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1.

GENERAT, TNTRODUCTION

It is now generally accepted that synaptic:transmission.in
the spinal cord takes place by the release of chemical substances from
the presynapbic terminals. The nature and mode of éction.of these
Transmitter substances together with the factors confrolling their
release are thercfore of great significance, and this thesis presents
the results of three lines of investigation, each directed at an aspect
of synaptic transmission between the neurones of the spinal cord.

The first is conoerned with pharmacological studies on
spinal reflexes. 1In particular, the effeqts of pharmacological agents
operating on the chemical transmittér mechanisms of peripheral junctions
have been studied in an attempt to determine whether they also have
actions at central synapses. The second section,repérts investigations
which establish that tetanus toxin and strychnine have a potent depress-
ant action on the various inhibitory meéhanisms of the spinal cord and
which strongly sugzest that this action is specifically exerted in
relation to the inhibitory transmitter substance. The last section,
based upon an electrophysiological determination of the @roperties of
the motoneuronal membrane, considers the actual time course of the
excitatory and inhibitory transmitter actions on spinal motoneurones.
This latter section also includes a study of the enhanced release of
the transmitter substances which is observed when test stimuli are
applied after tetanic activation of the pathways concerned.

It is convenient at this stage to discuss briefly three
principles which may be postulated in an attempt to give some order

to the many problems relating to the operation of chemical transnitters
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at central synapses.

The first may be called Dale's principle, for in 1935,
Dale stated that any one class of nerve cell operates at all of its
synapses by the same chemical transmitter substance. This principle
stems from the metabolic unity of a single cell which extends to all
of its processes. It is probable that the synaptic vesicles and the
mitochondria of the termiﬁals all derive ultimately from the nucleus
and cell body (Young, 1956). An interesting example of this principle
is provided by the motoneurone,‘which acts by the liberation of- acetyl-
choline both at the motor nerve endings on muscle fibres and at the
synaptic endings of axon collaterals on Renshaw cells (cf. Section ID).
A further consequence is that the group Ia afferent fibres from muscle

will be acting by the same excitatory substance at dhe synaptic endings

that they make with three differeni classes of nerve cells, motoneurones,

group Ia intermediate cells and the neurones of Clarke's column. Dale's

principle has been uﬁilized in an attempt to test céntrally active
substances isolated from dorsal root fibres (cf. Section I G (iii) and
(v)). According to the principle,the chemicel compound released from
the peripheral collateral branches of certain primary afferent fibres
during the axon reflex, and responsible for the vasodilation, should
also be released from the synaptic terminals of these fibres within
the spinal cord.
The second principle is that any one transmitter substance
always has the same synaptic action, i.e. excitatory or inhibitory, at

all synapses on nerve cells. According to this postulated principle,



any one nerve cell will functibn exclusively either in an excitatory
or in an inhibitory capacity at ali of its synaptic terminals. It

has been found that in all the spinal inhibitory pathways that have
been investigated (cf. Section II), the synaptic inhibitory action

on motoneurones is exerted by a short-axon interneurone - the "inhibi-
tory neurone". Before this recent discovery it was postulated that
group Ia afferent impulses exerted a direct inhibitory action on moto-
neurones by mediation of the same transmitter thet exerted é synaptic
excitatory action on other motoneurones (cf. Eccles, 1953%), specializ-
ation of the respective subsynaptic membranes accounting for the in-
hibitory or the excitatory action. The presence of the specialized
interneurone in the direct inhibitory pathway renders such a postulate

unnecessary. Moreover the specific action on the inhibitory trans-

mitter mechanism of such agents as tetanus toxin and strychnine indicates

that the excitatory and inhibitory synaptic transmissions are mediated
by different substances.

The Renshaw cells (Sections I and II), the group Ia inter-
mediate neurones and the other intermediate neurones on the inhibitory
pathways for group Ib and cutaneous impulses (Section II) are neurones
that are exclusively inhibitory in function wvhilst the dorsal root
ganglion cells with their primery afferent fibres, neurones of ascend-
ing and descending long tracts, motoneurones and many interneurones can
probably be classified as “excitatory neurones!.

The third postulate, which is as yet purely speculative, is

as yet purely speculative, is that any one nerve cell responds to one
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excitatory substance only and is inhibited by one inhibitory substance.
At ‘the neuromuscular junction there is no evidence of any excitatory sub-
stance other than acetylcholine, and with smooth muscle, no evidence
that both acetylcholine and adrenaline have the same excitatory effect
on any one fibre. Although closely related substances may operate in
the same’fashion on cells, as has been shown to occur for the peripheral
actions of adrenalin and nor-adrenalin<(Euler, 1954) there are no
instances of cells capable of giving the same response to two dissimilar
transmitters. However Lundberg (1955), recording from the cells of the
submaxillary'gland, has shown that the same potential change may be
recorded from the one cell following the impingement on it of impulses
in both the parasympathetic and the sympathetic fibres. Different
receptors are involved, for the parasympathetic response is effectively
blocked by atropine whilst the sympathetic reSponsevcontinues unaltered.
The complex nature of these cells and their electrical responses,
suggest that impulses in these two groups of fibres, operating by
different chemical transmitters, may activate different secretory
Processes.,

There is good experimental evidence for the first of these
two principles but the third as yet lacks any direct experimental
support. It will be possible to test it adequately only-when central
excitatory and inhibitory transmitter substances have been isolated.
Further discussion of the problems raised by these principles will be

resumed in the conclusion and summary of this thesis.
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SECTION I. PHARMACOIOGICAL STUDIES UPON SPINAL REFLEXES.

