duration

of 20msec and B). is a spontaneous action potential

of 20msec duration.

(ii). A)filmed response to histamine base 10_6. This

is a film of the pen recording of figure 46A.

B).filmed response to acetylcholine IO~6. This is

not shown in figure 46.

C). filmed response to eserine IO_E. This is not

shown in figure 46.

(iii). The effect of acetylcholine, eserine, and

histamine base on the shape of the action potentials.

a). A).vbefore and B). 53sec after the addition of
acetylcholine.

B). A). 58sec after, B). 73sec after, C). 8Isec after,

D). I56sec after the addition of eserine.

Y). A). before and B). after the addition of histamine

base I0f6.
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fig. 47(ii)A with fig. 47(ii)3 and C that afiter the addition
of histemine base, a positive afterpotential develops. The
responses to both histamine and Ache. includes an lncrease in
rate of A.P.s and the induction of e.p.s.p.'s. The
acceleration due to the histamine begins 5 seconds after the
addition and lasts for 23 secouds. After this period the
cell settles down to a steady action potential rate which is
conslderably faster than before the addition of histamine,

from approximately 1 A.P. every 8 seconds to 1 every second.

:

The response to Ach. begins after 18 seconds and lasts 73
seconds, the activity then tending to come in hursts followed
by periods of reduced activity. The responses to both hilsteamin:
and Ach. have little permanent effect on the A.P. shspe, fig.
47(iii), Y« Both responses can be considered to be
physlologicel. The cell membrane is able to respond physio-
logically to at least two drugs under experimental conditions.
Atropine added with Ach. blocked the response to Aeh. Later

5 §id elicit a

2dditions of 10~° Ach. had ne effect, though 1Q_
much reduced acceleratory response. Eserine added alone caused
an lncrease 1ln A.P. rate, though no e.p.s.p.'s, after 8 seconds,
see Tig. 47(ii)c. The effect to eserine was pharmacological,

envolving a change in shape of the A.P., fig. 47 (iii)ﬁ. The

eserine effect would appear to be different in nature to thet



- 18g -

after Ache 1n this experiment. The activity largely
recovered but the addition of Ach. 10™° and eserine caused
a pharmacological effect from which the A.P.s failed to

recOvVers Ach. 10-5 on its own accelerated the A.P.s and

1induced €ePeSePo Se

CONC LUSIONS

This cell was apparently equally sensitive to histamine
base and acetylcholine. Atropine blocked the response of
acetylcholine while eserine on its own had an acceleratory
effect. Atropine however, did not inhibit the spontsneous
activitys. This would suggest that the spontaneous activity
was not due to the release of acetylcholine. The acetylcholine
regponse occurred after 23 seconds, while the eserine responsc
occurred after only 8 secpbnds. This is further evidence for
eserine effect independent of a potentiation of the acetylcholin-
response. The response to histamine occurred after 5 seconds.
Weurone 3 1is a large cell 1in the posterior region of the
right parietal ganglion. The drugs were added in the Tollowing

orders:—
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Figure 48 shows the filmed response to B-alanine and
histamine and the shape of the action potentials after
the addition of these drugs together with the response to
5-HTP. The responses were from the same cell,

(i).A). Shows the filmed response to B-alanine 10_6.
B). Shows the filmed response before and C)., after the
application of histamine base 10‘6.

(ii). Sﬁows the shape of the action potential after the
application of p-alanine I0 = filmed in (i). A).

A). before and B). 47sec after, C). 52sec after,

D). 58sec after, E). 80sec after and F). I75sec after
the application of B-alanine.

(iii). Shows the shape of the action potential after the
addition of 5-HTP IO~6. A). before and B). 55sec after
and C). 65sec after the application of 5-HTP.

(iv).Shows the shape of the action potential after the
application of histamine base 10_6. A). before and

B). 48sec after, C). 53sec after, D). 58sec after,

E). 6hsec after, F). 7)sec after, G). 76sec after,

H). 82sec after, J). 90sec after and K). I35sec after

the application of histamine base.
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Ach. - no effect
ﬂ ~8lanine - acceleration
BHTP - no effect
Glutamic acid - no effect
GABA - ‘no effect
’ Histamine Base - prolonged acceleration
Ach. - prolonged acceleration
Histamine base - acceleration

In each case bthe concentration added was 1079,

The /? ;alanine effect was pharmacological, fig. 48(i)A,
but the A.P. shape and R.P. fully recovered, fig. 48(ii)A to F.
The R.P. was less affected by /9 —~alanine than was the A.P,
helght. The absolute height of the A.P. fell from 73 to 30mV,
fig. 48(1ii)B. The positive afterpotential disappeared. The
acceleration occurred after 18 seconds and lasted for 50
seconds. There WeIre N0 GePeSeDe ' Se

Fig. 48(1ii) shows that there was no change in shepe after
the addition of BHTP.

Histamine base caused acceleration after 4 seconds. There
was little change 1n the duration of the A.P., fige. 48(iv), but
the height was reduced and the R.P. algo fell. The Qositive
afterpotential was maintained. The ilncreased activify lasted

several minutes. THhEere Were N0 GePeSePe 'S



The first sddition of Acie at the beginning of the
cuperiment had no effectl. Thc second additlon after tae
higtemine base caused prolonged acceleration with both A.F.'s
810G GePeSePe ' Se

The second addition of histamine base was pharmacologicsl

end the cell 4id not recover.

CONCLUSION

The addition of acetylcholine after'/2 -alanine, 5-HT,
glutamic acid, GABA, and histamine base accelerated the
activity, while the addition of scetylcholine prior to the

application of the compounds had no effect. This would
suggest a possible potentiating response by one off these

compoundse. Thls could be verified by penetrating this
pneurone in a number of brains and doing a sandwich test of

the response of acetylcholine, the compound, acetylcholiuc.

e g AT S

The acetylcholine responsé occurred after approximately 40

n
0]

seconds, while the histamine response occurred after % =ccon

—

Neurone 4 1s situated in the right hand corner of the

visceral gainglion. The drugs were added in the followiup
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Figure 49 is a pen recording which shows the
response of neurone 4 to the application of

ten drugs in the following segquence:-

A). 5-HTP 10-6; B). Glutamic acid IO_6;

C). Acetylcholine IO_6; D). Atropine IO-S;
-6

E). Acetylcholine and Atropine IO
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Figure 49 continued:
F). B-alanine 10"6; G). GABA 10‘6;
H). 5-HT 10_6; J). Histamine base IO ;
K). Dopamine 10_6 .



order at @ conccentrstion of 10’6, fig. 49:-

5HTP - acceleration
Glutamic acid - no effect

Ach. - - acceleration
Atropine - no effect

Ache + Atropine - reduced acceleration
f -alanine - no effect

GABA - no effect

5HT - no.effect

Histamine base - acceleration
Dopamine - no effect

SHTP caused slight maintained acceleration 10 seconds
after the addaition. The response was physiological and there
was no change in the shape of either the A.P. or the R.F.
Leight, fig. 50(i)A and B end (ii) o . |

Ach. also had ap accelerstory effect on the neurone.

This response was physiological, fig. 50(1i)C eand (ii)p.  The
A.P. rate was increased aind e.p.S.p.'s were induced. The
A.P. lost the positive afterpotentisl, fig. 50(1ii)B,0-F, and
developed & negative one. This also occurred when the cell
wae driven, fige SO(ii)B Goe The Ach. response occurred

atter 20 seconds and lasted for 217 seconds. The alllitioy



Figure 50.



Figure 50 shows the filmed responsé to 5-HTP,
acetylcholine and histamine and the shape of the
action potentials aftef the addition of 5-HTP and
acetylcholine. This was neurone 4.