(A) INTRODUCTION

It is proposed in this section to review briefly some of the
more recent investigations and to present some results concerned witkh
the effects of drugs on spinai reflexes. There is now convincing
evidence that the transmission at synapses in the central nervous
system takes place by méans of chemical transmitter substances (cf.
Eccles, 195%; Patt, 1954; Perry, 1956). ﬁot only is this likely
when the chemical nature of peripheral synaptic mechanisms is consid-
ered, but the more recont studies of the responses of cells using
micro-electrodes for intracellular recording make untenable the
postulate that synaptic action is due‘to the flow of electric currents
generated by presynaptic impulses (Brock, Coombs & Eccles, 1952
Bullock & Hagiwara, 1956; Coombs, Eccles & Patt, 1955b, 1955c, 1955d).
As yet there is no evidence as to the nature of the chemical substances
responsible for synapbic transmission in the spinal cord. The problems
involved in their isolation and testing are considerable (cf. Gaddum,
1955). However it was a natural consequence of the discovery of the
peripheral role of acetylcholine and adrenaline that the effects upon
spinal transmission of these and related substances were studied at
an early stage. A wide range of substances has. been tested in an
attempt to find chemical compounds with specific actions on spinal

neurones. The investigations described here have been confined to

spinal reflexes, for it is considered that these reflexes are sufficienily

vell understood for a precise examination to be made of the properties

of the synaptic mechanisms involved.
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(B) METHODS

In this investigation,mdnosynaptic reflexes have been recorded
from lumbar ventral roots following stimulation of the corresponding
dorsal root. The experiments have been performed on the seventh lumbar
(L7) and first sacral (S1) segments of the spinal cord of the cat under
light péntobarbital anaesthesia. All other dorsal roots on both sides
of the cord from the second lumbar to third sacral segments were crushed,
without damaging the nearby blood vessels, in order to eliminate compli-

cations which the injections may evoke by discharges from recepltor

.organs., The S1 and L7 ventral roots were sectioned, leaving the accom-

panying arteries intact. The spinal cord was transected at the thoraco-
lumbar junction.

Since the effects of drugs were often fleeting, maximal
monosynaptic reflexes were elicited as frequently as every second or
even twice a second. Occasionally the testing reflex was facilitated
by an earlier submaximal excitatory volley in order to obtain a stable
record., In several experiments the stimulus intensity was increased so
that polysynaptic reflexes could also be recorded. Alternatively these
reflexes were recorded from an adjacent segment in the absence of a
monosynaptic response (cf. Fige 19).

Intra-arterial injections were made into the lower aorta with
a polythene cannula inserted via the right femoral and right extermal
iliac arteries. All the branches of the aorta below the renal arteries
were ligated with the exception of the lumbar arteries as shown in Fig. 1.

During the exposure of the spinal cord as many as possible of the branches

of these vessels supplying the lumbar muscles wvere ligated, but it was
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important to preserve the blood supply of the lumbo-sacral segments of
the spinal cord by leaving intact the radicular arteries accompanying
the ventral roots. Usually there was one vessel accompanying e€ach root,

but in several preparations one larger artery supplied two segments,

The polythene cannule was flushed from time to time with saline containing

heparin and the spinal cord circulation was occasionally checked by the
injection of 1:1000 Evans blue solution in saline, which under the micro-
scope could be éeen to flow through the segmental arteries and then the
dorsal surface veins. The carotid blood pressure was recorded with a
mercury manometer and the animal received 100 units of Heparin per kilo
every %-A hours.

The arterial injections were of co?stanthvolume (1ce) and made
at a fairly constant rate (lcc in 2 seconds), Usually in any one series,
five control reflexes were photographed prior to the injection. In
order to secure a control level of the reflex spiké height, the reflex
was recorded on the lower beam of a two beam oscilloscope and the upper
beam adjusted until, over a period of several minutes it was at the
level of the average reflex spike (cf. Fig. 2). On account of random
fluctuations the five “control" reflexes as illustrated (cf. Figs. 5 and
11) did not exactly conform to this average spike height which has been
designated 100% in figures such as Fig. 3. No response was ever obtained
with injections of physiological saline or buffered Ringer-Locke solution.
The drugs used were dissolved in a buffered Ringer-Locke of pH 6.9 - 7.1
and the'injected solutions were in this pH range. Both acetylcholine
chloride and bromide (Hoffmann-La Roche) were used and gave the same

results., MNicotine was used as the pure alkaloid.
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(C) PREVIOUS INVESTIGATIONS OF CHOLINERGIC TRANSMISSION IN THE SPINAL

CORD.

The numerous investigations upon spinal reflexes with substances
having known effects at peripheral cholinergic junctions have been
summarized by Feldberg (1945, 1950 ). The great variability and often
contradictory nature of the results of some of these investigations
are partly explicable by the various +types of preparation used, for very
few workers established that the effects produced vere due to a direct
action of the drug investigated on the spinal cord.

The findings of Brown and Gray (1948) did not directly impli-
cate acetylcholine as the transmitter involved at peripheral sensory
endings, but nevertheless showed that nicotine and acetylcholine, when
injected into the arterial system of both skin and mesentery, caused a

discharge in the afferent nerves of the injected area. This was thought

"to be due to an action upon the actual nerve terminations and was not

blocked by atropine. Armstrong, Dry, Keele & Markham (195%) investi-
gated pain-producing agents after applicafion to the exposed base of

a cantharidin blister, and found that pain could be produced peripherally
by the action of acetylcholine, histamine and serotonin. Similaf find-
ings have been. reported by Buchthal (1954). In view of the peripheral
action of these drugs, the early reports of the effects of nicotine and
acetylcholine on the spinal cord, especially when administered intra~ -
venously (Feldberg & Minz, 19%2; Schweitzer & Wright, 19%7 a & c, 1938),
must be viewed with caution, Similarly, results are of doubtful signifi-
cance when injections were made into some arteriai system other than that

of the spinal cord (McKail, Obrador & Vilson, 1941; Calma & Vright, 1944).




The special perfusion system of Bulbring & Burn (1941) excluded the
muscles from which flexor and extensor refléxes vere recorded, but
did not exclude the possibility that the reflexes would be influenced
by discharges from receptors in areas of skin and muscle which derived
blood from the spinal perfusion system.

In an attempt to overcome some of these problems, Bulbring,
Burn & Skoglund (1948) developed avmethod of applying drugs directly to
the lumbar cord by injection into the arterial system. The effects of
the stimulation of peripheral afferent fibres were prevented by deafferen-
tation of the spinal cord. They wére able to evoke flexion movements
of the hind limbs with intra-arterial injections ofacetylcholine and %o
modify reflexes elicited by medullary stimulation‘(Skoglund, 1947).
The results are complex and often so conflicting that full assessment
is impossible. One main finding was, however, that acetyléholine and
adrenaline had opposite effects. Feldberg, Gray and Perry (1953)
investigated the effects of intra-arterial injection of acetylcholine
into the upper cervical segments of the spinal cord. The consequent
spontaneous activity recorded from ventral roots and the modification of
polysynaptic reflexes led to the suggestion that there were cholinergic
synapses on polysynaptic pathways from dorsal to ventral roots. However
no account was taken of the possibility that +the injection would stimulate
receptor organs and so reflexly act on the spinal cord.

Acetylcholine has been applied in solution to the dorsal surface
of the spinal cord (Befnhard, Skoglund and Therman, 1947). These results

are of doubtful significance, but gabve the same conclusions as those

experiments performed earlier (Bulbring et al., 1948) using intra-arterial
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injections. Kewnard (1953) investigated the effect of injecting acetydk-
choline directly into the cord, but ﬁis method of recording from whole
muscle masses could account for his indefinite results. Investigations
with nicotine (Libet & Gerard, 19783 Schweitzer & Vright, 1938; Bulbring
& Burn, 1941; van Harreveld & Feigen, 1948 and Taugner & Culp, 1953)
suggest that this drug has the same action on spinal reflexes as has
acetylcholine: Bulbring and Burn (1941) found that carbamino-choline and
acetyl-b-methylcholine had actions resembling those of acetylcholine.

Of the anticholinesterases, eserine and prostigmin have been
investigated to the greatest extent. Feldberg (1950) suggested that
both these substances act as enticholinesterases when in small doses,
but in larger doses may have "direct" effects. EBvidence for a central
action of these substances is confusing. Calma and Wright (1947)
injected eserine into the spinal theca producing an increase in the
knee jerk and crossed extensor reflex, but the effects on flexor reflexes
wvere variable., They interpreted their results partly in the light of an
earlier hypothesis (Schweitzer, Wrighﬁ & Stedman, 1938) in which acetyl-
choline was postulated to be a universal transmitier, the observed
effect of inhibition or excitation depending on the concentration., This
hypothesis was evoked to explain the differences in action between ter-
tiary and qguaternary ammonium anticholinesterases/ Calme (1949) applied
prostigmin‘intrathecally and found that flexor reflexes were generally
increased. The intra-arterial injection experiments of Feldberg et al.
(1953) demonstrated that eserine behaved very similarly to acetylcholine

in increasing the polysynaptic discharge. More recently Taverner (1954),

using an intra-arterial method of applying eserine to the lumbar cord
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of the cat, found that polysynaptic and monosynaptic extensor reflexes
were increased, whereas flexor monosynaptic reflexes were depressed.
These effects were abolished by atropine.

Other anticholinesterases have not been so éxtensively investi-
gated. Chennels, Floyd and Wright (1949) found that HETP and TEPP had
central excitatory actions similar to those of eserine and DFP (Chennels
& Wright, 1947; Chennels, Floyd and Wright, 1951). These findings
caused a revision of their earlier postulate that such lipoid insoluble
compounds were central depressants. The same difficulty arises from the
results of Holmstedt and Skoglund (1953%), who found that intra-arterial

injections of Tabun facilitated monosynaptic flexor reflexes, inhibited

extensor reflexes and had a variableseffect on polysynaptic reflexes,
depending on the dose used. The possibility of central action due to

the stimulation of receptor organs wvas excluded, and effects were obtained
with doses far less than those necessary if inbtravenous administration
had been used. The action was slov in onset, as would be expected from

an anticholinesterase. It is however uncertain that these irreversible
inhibitors of cholinesterase are acting by virtue of their anticholines-
‘terase activity, for Holmstedt (1954) reports that under similar circum-
stances DFP increaéed both monosynaptic and polysynaptic reflexes.