(i) .A).Shows the filmed response during and B). after
the addition of 5-HTP Iof6.
‘C). Shown the filmed respénse to acetylcholine 10-6.
D). Shows the filmed response to histamine 10_6.
(ii).a). Shows fhé shape of the action potential of
neurone 4 té 5-HTP IO_6; A). before and B). 4hsec after,
C). 50sec after and D). 56sec after the addition of 5-HTP.
B). Shows the shape éf the action potential A). beforge
and B). 106sec after, C). 11isec after, D). 118sec after,
£). 134sec after, F). 149 sec after the addition of
acetylcholine 10_6.

G). is the shape of a driven action potential.



of Atropilne had no eifect. Whaen Ache and Atroplne were
adced together, tine responsc, which was reduced, occurrcd

after 22 seconds. The accelerstory effect lasted for 42 secoa
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GABA and BLT had no effect.

Uistemine base at a concentration of 1076 gfter 4 seconds
sccelerated the spontaneous activity and 1nduced GePeSepe ' s.
The response lasted for 46 seconds. This response occurs in
two warts. Pirstly theres is & period lasting 3.5 seconds,
during which the activity is very fast. The A.P. height at
he start of this period is reduced from the normal by 4nV
and during the 3.5 seconds gradually regovers to normal. Also

during this period the R.P. hyperpolarizes by 2-3mV, Fig.50(i)D.

Dopamine had no effect on the activity.

. COLICLUSION

This wags another cell which was activédted by both histamine
and acetylcholine. In this case the acetylch5liné<was
effective prior to the application of histamine. The histamine
response resembled the reduced response éf acetylcholine and
atropine. Bothkdrugs induced excitatory potentials =g well
ae an lncreased rate of full action potentials, The histemine

wonse occurred much sooner after 1is application tlhou Llc

i

re

N



- 185 -

ocectylcholline response dide. The delesy after the application

of ecetylcholine was approximately the same each time.

——

Neurone 5 1s siltuated anterior to and right of, the large
cells in the right parietal ganglion. This also was a silent
cell, with a R.P. of ~BO0mV. The following drugs at a

concentration of 10"6 were tested:-

Glutamic acid - no effect

/3—a1anine - no effect
Ache - no effect.

Wone of the drugs had an effect. At the beginning of
the experiment there were slow hyperpolarizations, resembling
very sSlow Ll.DeSeDeSe

——— s —

Neurone 6 occurs in the anterior portion of the right
parictal ganglion toward the inside edge. On penetrating
his cell bursts of A.P.s were obtained but the cell became
silent before the addition of thedrugs.
They were added in the following order at concentration of
1076; - |
Achoe - no effect
Ach. - no effect

Glutamic acid

1

no effect
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5HETP - no effect
None of the cérugs btecsted had any effect on this cell.

et o

Neurone 7 occurs in the same region as neurone 5. This

was o spontaneously active cell. The following drugs were

testeds -
SHTP - no effect
Glutamic acid - no effect
Ache - no effect

Wone of the drugs tested had an effect.

Neurone 8 occurs in the posterior right region of the
visceral gangllon, slightly post. to neurone 4. This was
an active preparation. The following drugs at a concentration

of 10”6 were testeds;-

Glutamic acid ; no effect
BHTP . - no effect
Ach. - ﬁo effect”
BHT - no effect

None of the drugs tested had an effect.



COLCLUSION

Neurones 5 to 8 were insensitive to the drugs applied.
This shows that the action of these drugs is selective. A
drug which was npon-selective would excite or inhibit the
bioelectric potentials of every neurone to which it was added.
It also shows that acetylcholine applied after 5—Hf, 5~-ITF and

glutamic acid is not necessary potentiated by them.

Neurone 9 1s a large cell in the right parietal ganglion.
It was spontaneously active during éhe experiment. The

following drugs were added in sequencess

Glutamic acid - no effect

5HTP - no effect

Ach. - acceleration followed by
inhibition.

15 seconds after the addition of Ach. there were a few
€eDeS.P. 'S and the activity ceased for 25 seconds, save for a
single A.P. Another dose of 10™° Ach. depolarized the membrane

to Zero.

CONCLUSION

The response to acetylcholine occurred after only 7 seconds.



This is a much shorter delay tilme than is normally obscrved
with 1 = 1076. This type of response 1ls assoclated with
higher concentrations of acetylcholine. This 1s showi with
neurone 10, where a concentration of 5 x 10-6 nas a comparable
effect after 8 seconds. This cell would appear to he more

sensitive than the average to ascetylcholine.

—— ——

Neurone 10 occurs in the far left posterior corner of the

visceral ganglione Phe following drugs were tested:-

5HTP - ‘no effect

GABA - no effect
Ach. - acceleration.

Ach. at a concentration of b x 1079 increased the rate of
activity after 8 seconds. There WEIe 1O €ePeSeDe ' Se The
effect was pharmacological in nature. The height of the A.F.
and R.P. fell and the former elongated. This process contlnued
until the membrane was completely depolariged. After about
15 seoonds the activity occurred in bursts of from 4 to 5 with

a gap of 1.5 seconds. The positive afterpotential was not

replaced by a negative one.

CONCLUSION

The response to acetylcholine had a short delay. mig
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- Figure 51 shows the response of neurone 11 to the

addition of five drugs and an extract of snail heart

added in the following order:-

A). Acetylchollne 10“6; B). 5-HT 10"6;
c). Dopamlne- 10 6, D). GABA 10_6;
E). .p-alanine IO 6; F). Heart extract.

The heart extract accelerated the activity of the

cell.
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is indicative of a pharmacologlcal response.

————

Neurone 11 is a large cell in the right posteriorvparietal

ganglione The following drugs were tested in coneentration

of 10‘6, fig. 51:

Ach. - no effect
5HT ; slight inhibition
Dopamine - slight inhibition
GABA - no effect
ﬁ‘;alanine - no effect

Snaii heart

extract - acceleration

Since the activity of this neurone was lrregular, the
slight inhibition after both BHT and dopamine is probably due
to that, fig. 51B & C. 24 seconds sfter the addition of the
heart-extract there weas a burst of activity which lasted 42
seconds, fig. 51F. This burst was immediately preceded by
2 much faster burst lasting around a second. Aftér'42 seconds
there was a muscular contraction and the electrode came out
of the cell. It was possible to repenetrate the cell, the
activity being one A.P. per 3 seconds. The addition of Q.3M

¥pCl, inhibited the activity and then after 80 secondz, the

°

activity returned 2t 1 A.P. per second.
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COLCLUSION

It is interesting that the heart extract had a delayed
effect, similar to the type of response observed with a

physiological eoncentration of acetylcholine or 5-HT.

NICOTINE

The effect of nicotine has been studied in a few
experiments, with regard to 1ts possible role as a synaptic
blocking agent. In experiments using isolated brains, it
weas found that a concentration of nicotine down to 10'"5
inhibited the activity of the cell but only slightly affected
the resting potential. Concentrations as low as 10° wonla
completely inhibit the activity.

Nicotine had an effect on both the resting and action
potential of a cell in a brain in situ. Nicotine added to
a cell whose activity was inhibited by stimulating the left
pedal nerve, not only blocked the inhibition but later
depolarized the cell to zero. In an experiment in which

the cell was driven, nicotine slowly depolarized the cell to

zero without blocking the activity.

CONCLUSIONS

Nicotine in the intact brain is able to depolarize the
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resting potential of the neurone to zero and stop their
activity. In the isolated brain it reduced the resting
potential to approximately 40mV and blocked the @ctivity.

Due to the fact that it would appear to have a pharmacological

effect of its owh, its use was discontinued in these experiments.

GENERAL CORCLUSION OF SECTION TWO

¥rom the eleven neurones tested with three or more drugs
it would appear that no drug affects every cell to which it is
applied. Certain compounds such as acetylcholine, histamine,
and 5-HTF are more likely to affect the cell than others, for
example, glutamic aclid and CARA. It is difficult from the
experiments to suggest any "sequence" effect.