The blockage of the central effecté of acetylcholine, eserine
and prostigmine by atropine are common findings (Schweitzer and Yright,
1937a and 19%7c; Calma & Wright, 1944; Bulbring & Burn, 1941), although
contrary results have been reported (Merlis & Lawson, 1939). Bulbring

& Burn (1941) vere unable however %o abolish the central effects of

nicotine with atropine. It is interesting in this regard that Marrazzi
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(1953) found that atropine blocked the effect of acetylcholine on certain
cortical neurones. Bernhard and Taverner (1951), Bernhard, Taverner &

Widen (1951) and Bernhard, Gray and YWiden (195%) have found that an

intravenous injection of D-tubocurarine increased the monosynaptic
extensor reflex, while the polysynaptic reflexes were unaltefed, which
is in contrast with earlier work by Naess (1950) who was unable %o
demonstrate any effect on these reflexeé by the same druge.

- The foregoing brief summery of the recent literature demon-
strated the confusing results produced by different types of experiment.
If is however fairly evident that, when adninistered by intra-arterial
injection and even intravenously if the cholinesterase is inactivated,
acetylcholine deﬁresses monosynaptic extensor reflexes (Schweitzer &
Uright, 1937a, c¢; 1978; Bulbring & Bﬁrn, 1941). Nicotine has a similar

effect (van Harreveld & Feigen, 1948; Taugner & Culp, 1953). Both

drugs have a variable effect on flexor reflexes but usually a potentiation

occurs. It has been shown that both of these substances can stimulate
peripheral receptors, especially those concerned vith pain. In many

of the experiments, no allowance has been made for this possibility

and it is suggested that the effects produced by intra-arterial injection:

may arise on account of the central actions of impulses generated in
this manner. By chemicel stimulation of receptors, impulses could be
set up in the group II or III muscle afferent fibres and in cutaneous
afferent fibres which would be expected, in general, 0 have a central
excitatory action upon flexor motoneurones and an inhibitory action

upon extensor motoneurones (Lloyd, 1946).

Feldberg (1945 & 1950) has suggested that the presence of
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acetylcholine and cholinesterase in ceuntral nervous tissue together

with the ability of such tissue to synthesize and release acetylcholine
provide strong evidenée‘that acetylcholine is a major transmitter in

the central nervous system. This idea has been extended and has led %o
the theory of alternate cholinergic and non-cholinergic trans@ission,
which has been based mainly on the distribution of acetylcholine, cholin-
esterase and choline acetylase(Feldberg & Vogt, 1948; Feldberg, Harris
and Lin, 1951; Feldberg, 1954). The relevant facts for the spinal cord
can be summarized as follows. Acetylcholine is unevenly distributed
(MacIntosh, 1941) and is mainly confined to the greyfmatter. Primary
afferent fibres in dorsal roots, and the dorsal column and the medulla,
and the pyramidal tract contain little or no acetylcholine whereas high
concentrations occur in the anterior roots. This distribution is almost
identical with that of choline acetylase (Feldberg & Vogt, 1948; Feldberg,
et al., 1951; Volfgram, 1954). Originally localization of cholinesterase
was devendent on the macroscopie hydrolysis of acetylcholine (cf. Feld-
berg, 1945, Table 2), but has now gained precision with the histochemical
methods of Koelle. Separation into true or acetyl-cholinesterase and
pseudo-cholinesterase (cf. Koelle, 1955) has enabled acetyl-cholinesterase
distribution to be determined accurately, and it appears that in general
it resembles that of acetylcholine and choline acetylase (Burgen and
Chipman, 1951 {oélle, 1954). A notable dissimilarity is that in cattle
the dorsal and ventral roots have almost the same content of acetyl-
choline sterase (WOlfgrém, 1954) but the cholineacetylase activity is

twenty times greater in the ventral roots than in the dorsal roots.

It is important when considering these studies +to realise that
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apart from .the histochemical localization of cholinesterase, the local~
izations and estimations are gross and open to considerable error.
Although it has generally heen agreed that dorsal root fibres are not
cholinergic in their central synaptic action.(Eccles, 19485 Bremer, 1953%a;
Feldberg, 1954) Burgen (1954) has pointed out fhat not all dorsal root
ganglion cells have a low cholinesterase content (Koelle, 1951) and has
suggested that some primary afferent fibres may have cholinergic terminals.
The postulates of Feldberg and his co-workers depend on the correlation
between the distribution of the three components of the acetylcholine
system (Feldberg & Vogt, 1948; Feldberg,‘§¢:ais,’l95l). It is suggested
that those neurones which are rich in the components of this system

exert synaptic activity by means of acetylcholine. The primary afferent
neurones are non-cholinergic, but the cells of the cuneate and gracile
nuclei and of the lateral geniculate body would exert a cholinergic
synaptic action on the next neurone in the series. It is assumed that
acetylcholine, choline acetylase of acetyl-cholinesterase are éoncentrated
in the bodies and axones of cholinergic neurones rather than in the pre-
synaptic endings upon these cells (cf. Brugen, 1954)._ Koelle (1954) has
demonstrated that in spinal motoneurones acetylcholinesterase is intra-
cellulér, but it is important to realise that, although at the neuro-
muscular junction cholinesterase is predominantly on the post-synaptic
cell surface (Koelle & Priedenwald, 1949) and in autonomic ganglia it is
mainly in the presynaptic terminals, (Sawyer & Hollinshead, 1945), no
such accurate localization has been possible for the synapses of the

spinal cord.