These experiments indicate the usefulness of compounds
such as atropine, eserine and reserpine in assessing the
potentialities of a given drug. Certain safeguards must he
born in mind when using these compouwrds. Each may have an
effect on 1ts own, independent of a possible potentiation or
antégonism of a proposed transmitter. This is true in the
case of eserine where it may have an acceleratory effect.

This response differs from the acceleration observed after
acetylcholine.  Though the eserine effect was physiolosicel

1t occurred after 8 seconds and there WEre N0 2.P.Sep. ' e
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The acetylcholine effect occurred after 24 seconds and this
was accompanicd by S.p.SePes’ S

Thefe would appear to be two types of response. The
response to the applied drug mey occur elther 4 to 6 seconds
efter its application or 20 to 40 seconds after its application.
The former may be assoclated with a general permeabllity increacc
of the‘whole soma, while the latter may be associated with

activation via the synaptic regions of the axon.
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Figure 52 is a diagram of the suboesophageal ganglionic méstho;show the

positions of the five experimental neurones, each of which is sensitive to
a given drug. v
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Figure 53 shows the response of cell I from four

different brains to the application of 5-HTP 10—6.

(ii). Shows the shape of the action potential A). before and
B). and C). after the addition of 5-HTP to brain B. The

duration of the action potential increased from 5 to 8msec.



SECTION TiHRUR

THE EFFECT OF A DRUG Ok THE SAME CELL

T

FROL SEVERAL DIFFLRENT BRATNS.

In testing drug response it is important to show that
a glven druvug has the same effect on a known neurone from one
brain to another. In the snsgil brain it is possible to
identify certain of the larger neurones. These range 1n
sige from 120-200 F,. Tlg. 52 indlcatss thé positions of B
of these neurones located in the left and right parietal and
visceral ganglia. The cells can be identified parﬁly on their
anatomical position and partly by their ability to be driven

by st Lmulatlng speciflc peripheral nerves.

A 5-HTP SENSITIVE CELL

This is neurone 1 in fig. 52. The response from four
experiments are shown in fig. 53, In two of these experiments
the cell was virtually silent and in the other two the cell

+ ;
wes very active. In fig. 53A, the addition of 10™° §-HTP
induced e.p.s;p.'sf The shape of thece can be compared with
the Ariven e.peSe.pPs's, fig. So(iii), (page 160 ).  wig. 538

shows the response after the addition of 107° B5-HTP to the

s@me peurone in another brein. The mailn response occurred
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anvproximately 30 seconds after the addition of the drug. The
" change in shape of the action potential can be seen in fige.
55(11). Tre threshold for the Ffiring of each action potential
was reduced from 38 to 23mV. The maximum afterpotential was
reduced from -63mV to -55mV. The duration of the action
potential remeined almost constant.

The response followed a physiological pattern rathexr thar
a pharmacological one. The response lasted approximately
24 secohds. There WEre NO GeDsSePs' Se There was & slight
increase in the sige of the positive afterpotential. This
is contrasted to the situstion often found in physiologicel
experiments with acetylcholine, where the positive afterpotential
disappears and glves way to a negatlive afterpotential, fig.

50(ii)B, E, (page 184 ). In fig. 53C and D the neurone wes

)

iring rapidly and on the addition of 10™° 5-HTP, the rate
of the activity greatly ilncreased with little change‘in shape.
In G, the response occurred after 40 seconds, while in D the
response occurred after 4 secondse.

The action potentials of this neurone were charscteristicelly
large, with an overshoot of around 20mV, the duration was
short, of the order of 6 to lOmsec, and there was a large
differenée between the maximum/minimum resting potential.

Acetylcholine has no effect on this neurone.
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Figure 54 shows the response of cell 3 from four
different brains to the applicatibh of acetylcholine
-6

10”°. In each case the cell was excited by the drug.

A). and B). are from the same brain. The first
application of acetylcholine induced mainly e.p.sS.p.'s

while the second application induced mainly full

action potentials.



In these experiments there would appear to be link
between the size of the resting potential and the degrese of
the response to 5-HTP. The resting potentials in the four
experiments were, for A) -60mV, B) -54mV, C) -52mV, and
D) -45mV. As the restihg potential was lowered, so the
response lncreased. | The response appeared to increase both
in overall duration snd intensity and in delay time prior to
the main effect. It is hoped to do further experiments to

either confirm or refute this suggestion.

AN ACETYLCHOLINE SENSITIVE GELL

This is neufone 3 in fige. 52. Flg. B4A and Bvshow the
response of adding 1 x 10"6 acetylcholine consecutively with
a gap of 170 seconds. Prior to the first application of
acetylcholine, the cell had a resting potential of -70mV, and
prior to the second application, the resting potential was
-571V. The first application led to a few action potentials
but mainly e«.p.S.ps's while the second application led almost
entirely to action potentials. The delay in B is 3 seconds,
and the delay in A is'lo'secdnds, Cy, D and E are separate

xperiments. The delay in C was 20 seconds, in D 15 seconds,

and in B, 4 seconds. The shape of the action potentiol

')
PESLID P
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Figure 56 shows the effect of acetylcholine 10_6

on the shape of the action potential from neurone 3
of brain E). of figure 54.

A). is a driven action potential.

B). before and C). 30sec after, D).V385ec after,

E). 46sec after, F). 53sec after, G). 143sec after,
H). 150sec after, J). 155sec after, K). 160sec after,

215sec after and M). 223sec after the acetylcholine.



Tt

the application of acetylcholine in B i1s shown in Fig. 55.

]

This was & pharmacological effect from which the cell partiaslly
recovsred. The resting potential in B was --52mV. in this
experiment the driven action potential, fig. B5B5A has a

negetive afterpotential. A similar shape can simetimes be
seen after a physiologicel acetylcholine response, fig. SOﬁp,

There would appear to be a correlation between the height ol
the resting potential and the response to acetylcholiie; the
lower the resting potential so the greater is the response to
acetylcholine. The delay time for a response is much shorter
for a pharmacological effect than for a physiological one.

Thig agrees with the eXperiments in which histamine has a short
delay time and acetylcholine a long one. © In this case it was
suggested that the histamine excites the soma membrane while
the acetylcholine excites the syunaptlc membrape only. A
pharmacological concentration of acetylcholine could also
affect the soma.

In fige 52 three other cells are temtatively associated
with a possible chemical transmitter. Cells 4 and 5 are
suggested to be sensitive to acetylcholine, and cell 2 was found
to be more sensitive to histamine,

It is hoped to continue this part of the investigation and

[ d

see the extent to which i1t is possible to identify & cuncific

iy

nenrone chemicallye.



Figure 56
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Butyrylcholine 5x 10'7; D). Acetylcholine 10~

Senecioylcholine 10~

shows the response to drugs of neurone
173. The drugs were added in the following order:-

Urocanylcholine 5x 10_7; B). Crotonylcholine 7x 10—7'
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Figure 56 continued:

F). Butyrylcholine 5x 10_7; G). Adenosine

diphosphate 10"6; H). 5-HTP 10‘6;

J). 5-HT 10‘6; K). Acetylcholine 10‘&.
Urocanyl and crotonylcholine induced activity in a

silent cell. The other drugs had little effect, except

10~ ~acetylcholine which depolarized the cell to zero.



SuCTION FOUR

CHOLINE COMPOUNDS OTHER THAN ACETYLCHOLIIE

Within recent years, interest has developed in the other
choline esters such as urocapylcholine, crotonylcholine,
butyrylcholine, senecloylcholine, stc. Thanks to Dr. V.P.

Whittaker, of the Agricultural Research Council's Departucut

of RPiochemistry, Rrabraham, I waes given a small amouwt of ecacch

of these choline compounds to carry out preliminary experimen
on.their action on the snall neurone.

In these experiments a neurone was exposed, and a
microelectrode inserted into it. A series of drugs wes then
applied in a known order and their effects noted for thls one

-

cll, Though one cannot state that therse was no intersction

of effects or tachyphylaxis, the results give some indication

~ -

as to the relative effects of the compounds.
Details of four experiments will now be gilven to demonst

the type of effects that these choline compounds had.

In a typical experiment, No. 173, the 5 choline compound

together with adenosine diphosphate, 5-HTP, and 5-HT werc
tested in the following order with the results shown in Ffig.

B

50 In bthieg experinmeunt the activity was slizntly sxitiiic

og can be seen 1ln trace D and . Thnese are A.C. pen recorod

1
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ra
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Figure 57 shows tracings taken from photbgraphs of
the shape of the action potentials before and after
the addition of butyrylcholine, acetylcholine and
adenosine diphosphate.

A). before and B®. 160sec after, C). 166sec after
the addition of butyrylcholine. D). 58sec after,
E). 63sec after, F). 68sec after, G). 108sec after
acetylcholine. H). II2sec after, J). 120sec after

adenosine diphosphate.
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but the restlng potential values were recorded during the
experiment. The shepe of the action potentials can be scen

in fig. BY7, before and after the application of three of the

A ]
ax —U_Eﬁ Sa

Urocanylcholine 5 x 1077 e;p.s.p.'s;
Crotonylcholine 7T X 10”7 ‘induced activity on
an inactive cell;
Putyrylcholiné o ‘5 x 107 no effect;
Achfu,A,i ;_{' » - 7 1 x 10-6 no effeot;
Seﬁééioylcholiﬁé - 1 x 10‘6 > n5 éf;éct;
Butyryldholine | 5 x 10‘,“l7 1o effect;
Adenosine diphosphate 1 x 1076 sligatvinhibitiun;
5-HTP 1l x 1Of6 | no effect;
5-HT ' , 1 x 10-% no effect;
Ach. 1 x 107% depolaerization of

resting potential Lo zoru;

Toth urocanylcholiﬂe and crobonylcholine could induce
activity in a silent cell.\ Urocanylcholine depolarized the
membrane from -50 to —46mV to produce €.p.S.p.'s after 17
seconds, and crotoanylcholine produced action potentials ofter
46 secondé.r In neither case was the response very dramatic
and ib no way resembled’the response obtained from an Ach.

seycitive cell. The other two cholinc componnds ond fli.

ol



ot eiiect the rete of the activity, uwor the ghepce of Lic
sction potentiel, fig.57 2 & C.

hAch at 10‘6 did not alter the rate of the activity, but
increased the durstion of the action potential, fig B7D. Thc
shape of the action potential gredually recovered, fig. B7H,
B & G

ADP, besides slightly inhibiting the activity, reduced the

size of both the A.P. and R.P. The overshoot of the A.¥. weo
reduced from 27 to 13mV, which did not fully recover, fig. B7

& Jde Neither BHT nor BHTP had any effect on the activity or
cshepe of the A.P. |

Ach. at 10‘4}after 5 seconds reduced the R.P. to zero and
the cell did not recover. |

The choline compounds were tested on a large cell in the

right parietal ganglion.

Butyrylcholine 5 x 10~7 - acceleration and
inhibition;

Urocanylcholine 5x 1077 -  no effect;

Crotonylcholine 7 x 1077 - no effect;

Ach. o 106 - no éffect;

Senecioylcholine 107 _  iphibition;

ks ]

& seconds after the addition of butyrylcholine thexr~ —or
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Figure 58 shows the effect of five choline esters

on a single neurone.

A). Butyrylcholine 5x 10-7; B). Urocanylcholine 5x 10_7;
C). Crotonylcholine 7x 1O~7; D). Acetylcholine 10—6;

E)}. Senecioylcholine 10—6.

Butyrylcholine initially accelerated and then inhibited

the activity while senecioylcholine inhibited and

then had a pharmacological effect on the activity.
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Figure 59 shows the effect of butyrylcholine on three
neurones from the visceral ganglion of the same brain.
A). Butyrylcholine applied at 7x 10~ 7;

B). Butyrylcholine applied at 5x 10_9;

C). Butyrylcholine applied at 5x 10_8.
The first response was phakmacologicallin nature, as

also was the second response.
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depolerizing to —-42mV &l cachr action potentisl. The actlon
potential hed a negetive afterpotential. The overshoot of

1

the cction potentlial wes reduced from +20mV to +8mV and thie
duration had incressed from Bmsec to 30msec. Gradually a
pharmacological response appeared, the height of the sction
ond resting potentials falling and the duration of the action
potential elongated.

It was decided to test a rasnge of concentrations on the

second neurone, sta ng with b x 10‘10. This concentrotion
nad no effect. 21 seconds after the addition of B x 107 9

the A.P.s were replaced by a prolonged burst of cepec.fe' S,
fig. BSE. These were of 10mV height and 80msec duration,
There was no effect on the R.FP. 32 seconds later the R.P.

fell from -3b5mV Lo zZexo,. The cell did not recover.

The third neurone was silent with a R.Pe. of —-40nV. 5 = 10~

and b x 1072 had no effect. In fact the R.P. hyperpolerized
t0 =441V, 40 seconds after the addition of 5 x 10-8 there
woe a burst of A.P.s lasting 4.6 seconds and the R.P.

depolarized to zero, fig. 59C.

CONCLUSION

The concentration of butyrylcholine which depolarized one

neurone does not have a gimilar long term effect on L1 tre

other neurones. The neurones would sppesr to dilfier in
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Figure 60(i) shows a pen recording of the effect on a

cell of two applications of 5x1010 butyryicholine. The

two traces are continuous.

(ii) shows the shape of the action potentials of (i).

AQ. before and B). 33sec after, C). 4Osec after,

D). 48sec after and B). 57sec after the first application.

F). 20sec before and G). 25sec after, H). 37sec after,

J). hosec after, K). 48sec after, L). 72sec after the

second application of butyrylcholine.



cseneltlivity to a given drug. It i1e interesting in this
experiment that all three neurones were responsive to

butyrylcholine.

In experiment No. 178, two applications of 5 x lO"10

butyrylcholine were added to the neurone. Thé first
addition caused a gradual increase in the A.P. rate which
We s maintéined, fig. 60(1i) and (ii)A. 3 seconds after the
addition of the second dose there was a prolonged burst of
A.P.s and ee.p.s.pe's, fig. 60(i)B and (ii)G-L. After 91

seconds the R.P. fell to -12mV and did not recover.'

COKCLUSION

It would appear that a seoopd dose of a drug 1s

by the flrst appllCatlon fa0111tated.

Tle overall effect of the chollne compounds on the

act1v1ty of the npeurones can be seen in Table B
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WolipaR  OF TXAPERILELNTS

EFFRECT AND THRESHOLD

PHARM, PHYSIOL.
COMPOUND ACOEL. INHIEIT 1o TOTAL
BF-ECT

» - -. . ~ _10 - —l? "'6 (24
Butyryl. 6: b x 10 2¢ b x 10 1l x 16 3 11
' . ' » -6 . : ;6
Senecioyl. 13 1 x 10 in one 1l x 10 2 5

experiment

the A.P.

was replaced

by ane.p.s.pn

at the same

rate

-7 -7 ‘
Urocanyle. 2¢ b x 10 1 5 x 10 C - 1 4
Crotonyl. - 21 7 x 1077 - 3 5
Butyrylcholine was tested on 11 neurones. In 6 of thece

experiments the ester had a pharmacological effect, that is,

the concentration applied depolarized the cell potential

zero end it did not recover.

was accelerated by butyrylcholine, and in one of these ithe

to

In 2 experiments the activity

acceleration was followed by a period of inhibition, fig. 58A.