The theory of Feldberg, based on estimations and localizations
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that are made at a relatively crude level, lacks proper pharmacological
and electrophysiological investigatione. It fits moderately well with
observations on the sensory pathways, but the evidence for such alter-
nation of cholinergic and non-cholinergic junctions is less satisfactory
for other parts of the centrél nervous system.

Before acetylcholine was fully accepted as the transmitter agent
at the neuromuscular junction and in autonomic ganglia it was necessary
to establish its release at these sites. Using eserinized Loikké's
solution for perfusion, Dale and his co-workers (cff Dale, Feldberg &
Vogt, 19%6) were able to demonstrate this for neuromuscular transmission
and Feldberg (Feldberg & Gaddum, 1934; Feldberg & Vartiainen, 1934) for
autonomic ganglia. Many investigators have detected acetylcholine béth
in the cerebro-spinal fluid and venous blood from brain and spinal cord,
but it is doubtful whether the small amounts involved originated from
central nervous tissue. Bulbring and.Burn,(l94l) detected acetylcholine
wvhen they perfused the lower spinal cord of a cat with eserinized saline
and the amount was increased when the central end of the cut sciatic
nerve was stimulated. Feldberg (1945) has brought together the evidence
thatiduring alterations in central activity there are changes in acetyl-
choline metabolism. The findings are conflicting and not pértioularly
applicable to spinal transmission. It will be difficult to obtain a
preparation of spinal cord in isolation from other tissue for the direct
determination of acetylcholine output under different circumstances, as
has been attempted for the superior cervical ganglion (MacIntosh, 193%8)

and for the éerebral cortex (MacIntosh & Oborin, 1953).
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(D). PHARMACOIOGY OF A CENTRAL CHOLINERGIC SYNAPSE IN THE SPINAL CORD.

It has been established (Eccleé, Fatt and Koketsu, 1954) that
a group of interneurones in the ventromedial region of the ventral horn
discharge repetitively in response to impulses in motor axones. The
discharge of these cells had been described by Renshaw (1946), who had
also demonstrated (Renshaw, 1941).the inhibitory effect of antidromic
volleys in motor axons upon all types of motoneurones at that segmental
level. Kolliker (1891), Lenhossek (1893) and Cajal (1909) had described
the presence of collateral branches from motor axons as they emerged
from the ventral horn, and in view of the negative results of experiments
designed to test whether Renshaw cells were activated by the antidromié
volley after it had traversed the motoneurone cell body and invaded
the dendrites (Toennies & Jung, 1948 Toénnies, 1949;AJung, 1953), it
was postulated that impulses in thése collateral branches'were'responsible
for the activation of the interneurones. Since the terminals of motor
axons release acetylcholine at the neuromuscular junction, in conformity
with Dale's principle (Dale, 1935) the same chemical transnitter would
be responsible for excitation éf the se neurones, provided the excitation
vas monosynaptic. It has now been shown (Eccles, Fatt and Koketsu, 1954;
Eccles, Eccles & Tatt, 1956) that these interneurones (designated Renshaw
cells) are activated by acetylcholine and act as a non-specific negative
feed-back control of motoneuronal activity. Collaterals from many motor

axons converge on any one Renshaw cell and excite the discharge of

. impulses. This discharge is often prolonged with an initial frequency of

over 1000/sec.

This inhibitory system is the first example of a specifically
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defined cholinergic synaptic mechaniém in the spinal cord, wnnd the
pharmacology of these synapses has been determined by applying drugs

by an intra-arterial route. The responses of Renshaw cells to synaptic
stimulation are depressed by dihydro-f-erythroidine which blocks cholin;
ergic transmission (Unna, Kniazuk &‘Greslin, 1944) and prolonged by anti-
choiinesterases such as eserine, TEPP, DFP and NU 2126. The cells are
directly excited by nicotine and acetylcholine, the excitatory action of
acetylcholine being prolonged by anticholinesterases. Dihydro-f-erythroi-
dine decreases the excitatory action of both acetylcholine and nicotine
(Bccles, Becles & Fatt, 1956). Phérmalogical studies have shown however
that certain drugs, knovn to be effective at peripheral cholinergic
junctions, exhibit anomolous behaviour at these éentral cholinergic
synapses. Not all Renshaw cells cén.be activated by intra-arterial
injections of acetylcholine although all are sensitive to nicotine. The
cells do not reqund t0 succinylcholine, decamethonium, mecholyl or are-
choline., Of the anticholinesterases administered intravenously, eserine,
TEPP and U 2126 are most effective, DFP being less so, whilst prostigmin
is much less effective. The gradation of effect of eserine, NU 2126, TEPP
and DI'P may be related to their known ﬁeripheral actions. b-erythroidine
vas not as efficient in blocking the discharge of Renshaw cells as dihydro-
fimerythroidine, as might be expected (cf. Unna et al., 1944), but d-tubo-
curarine chloride, dimethyl—d-tubodurarine iodide, and gallamine triethio-
dide wvere ineffective. Atropine had a small effect in depressing the
discharge of the cells, when used in large doses.