.~ The threshold for acceleration was 5 x 10_7.

would appear to be very sensitive

~

trhe threshold for a pharmecolocicel effect was 5 x 10’"1(’:’n

to butyrylcholineg, siuce

Certaln necurones
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It i=s suggested that in the case of thoss cells exhikitin

I
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a phormacologicel effect that at & lower concentration the
:ster would have s physiologicsal effect. This type of
response can be seen in fige. 60(1)A, where a pharmacological
response was followed by prolonged acceleration.
Senecioylcholine was tested on only 5 neurones. This

wag the only ester to exhiblt initial inhibition of the sctivity

[0}

of one cell at a concentration of 1 x 10’6, fig. 58E. I on

.s¢ & concentration of 1 x 100 haa a pharmacological efiect,

Q
m

In another experiment senecioylcholine had no effect on thec
rate of the activity but the full sction potential was reuvlaced
by an eePeSePe In the remaining 2 experiments the sster
had no effect.

Urocanylcholine was tested on only 4 peuronese. In 2 cas
it hed a phesrmacological effect at a concentration of 5 x 1077,
In one case 1t depolarized the resting potential sufficicntly
to induce €e.PeS.pe’'S. In this respect 1t resembles the action
of acetylcholine. It had no effect on the remelning neurone.

Crotonylcholine was tested on 5 neurones. This compound
did not exert a pharmacological effect at the concentration
apnlied. In this respect 1t resembled acetylcholine. On
two occasions it elther induced activity, fig. B56B, or

A

coelerated the spontaneous activity. I the remalvine thres

)

0]

eyxneriments 1t haed no effect.
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COLCLUSIONS

All four choline esters had an effect on the bioelectric
potentials of the snail neuronec. The physiological response
was mainly one of acceleration but in the case of senecioylcholine
there was a clear example of inhibition. In three ount of
four cases the ester appeared to be more potent in its effect
than acetylcholine. This would suggest that the neurone
membrane was more sensitive to them or that they were destroyed
at a slower rate or not at all. It is hoped that these

compounds can be retested on cells known to be acetylcholine

]

sensitive.
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DISCUSSION

Before one can postulate that a chemical compound is a

likely transmitter, certain cfiteria have to be fulfilled.

(1) The substance must be shown to be present in, and

synthesised by, the relevant neurones.

(2) It must be liberated from these cells when they are
stimulated, and 1t must be capable of stimulating or

inhibiting other neéurones standing in synaptic relatlonship.

(5) The smount required to demonstrate this excilitatory or
iphibitory action must be similar to the amount of the

compound released on stimulation.

(4) The nervous system must have enzymes present capable of

destroying the transmitter substance quickly.

(5) The substance must have the same type of effect on the

postsynaptic membrane as occurs on stimulation of the

presynaptic axon.

The snail neurones are not extremely sensitive to drugs.

The abdominal ganglion neurones of Aplysia are sensitive to

o concentration of 1 x 10LRg/ml acetylcholine, (Tauc &



Gerschenfeld, 1960); the heart of frogs at certain times of
the year appeaxr to be sensitive to around 1 x 10“15g/m1

acetylcholine; the heart of Vepnus mercenaria is sensitivs

to 1 x 10-9g/ml 5-HT, (Twarog & Pasge, 1953); the heart of

- . o . . — 5 T P -~
Helix is sensitive to 1 x 10 10g/m1, (Kerkut & Laveracic, 1930) ;
the loech muscle is sensitive to 1 x 1O'9g/m1 acetylcholine,

(Minz, 1955); and the alveolar muscles of the frog's luung are

ensitive to 1 x 10“16g/ml acetylcholine, (Dijkstra & Lioyons,

n
D

1959).  The lowest threshold recorded in this study on the
neurones 0of Hellx was lOﬁllg/ml for the inhibitory effect to
doparine.

The responses shown in the table, (pagel5lk) are Lo the
application of physiological concentrations of the drug, that
is, & concentration which 1s likely to occur in the snail bralil.
This concentration was arbltrarily set at 1 x 10“6g/m1, since
from the literature this would seem t0 be the meximum
concentration occurring naturally in the braine.

The responses from each group of drugs will now be briefly
discussed, together with their individual possibilitics as

- .
likely transmitters in the snall brain.

ACETYLCHOLINE AND DMAR

Acetylcholine has been found both 1n this and other

investigabions to affect the ectivity of molluscen Loxol .

Tl e e i B e ban T e e " R T s
CnC praogend E’vLTH_LJ an acciuvyleholipoa—~1lie aurihal Lo
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the spnail brain has been extracted using the rat jejunum as

a bioassay. It was present ét an univalent concentration
of 5—10'Lg/g. Chromatographic analysis also indicated that
a choline compound is present, in this case it most resembled
urocanylcholine, though the evidence is not decisive. This
choline ester, together with butyryl-, crotonyl-, and
senecioylcholine have been tested on the snail brain. These
esters tend to be more sensitive than Ach. Helix neurones were
mést sensitive to butyrylcholine but urocanylcholine resembled
Ach., in inducing e.p.s.p.'s on a resting cell. Carbaminoylcholine

has‘been found to be twenty times as active and butyrylcholine

0.3 as active as Ach. on the heart of Helix pomatia, (Megemont,

Dastugus and Bastide, 1960) .

Choline esterases occur in snail blood, (Augustinsson,
1946), and the response to Ach. can be potentiated by eserine
and reduced by atropine. Certain cells in the visceral
ganglion are sensitive only to Ach. The evidence is reasonsbly
good for the role of a compound like Ach. as a transmitter in
the snailrbrain.

In addition ﬁo the gcetyl ester'of choline, four other
| éstérsvwere tested on the snall neurones. = These were the
butyryl;'cmmtonyl, urocanyl and senecioyl esters of choline.
Butyryl, urocahyl, and senecioylcholine were found to have pharma-

cological effects at concentrations which would bring sbout a
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physiological response from acetylcholine. Crotonylcholine
most resembled acetylcholine in the form of its response.
None of these compounds have yet been shown to be present in
the snail, but then there 1s not decisive evidence that
acetylcholine is present.

Sometimes after the addition of Ach. the positive
afterpotential of the action potential 1s veplaced by a
negative afterpotential. If the positive afterpotential is
due to the return of the resting potential towards the potassium
potential, then this falilure would be associated with an
interference of potassium conductance by Ach. Excitation is
normally associated with an increased permeability of the
postsynaptic membrane to all ilons. Thus the Ach. could increase
the sodium conductance, and so the inward flow of sodium ions,
while it decreases the potassium conductance, and so the outward
flow of potassium ions. It would be very useful to have some
inforuation about the lonic events during the response of a
druge.

DMAE only inhibited the activity, in no case did it excite
the activity. There is no evidence for the presence of DMAE
in the snail, pnor for its conversion to Ach., but this could

14

be tested more rigidly by using C DMAERE
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CATECHOLANTNES AND PRECURSORS

There is no evidence for the presence of either
adrenaline or nor-adrenaline in the spail, but 1t is hoped
to reinvestigate this gquestion, using a sensitive
spectrofluorimetric technique. Neither compound was
particularly active in its effect on the snall neurones.

With respect to their acceleratory effect, nor-adrenaline was
approximately a thousand times more active than adrenaline.
Tauc has found that nor-adrenaline was more active than
adrenaline on Aplysla neurones.

In over half the experiments in which it was tested
phenylalanine inhibited the actlvity and hyperpolarized the
resting potential. This amino acid is present in the brain
dfkﬁhe snail. ~It would be interesting if the presence of
adfenaline ishestablished to see 1f radioactive phenylalenine
Ainjected into the snail can be recovered as adrenaline. From
the earlier experiments 1t would appear that phenylalanine

4 and 10~°

applied prior to the addition of 107 acetylcholine
blocks the depolarizing effecﬁs of this drug at high concentrations.
Dopamine, has been found in the insects but as yet not
reported in the Mollusca. Working in the department, Price
(unpublished) Isolated a compound from the brain of gastropod
.

apnaile which geve & spobt with apn I simlilexr to that for

[
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dopamine. Ostlund, (1954), did not find dopamine in the
Mollusca, but did find an unidentified cetecholamine which he
termed "catechol 4". If dopamine can be ldentified in the
snaill brain then from the present studies, 1t would rank as

a8 potential inhibitdry transmitter. Dopamine was found to
inhibit the spontaneous activity and to hyperpolarize the
resting potential. It did so regularly at concentrations of
10-9, It is not yet known if this compound acts selectively

on inhiblitory synapses or merely blocks all synaptic connexions.

THE INDOLBATLKYTAMIINES

5-HTP has been proposed in vertebrate studies as the

-

precursor for 5-HT. The former compound has not yet been
identified in the snall brain, but 5-HT has been showh to be
-present in a concentration of around 10‘8g/g, (Cottrell,
unpublished observations).  From the work of Cardot and
Ripplinger, (1961), it had previously been reported to be
absent but these workers employed a method that probably
destroyed the B-HT during the extraction. In this study both
compounds have been found to be specifically active on certain
marked cells. | Like Ach., and in contrest to histamine, the

sxcltatory regponse occeurs alter ¢ delay of up to 20 scconcde.



Both compounds are almost entirely excitatory in nature and
have thresholds around 1079, The threshold for inhibition

is 1000 x more concentrated. Only two experiments have given
inhibitory results out of a total of 49, (21 of which were
excitatory) . As with Ach. and histamine, both 5-HT and 5-HTP
not only increased the rate of the activity but also induced

CePeSePe ' Se In this way they resemble electrical stimulation.

HISTAMINE

This compound has not been shown to be present in the sndil,
but histidine, the amino acid precursor for histamine, is
presente. In the initial experiments this compound was used
as the hydrochloride but it was thought that it might be
exerting its actlon through its pH rather than the histamine
molecules on their owne. The pH was tested and at lO_6 and
weaker concentrations the histamine had no affect on the pH.
In later experiments on marked cells, the free base was
substituted for the hydrochloride. The response was found
to be the same. Histamine is excltatory in nature, but its
action occurs 4 to 6 seconds after 1ts addition. This delay
time contrasts with that for acetylcholine (1070) which is
over 20 secondse. Pharmacological concentrations of

acetylcholine (10“4) on the other hsnd have a short delay
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time. It may be suggested that histamine is not a natural
transmitter but that 1t acts on thé soma membrane and csuses
a general depolarizstion of the resting potential.

There would appear to be a distinct difference between
acceleration due to a physiological concentration of acetylcholine
and that due to histamine on the same neurone. In the case
of the acetylcholine, the acceleratory response occurs after
20 to 30 seconds, while that to the histamine occurs after 4
to 6 secodnds. It is possible that the acetylcholine response
is local, occurring only at the synapses at the proximal end of
the axon. It will take several seconds for an external
application of the drug to penetrate to the synapses of the
experimental cell. On the other hand the histémine could act
all over the soma surface and cause guick general depolarigzation.
The response to acetylcholine at pharmacological levels may
also be quick, resembling that of histamine. Here as well 1t
may be acting directly on the.soma membrane surface rather
than via the postsynaptic membrane. Certaln drugs take up to
a minute before they induce a result. Here of course one
must consider the problem of interneurones. The drug could
be acting via an interneurone and the experimental cell soma
could itself be inactive to the drug. It might be necessary

to use lsolated neurones for such tests to make sure that the
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experimental soma membrane 1is receptive. So far 1t has not
been possible to isolate single cells from this preparation
and to obtaln sultable records from them.

Histamine does not have effect on all neurones, so that

there is some selectivity in its actione.

THE GALA GROUP

This group tontains glutamic acid and p-alanine in
addition to GABA. From vertebrate studies it would be
expected that GABA and MB-alanine would have an inhibitory
effect on the activity while glutamic acid would accelerate
the activitye. The results obtained in this present lnvestigation
were rather disappointinge. While 1t has been found that
glutamic acld stimulated all the vertebrate neurones on which
it was tested, (Krnjevic and Phillis, 1961), in this study
glutémio acld excited only 2 out of the 22 neurones on which it
was tested. GABA was only tested on 16 neurones and f-alanine
on 6, and 1t is clearly necessary to test these drugs on more
cells before any definite conclusions can be made. GAERA,
alanine, and glutemic acid have been found to be present in
the snail, Glutamic acld has a probable metabolic role in

vertebrate tissue, (Strecker, 1957), and it could have the

same effect in the spnail braine.
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THE VITAMIN By GROUP

The response to both cocarboxylase and thiamine (aneurine)
hydrochloride was not conélusive. However the two excitatory
experiments with thiamine were more conclusive than the one
inhibitory response, This would agrfee with previous workers
who associated thiamine with exclted nerves. Cocarboxylase
has been agssociated with metabolism and in the snail it both
accelerstes and inhibits nerve activity. There is no evidence
for the presence of either compound in the snail though
Augustinsson, (1946, 1948), has described an enzyme in Helix
dart sac and bhlood which will hydrolyse acetylthiamine, as yef

there is no evidence of a transmitter role for either chemical.

THE BFFECT OF THE RESTING POTENTTAL ON DRUG ACTION

T a later series bf éxPerime5ts, the effect on the resting
potentiaimwas recorded. These experiments were done mainly
with acetylcholine and 5-HTP. There would appear to be no
correlation between the size of the maximum and minimum resting
potential and the response of the drug. The mseximum resting
potential is the maximum value of the positive afterpotential
while the minimum resting potential is the potential at which

the sction potential begins its sharp rise. It is possible

that where there is a large differeince, (a larpge positive
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afterpotential), the cell membrane has been damaged during

the penetration of the soma and this makes it easler for a

drug to affect the cell activity. The link between positive
afterpotential size and decay time and damage has been investi-
gated by Moore and Cole, (1960), for squid axons. They found
that the rate of recovery of the positive afterpotential
increased after the initial cutting of the mantle. They suggest
that the more damaged an axon, the faster the decay of the
positive afterpotential. In the experiments with Helix
neurones it would appear that during the course of an experiment
the deca¥y time of the positive afterpotential also increased.

It may be concluded that the maximum/mihimum resting
potential does not affect the response to a drug. There is
no correlation between the acceleration of the activity by a
drug and this value. Normally the addition of a given
concentration of a drug to a silent cell has a different effect
to that when the cell is active.

The response to some extent depends on the value of the
resting potentisl, and it has been suggested by Tauc that the
response of a cell to a drug depends entirely on the cell's
resting potential. The cell responds so as to restore the
resting potential to a certain level, the equilibrium potential.

When the cell is hywverpolarized above this level, then o drnag
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will tend to depolarize the neurone. When the cell is
depolarized below this level, then the application of a drug
will tend to hyperpolarize the resting potential. In the
experiments described here it was not possible artificially
to change the resting potential, but the normal resting potential
of a given cell varies from one brain to the next. From the
experiments so far done, it would appear that with a drug which
normally accelerates the activity, the lower the resting potentisl
so the grester 1s the response, fig 54 A and B.

There was also the possibility from the initial experiments
that there was a change in the response of a given drug when
it had been preceded by another drug. From the earlier
experiments it appeared that certain amino acids when present
prevented concentrated solutions of acetylcholine from
depolarizing the cell resting potentisl to zero. Phenylalanine,
glutamic acid and cocarboxylase were found to do this. In

two, (pagelTb ) several drugs were tested in a known

seqguence on a single neurone. There was no clear correlation
between the response of the cell to a drug and the sequence in

which 1t was applied.

The 1lnvestigstions described only indicate which chemicsls

3
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Further studlies will have to be necessary to locate the
relevant enzyme systems and to show that the chemicals are
released on stimulation of the relevant axons.