Because of the prolonged repetitive firing of Renshaw cells in

response to a single antidromic volley and the relative resistance of the
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first few discharges to the action of pharmacological agents such as
dihydro-B-erythroidine, it has been postulated that there is a diffusional
barrier intimately related to the cholinergic‘synaptic terminals on Renshaw
cells (cf. Eccles, Eccles & Fatt, 1956). The repetitive firing of Renshaw
cells in response to an antidromic volley in motor axons ﬁight be due to
the excitation of a chain of interneurones. However timing of the first
Renshaw discharge and the onset of antidromic inhibition of motoneurones
allows of no interneurone except the Renshaw cell between the axon collatera
and the motoneurone. The Renshaw cell could be re-excited from an inter-
nuncial chain also set in action by impulses in the axon collaterals. It
is possible that Renshaw cells are excited by volleys in group III afferent
fibres from muscle (Eccles, Fatt & Koketsu, 1954) although definite evi-
dence is lacking, and Prank and Fuortes (1956a) suggest that they may be
also excited monosynaptically by volleys in larger fibres but present no
definite evidence. This raises the possibility of some primary afferent
fibres releasing acetylcholine at their synapses with Renshaw cells (cf.
Burgen, 1954), but it is just as probable that impulses from these fibres
do not directly excite Renshaw cells but are relayed by cholinergic inter-
neurones. It is not known however whether acetylcholine is the only
excitatory transmitter éubstance for Renshaw cells. When recording from a
single Renshaw cell it is difficult to show that volleys in the group III
muscle afferent fibres directly excite it as these volleys may activate
motoneurones that in turn éxcite  the Renshaw cells. The firing of Renshaw
cells by impulses in the slow muscle afferent fibres is blocked by dihydro-
B-erythroidine (Curtis - personal observation) but these investigations

are far from complete.
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There is however a further barrier to penetration of nervous
tissue by drugs administered intravenously or intra—artérially. The
blood-brain barrier (Friedemann, 1942; Tschirgi, 1952) may be concerned
with the pia-glial membrane surrounding the cerebral vessels (Patek, 1944;
Yoollam & Millen, 1954) the capillafy endotheleum (Rodriguez, 1955), or
with the actual inter~cellular substance of the nervous system (Hess, 195%;
1955). Whatever the nature of the barrier, the ineffectiveness of the
intra-arterial and intravenous injections of some drugs can be explained
by a selective diffusional barrier between the jlasma and the synaptic
areas on the Renshaw cells. It had been pointed out by Schwei£zer, Sted-"
man”and Wright (1939), when investigating the central action of anti-
cholinesterases, that the quaternary ammonium compounds occurred in
ionic form, were insoluble in lipids and were central inhibitors of
spinal reflexes. However salts of the tertiary ammonium bases undergo
some hydrolytic dissociation in solution and therefore are partly soluble
in lipid, and were excitors of spinal activity, perhaps because they
penetrated cells., TLater work by this group (Chennels et al., 1949)
demounstrated that the lipoid-soluble condensed alkyl-phosphonates HETP
and TEPP had a similar action to the tertiarylbases eserine and IFP
although the decomposition products of HETP when dissolved in water are
lipoid~insoduble. Hence the property of lipoid solubility may not be
importan.t vhen dealing with the penetration of drugs either through this

blood-brain barrier or through specialised diffusional barriers,

The salts of tertiary bases such as eserine and other substances '

with similar solubilities such as dihydro-f-erythroidine, erythroidine,

Nu 2126 and nicotine are effective on Renshaw cells whereas quaternary



D

ammonium compounds such as prostigmine and tubocurarine are not. It héé
been observed (Eccles; Eccles & Fatt, 19563 Curtis, personal observation)
that, when prostigmin is injected locally into the region of Renshaw cells,
using the injection device of Fig. 0, it is as effective as intravenously
administered eserine. This method, using Renshaw cells as a sensitive
detecting mechanism has been extended to the study of other substances
that are unable to penetrate the blood-brain barrier. It is probable

that the _ ineffectiveness of intravenously inje cfed prostigmine and
tubocurarine is due predominantly to the blood-brain barrier which
presumably has much the same permeability to these substances as has

been found for the squid giant axon¢Bullock, Nachmansohn & Rothenberg,
1946; Rothenberg, Sprinson & Nachmansohn, 1948). The effectiveness of
this barrier may also explain the insensitiveness of some Renshaw cells

to acetylcholine but this insensitiveness may also be associated with

the diffusional barrier around the synaptic areas of Renshaw cells.

(E). EXPERIMENTAL RESULTS WITH CHOLINERGIC SUBSTANCES.

Vhen all the lumbar dorsal roots vwere either cut or crushed,
the testing monosynaptic reflex in 17 and S1 segments was almost invariably ;
depressed transiently by intra-arterially injected acetylcholine or i
nicotine, Fige 2 shows several seriés of maximum monosynaptic reflexes
ﬁ from an atropinized cat. These reflexes, recorded from the L7 ventral

root at second intervals, were depressed by 100 |Lg of Acetylcholine (top
; records) and later by 25 g of Nicotine (lower records). The drug was
injected at the time of the arrow and the onset of the depression has a

variation depending on the rate of injection, the spinal cord circulation

and the blood pressure of the cat. The full time sequence of these
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events are graphed in Fig. 30. The depressions due to both acetylcholine
and nicotine are fleeting but in almost all experiments it was found that
for doses of nicotine and acetylcholine giving approximately the same
degree of depression, the nicotine depression was much longer in duration.
In Fige. %, after 25 |Lg of nicotine intra-arterially the reflex was not
back to'its original value until 60-65 seconds. Fige. 4 from the same
experiment shows that, though smaller, the nicotine depression lasts
slightly longer than that due to acetylcholine.