This study has been undertaken on the assumption that a
chemical transmitter diffuses across the synapse from the pre~
to the postéynaptic membrane. While this concept is widely
held, there are dissenters. According to Nachmansohn, (1959,
1961) s the propagating agent along the nerve fibre, as well as
across synaptic junctions, ig electric current. The action
of Ach. occurs within the conducting membrane and is an
intracellular process. Ach. exists 1n the resting condition
in a bound and inactive form. When the membrane is exclted
Ach. is released. The free ester acts upon a specific
receptor, a protein, produces the change in ionilc permeability,
and generates the potentlial. The free ester is then attacked
by acetylcholinesterase. The receptor return to its resting
condition and the barrier to the ion movements will be re-
esteblished. The fact that Ach. is found at the synepses is,
according to Nachmansohn, due to the lack of a barrier against
Ach., as a methylated quarternary ammonium salt.

It is generally consldered that a chemical transmitter,
such as acetylcholine is present in the tissue in an inactive
Torm bound to & wroteln or lipoprotein,. Acetylcholie 1s

releaged fyom this comolex by a variety of etimull, esnecislly
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ion movements. The free ester diffuses across the synapse
and combines with a receptor protein in the postsynaptic
membrane. This alters the ionic movements across the
membrane and may stimulate the structure concerned. Acetyl-
choline must then dissociate itself with the receptor protein
and combine with cholinesterase which it is suggested is slso
on the membrane. Zupancic, (1953), does not understand why
acetylcholine should combine with the active receptor protein
first rather than combining with the active cholinesterase
receptor initially. He suggests that both will have similar
active groups and will be in close spetlial vicinity in the
postsynaptic membrane. He suggests that the receptor protein
is not similar to but identical with cholinesterase. The
following picture then emerges; the released free ester
molecule of acetylcholine comblnes with tissue cholinesterase,
that is, the receptor protein; acetylcholine acts upon it,
causing stimulation, and is then hydrolysed to inactive compounds.
The receptor protein is then ready to act upon the next molecule
of acetylcholine.

This view of the action of Ach. is of interest, but it

will requlire considerable experimental support before it can

be accepted.
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THIE PROBLEM OF HETEROGENBITY

In the experiments which make up the bulk of the results
of Section I, the effect of the drug in relation to the
spontaneous activity‘of the néﬁrgnes alone was recorded. As
can be seen from the ﬁablelig'g;st cases the drugs poAh
‘accelerated and/or inhibited the activity. There was usually
a clear maiorit&jfér elther an overall inhibitory or
accelerstory responce. The overall response for acetylcholine,
5-HTP, histamine base and hydrochloride, noradrenaline, and
5-HT was acceleratory. The overall response for phenylalanine,
dopamine, and DMAE was inhibitory. The responses from
adrenaline, glutamic acid, p -~alanine, GABA, cocarboxylase,
and aneurine hydrochloride are not sufficiently obvious for a
conclusion.

However from these results it is clear that there is a

marked heterogeneity in the response of the neurones Of the

g__\/,» - e
gnail brain to drugs. This heterogeneity in response has

also been shown to occur in the vertebrate brain, (Bradley &
Mollica, 1958). It has also been proposed that there are
alternate cholinergic and non-cholinergic pathways in the
vertebrate brain, (Feldberg, 1957). It became obvious that
the experimental technigue would have to be modified. 1t

for this reason thet the experimental neurones were marked

wa T

VY

m

4
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at the end of each experiment.

In a study to see if the drug experiments on the neurones
were consistent, a given drug was tested on an identified
marked cell in different brains. These experiments are still
in progress but certain cells are consistantly responsive to a
given drug or in some instances two drugs, and to no other ones
that are applied.

1t also became apparent that more must be known about the
connexions between the axons and the neurones and between the
neurones themselves. The stimulating experiments were then
carried out on marked cells to try and map areas of the ganglia
with a common function. It was hoped that cells with common
connexions would be sensitive to the same chemicals. The
axonic connectlons also helped to identify the neurones.

In the mapplng experiments it has been assumed that a
neurone has only one axon but this does not always appear to
be the Case. It has been suggested that the axon of the giant
neurones of the abdominal ganglion of Aplysia divides and
sends branches into several nerve trunks on the lpsilateral
sige of the bodys (Hughes & Tsuc, 1961). The axons of the
supramedullary neurones of the puffer fish also appear to
send branches to several dorsal root nerves, (Bennett, Crain

1059) . In thie investisotlon ¢ fer nenronce

\

have posseessed short deley times on etlmilobilon of tvo CFiflerens
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nerve trunks but only the shorter delsy time has been taken
to indicate antidromic stimulation.

The measurement of the rate of conduction along the nerve
trunks presents a problem. It has been shown that there are
slow and fast conducting fibres in the intestinal nerve,
(sehlote, 1955). This mixture of fibres also occurs in Mya,
(Horridge, 1958). The fastest rates of conduction in the
gastropods would appear to be around 100cm/sec, and the slowest
around 20cm/sec. This agrees with the values found in the

present investigation. It has also been shown that the
intestinal nerve of Helix contains neurones, (Schlote, 1955).
Nisbet, (1961), sugpests that the delay time in the

abdominal ganglion of Archachatina may be as low as 10 to lBmsec.

In this preparation, the transmigsion from the right pallial
nerve to a neurone in the left parietal genglion, close to
the entry of the left pallial nerve would appear to be as low
as Tmsec.

The present study shows that there are groups of cells
whose axons pass down the same nerve trunks. It is suggested
that these cells may héVe a similar function. There are
also indications that cells in the same area of a ganglion
respond to the same drug. Experiments to confirm these

sugrestions are in propress.
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It has already been mentioned that in contrasst to most
systems so far investigated the neurone axons pass out via
ipsilateral rather than contralateral nerve trunks. However,
there 1s some evidence for a link between a pair of nerve
trunks and a glven neurone. Thus 1f the efferent axon passes‘
down the right pallial nerve, then there will be an afferent
axon from the left pallial nerve which will synapse onto it.
This pair of fibres may function antagonistically or

synergistically.

INHIBITTION

Inhibition occurs in the snail nervous system, as in the
vertebrate central nervous system. It parallels the
motoneurones of the mammalian spinal cord in that 1.p.S.p.'s
may be present. However these are not necessary for inhibition,
and they can also occur in the presence of full action potentials.
Thelr function is not clear, but at times they do accompsany
complete inhibition of the activity. These inhibitory synapses
may be distinct from the &xcitatory synapses but there is
evidence that when the membrane resting potential is
hyperpolariged below its equilibrium potential, then the

i.DeSeps becomes a depolariging potential, (Coombs, Beeles and

Tatt, 1955, Tauc, 1957). The structuvre of the inhilitory



synapses 0f the crustacean stretch receptor has been investigated
by Peterson and Pepe, (1961), using the electron microscope

and they found little diffexrence from the structure described

for excitatory synapses.

I.p.S.p.'s are associated with an incresse in permeability
to potassium lons and possibly chloride ilons in the mammalian
motoneurone, (Coombs, Eccles and Fatt, 1955a). The ionic
changes involved in the snail are not known but i1t has been
suggested by Taue, (1958), that they are the same as for the
cat motoneurone. However it may be recsalled that the gastropod
neurones 4o not behave entirely as mammalian neuvrsnes with
respect to ion influence. Oomure, Ogzaki and Maeno, (1961)
have shown that normal action potentisls can occur in

Onchidinium in the absence of sodiim. They suggest that

caleium is important in excitation. Not all inhibition 1in
the vertebrates is associated with chloride ion movements as
well as potassium. Hutter, (1962), states that while inhibition
in the vertebrate heart is associated with an increase in
potassium ion movement, there 1s little change ih chloride
lon movemente

| On the other hand it has been suggested by Chalazonitis
and Arvaniteki, (1957), that the L.p.s.p.'s are equivalent

to the positive afterpotential of the full action potentials.
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Inhibition in the snall can also occur in the absence
OFf 1oDeSeps’se This may or may not be accompanied by a
hyperpolarization of the resting potential. When inhibition
of the activity occurs in the absence of a resting potential
change 1t may be that an inhibitory chemical blocks the
excltatory synaptic sites, so blocking the orthodromic action
potentials without affecting the cell resting potential.

I.pesepo's would appear to be a device for the regulation
of the resting potential and a means of attempting to restore
the resting potential to an equilibrium potential. This
potential probably veries from cell to cell, and for a given
cell, dependiﬁg on the state of the membrans.

The height of the action potential can vary with the
resting potential. Soﬁetimes when the cell is depolearized
the height of the action potential falis. As the resting
potential repolarizes, so the action potential height returns
to its previous level. A fall in the height of the resting
potential isgften assoclated with an increase in the
permeability of the membrane to sodium. During an action
potential, the membrane conductance to sodium greatly lncreasses
and the cell potential approaches the potential for s sodium
electrode. When the height of the action potential is reduced,

o+

it would eppear that the socdluwn conductsoce lg 1wmpalred.
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This can be produced both electrically and via chemical
application. It also occurs naturally.

In cerﬁain cells it is impossible to drive full action
potentials. These cells may never transmit full action
potentials into their soma, in which case, they are éimilar to
the crustacean heart ganglion neurones and to the supramedullary

neurones of the puffer fish, Spheroides maculatus, (Bennett,

Crain and Grudfest, 1959).

CONCLUSION

In some ways this thesis resembles a 'pilgrims progress’'.
On looking back at the tortuous path through which the
experiments have led, it is clear that a much more straight
and direct route could have been taken, and that many of the
present conclusions are self evident. Each new series of
experiments required an improvement 1ln the experimental
technigues. The first experiments were carried out by means
of external electrodes recording the activity in the peripheral
nerves. Then tungsten-glass semi-microelectrodes were used,
and finally glass microelectrodes. At Tirst drugs were applied
to the cells which happened to be penetrated by the electrode,

Loter it became clear that the cells' reanonses were not
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npiform and that it would be necessary'to mark snd map the
cells. A histological investigation wss started into the
fine structure of the brain and the extent to which the cell
numbers and size are constant from one brain to the next.
Simultaneously a marking technigue has been developed to mark
the cell into which the microelectrode had been inserted. The
in situ brain has been examined and the peripheral nerves
stimulated in order to determine the connections between axons
and cell bodies. Specific cells can now be recognised and the
way eppears to be clear to cdetermine the nature of their
chemical sensitivity. Furthermore by linking together
subthreshold stimulation of an axon and dlrect chemical
stimulation of the soma, it may be possible to find out thre
probable nature of the natural chemicsl transmitters. It
does seem, without belng unduly pessimistic, that many deep
crevasses lie between the present position and the final
solution. One of these would apwear to be present day lack
of avallability of possible chemical transmitters. Though
new simple organic substances are becoming available, there

is often difficulty in obtainling other feasihle transmitters.
Some ohemicals such as ortho- 5;6 dihydroxytryptamine, are

nggested to be unsteble - a valuable property for a transmitter

asubstance, but one which makes thelr synthesis in the
lehoratory difficult. ‘The coreful use of evzvre iphi’ ltors
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may help to indicate the possible action of transmitters
though care has to be tsken that one does believe that the
inhibitors are absolutely specific under all conditions; they

may be inhibiting aspects of metabolizm as well as the

transmitter substances.
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SUMMARY

(1) The literature on the electrical properties of three
invertebrate neurone membranes, (i), the gastropod sub-
oesophageal ganglion neurones, (ii), the crustacean heart
ganglion neufones, (iii), the crustacean stretch receptor
nNenNrone, andzthe_occurrence and function of possible chemical
trapsmitters in the vertebrates and invertebrates has been
reviewed. Little is as yet kpnown about chemical transmission

between neurones in the invertebrstes.

(2) The neurones of the snail, Helix aspersa, are well suited

to electrophysiological and neuropharmacological investication
using intracellular microelectrodes since the brain cells are
comparatively large, being of the order of 80 to 200 F. in

diameter.

(3) The nerve cells in the snaill brain may be spontaneously
active or silent. The resting potentials are generally in the
-range of -40 to -6BmV, the action potentials have an overshoot
of up to 30 to 40mvV. The duratlion of the action potentiels
vary from Z2msec to over 1l0OOmsec. The sige and duration of

e. 804 i.p.s;p.'s vary considerably. The rate of the

N

spontenpeons sctivity cen to 10/sec. The getivity may

R
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be rhythmic, arhythmic, or occur in bursts. The action

potentials may be followed by positive or negative afterpotentials.

(4) It is often possible to distinguish between orthodromic
stimulation and antidromic stimulation of a cell. The rise
time of antidromically stimulated excitatory depolarigationsis

sster than that of orthodromically stimulated €.p.S.p. S

b

he delay time for antidromic stimulation is shorter than for

3
o]
(o1}

orthodromic stimulation. An antidromic action potential often

has sn axon-soma prepotential prior to the full potentisal.

(5) The afferent and efferent pathways of axons of the neurones
in the parietal and visceral ganglia were mapped. The cells
were Ariven antidromically and orthodromicslly. The efferent

axon in many cases emerged along s nerve trunk leaving the

same ganglion as contained the experimental neurone. Up to
three axons were fouand to synapse on the same neurone. Ipsi-

and contralateral nerve trunks of the same nerve, for example,.
the left and right pallial nerves, often link onto the same

NEUrOoNG.

(6) The rates of conduction varied for the different nerves



I
[\
A
}_I

1

5

time telten to cross from the right to the left parietal gsunglion

. -
WES TISECe.

(7) Ii was possible to drive full action potentials,
pseudopotentials, excitatory and inhibitory postéynaptic
potentialse In some cases these were found to summéte and/or
facilitate to form full actlion potentials. The driven potentisls

may adapt with time.

(8) Inhibition of cellular activity can be achieved in a number
of ways. I.peSePp.'s may be driven and these inhibit the
activity. When the cell resting potential is altered or the

o

intensity of stimulation varied the i.pe.s.p. may give way to

an CeDe SeDPe The activity may be inhibited with little chenge

in the cell resting poteutial. Inhibltion may be achleved by

a hyperpolarization of the cell membrane without 1.p.S.D.’'S.

(9) The neurones showed great heterogenelty in thelr response

to the applied drugs. Almost all the drugs accelerated,

inhibhited, or had no effect on some of the neurones on which

they were tested. The drugs could accelerate the activity

withont changing the shape of the action potentisl; 8 physiologicel
Py
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pharmacoldgical response. A physiological response was
aseociated with a concentration of 1 x 10’6g/m1 or a more
dilute solution, and a pharmacological response was associated
with more concentrated solutions. The size of the maximum/
minimum resting potential did not appear to influence the

response to the drug.

(10) The response of the snall néurome bioelectric potentisals
to fourteen drugs was tested. The overali response of three

of them, f°>-phenylalanine, DMAE, and dopamine was inhibitory.
The overall response of»acetylcholine, 5-HT, 5-HTP, histemine
base and HO1l and noradrenaline was acceleratory. Ho conclusion
could be mede sbout the overall response from adrenaline,
glutamic acld, GAEA, ‘ﬂ —-alanine, cocarboxylase, and thiamine

(aneurine) HC1.

(11) Certain acceleratory drugs caused their effect after s
delay of 20 or\more seconds, for exeample, acetylcholine;

other acceleratory drugs had thelir effect after 4 to 8 seconds,
for example, histamines. It was suggested that the former

drugé affected the excltatory synapses while the latter affected

the general surface of the soma.

I o " S < S B, o T o~ R - .
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Cells specifically sensitive to acetylcholine and 5-HTF were
located. There anspeared to be no correlation between the

order in which the drugs were applied and the drug response.

(13) These studies indicate the marked heterogeneity in the
regponse of the cells in the nervous system of the snaill,

Hellx aspersa, to drugs. They indicate that 1t is necessary

to work on single known cells and to be able to determine the

response of the same cell in a number of brains.
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