The shapes of the curves illustrated in Fig. 3 and 4 are
typical of those obtained in all experiments. The depression is usually
rapid in onset and then slowly subsides. DBecause of the considerable
variations found for any one dose, it has been difficult to compare the
resultant effects. The magnitude depended partly on the dose of either
drug, as compared in Figs. 3 and 4, but the impression was gained that
above a certain dose there was only a prolongation of the duration of
the effect and no increase in its magnitude. In a few expériments
little or no effect was found with doses of acetylcholine up to 200 g
whereas 10-50 1Lg of nicotine depressed the reflex as usual. This is
illustrated in Fig. 5.

It was necessary to allow ten to fifteen minutes between injec-
tions in order to obtain consistent results. I+t has been found (Bccles,
Eccles & Fatt, 1956) that an injection of nicotine evokes a long lasting
dischérge from Renshaw cells and in this present series of experiments
the injection of 25-50 1g of nicotine immediately after obtaining a
depression of the testing reflex by a similar dose usually resulted in

very little or no additional depression. Fig. 6 shows the effect of 0 pg
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of nicotine upon the Renshaw cell "rhythm" recorded on the dorso-lateral
surface of the L7 segment when the ventral root of this segment was
stimulated maximally at a rate of 5/seo. The intra-arterial injection
of nicotine would be expected to activate the whole population of
Renshav cells for some time and in so doing render them insensitive both
to volleys in the axon collaterals and to further intra-arterial injec-
tions. In.Fié. 6 the effect on the total Renshaw cell population is
slowv to develop and lasts at least 10 minutes. This can be correlated
with the extremely poor circulation of the exverimental animal used,

for usually after the same dose of nicotine, Renshaw cells can be acti-
vated by antidromic volleys after.several minutes,

The reflex depression was usually well on the way to recovery
before any change occurred in the systemic blood pressure. This was
observed for acetylcholine in several animals before atropine had been
given. There was however no method for the detection of local vascular
changes within the segments involved. In the preliminary experiments
all the dorsal roots vere not se&ered and depressions seen after injec-

tions of acetylcholine and of nicotine were occasionally followed by a

10—20% increase in the size of the reflex which persisted for 10-70 seconds.:

Such an effgct was presumably due to afferent impulses reaching the cord
from peripheral structures stimulated by the injected drugs, for it was
alvays diminished or abolished by a more complete severing of the dorsal
roots,.

Further pharmacological studies were necessary to establish the
true nature of the effects of intra-arterial injections of acetylcholine

and nicotine. Since the only known effects of such injections are the

activation of Renshaw cells (Fccles, Fatt & Koketsu, 1954; Eccles, Eccles
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& Fatt, 1956), it is tenpbing to ascribe the depression of monosynaptic
reflexes to the inhibition of motoneurones that is brought about by the
activation of Renshaw cells. It is important to distinguish between a
true inhibition of motonecurones due to the action of an inhibitory trans-
nitter substance and any other process depressing their responsiveness

to excitation, as for example the effect of anoxia or of a metabolic
poisdne. The use of strychnine’permits such a distinction, as this drug
diminiches the effect of the inhibitory transmitter in setting up an
inhibitory post synaptic potential (cf. Section II). Both acetylcholine
and nicotine fail to depress the testing monosynaptic reflex after sub-
convulsive doses of strychnine. Tor example in Fig. 7 the depreésion
following the injection of Z0ig of nicotine does not occur after 0.08
mgm/Kgm of strychnine had been administered intravenously, while ninety
minutes later the same dose of nicotine was again effective in depressing
the testing reflex, i.e. the effect is reversible.

It is therefore highly likely that the observed effects of
intra-arterially injected acetylcholine and nicotine depend ultimately
upon the release of an inhibitory transmitter at the motouneuronal membranec.
This finding further emphasizes the link between the present findings
and the vossibility that acti&ation of Renshaw cells is responsible for
it. ZIxtensive searching of the ventral horn region has failed to disclose
any cells that can ve activated by intra-arterially injected acetylcholine
and nicotine, and not stimulated by an antidromic volley in the ventral
root. The Renshaw cells are the only known cholinergically excited
inter-neurones which can inhibit motoneurones. It was necessary hqwever

to establish more pharmacological similarities.
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Most animals were atropinized in order to prevent gross blood
pressure alterations due to acetylcholine. Comparison of a series of
reflexes vhich are inhibited by acetylcholine before and after the intra-
venous injection of 0.5 mgm/Kgm'of atropine sulphate shows usually a
slight diminution of the acetylcholine inhibition. As illustrated in
Pige. 8, this effect is small and hard to distinguish from the variation
found with successive doses of the same amount of acetylcholine. It was,
however, seen in -several experiments and is probably of significance.
Eserine sulphate given intravenously in doses of 0.2 - 1.0 mgm/Kgm ﬁad
no significant effect on the inhibition of the reflex following an intra-
a%terial injection of nicotine (Fig. 9). However, as shown in Fig. 10,
the same dose of eserine proloﬁged and increased the depression evoked
by 200 ug of acetylcholine, An intra-arterial injection of 200 |1g of
acetylcholine produced approximately a'ZO% depression of the testing
reflex, this was almost doubled after 0.2 mgm/Kgm of eserine was injected
intravenously.

Dihydro-fi-erythroidine blocks the cholinergic activation of
Renshav cells (Eccles, Fatt & Koketsu, 1954; Eccles, Eccles & Patt, 1956).
Follovwing the injection of 0.8 mgm/Kgm of dihydro-ii~erythroidine hydro-
chloride intravenously both nicotine and acetylcholine when injected
intra-arterially have no depressant effect on the testing monosynaptic
reflex (Fig. 11). This observation has been found to be reversible for
both drugs.

The above pharmacological studies give good evidence that the
observed inhibition of the monos&naptic reflex by intra-arterially

injected acetylcholine and nicotine is due to activation of Renshaw

cells. Both the depression of the reflex and firing of Renshaw cells
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are prevented by dihydro-B-erythroidine. It is true that the initial
firing of the cells when activated by a volley in the ventral root fibres
is resistant to this agent (Eccles, Eccles & Fatt, 1956), but this period
lasts for a few milliseconds only and would not be detected in the present
comparatively gross study. Atropine and eserine have the expected effects
when acetylcholine is used to inhibit the reflex but are ineffective when
nicotine is used. PFinally strychnine reversibly prevents the depression
of the monosynaptic refléxes by intra-arterially injected acetylcholine

and nicotine just as it prevents the inhibitory postsynaptic potential

of motoneurones set up antidromically. As will be shown later, polysynaptic%

reflexes are depressed in 2 similar manner to the monosynaptic responses.
The properties of the Renshaw cell system can in part explain
some of the earlier investigations on cholinergic mechanisms in the
spinal cord. The depressant action of acetylcholine and nicotine on
nonosynaptic reflexes (Schweitzer & Wright, 19%7a and c; 1938; Bulbring
& Burn, 1941; van Harreveld & Feigen, 1948) could have been due to the
excitation of Renshaw cells and the consequent non-selective inhibition
of motoneurones, However, as explained earlier, this result together
with the alteration in.flexor monosynaptic and polysynaptic reflexes cau
also be explained by the peripheral actions of the drug useds In this
respect it is of interest to compare the actions of acetylcholine and
5 hydroxy-tryptamine (5 HT) before and after deafferentation of the
spinal cord. These substances vere both able to stimulate receptor
organs and produce paiﬁ vhen tested by Armstrong et al. (1953%). 1In
Fig. 12A all the dorsal roots except those of L7 and S1 segments on

the left side were intact and 200 Lg of either acetylcholine or 5 HT
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when injected intra-arterially depressed the monosynaptic reflex of the
17 segment. Subsequent crushing of the left L5 andnLG dorsal roots
altered the responses considerably (Fige 12B). Probably brushing of all
remaining dorsal roots-on both left and right sides would have abolished
the depression of the reflex due to 5 HT (cf. Section I G (i)).

Other drugs withrknown actions at peripheral cholinergic
junctions were tested and were found to be ineffective in altering spinal
reflexes., Succinyl choline, methylcholine and carbominocholine in doses
of 50-200 jig are also without effect on Reunshaw cells (Eccles, Eccles &
TFatt, 1956). In view of the inability of prostigmin and of tubocurarine
to penetrate the blood-brain barrier as detected by the failure of these
drugs to influence Renshaw cell discharges, it is difficult to explain
the findings of Schweitzer and Wright (1937a and c, 1938), Bulbring and
3urn (1941) and Calma (1949) using prostigmin, and Bernhard and Taverner
(1951), Bernhard et al. (1951) who administered d-tubocurarine intra-
venously. It may be concluded that under the circumstances used by
these experimenters the drugs wvere eitﬁer not acting centrally or else
were acting on central spinal structures not separated from plasma by
such a barrier. This latter postulate is unlikely. The variable effects
of other enticholinesterases are equally inexplicable, as most are able
to influence Renshaw cell discharge. They may however be acting directly
and not predominantly as anticholinesterases.

(F). CENTRAL ATRENERGIC TRANSMISSION.

In contrast to the extensive literature on cholinergic trans-
mission in the spinal cord, there has been very 1itt1e'investigation of

the possibility of adrenergic transmission. Schweitzer and Wright (1937Db)
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demonstrated a depression of the knee Jerk by intravenous adrenalin and
Bulbring and Burn.(194l) using a double perfusion system found that the
Inee jerk and flexor reflexes were increased both by adrenalin and
ephedrine., Their main finding héwever vas that in the presence of
adrenalin, small doses of acetylcholine caused a spontaneous discharge
of flexor motoneurones. Bernhard, Skoglund and Therman (1947) found
adrenaline and acetylcholine had opposite effects when applied to the
exposed lumbar region of the cord. Bulbring et al., (1948) again
demonstrated an interaction between acetylcholine and adrenaline and
found that in animals in which flexor or extensor movements were elicited
by medullary stimulation and increased by intra-arterial acetylcholine,
these effects were modified by a simultaneous intravenous perfusion of
adrenalin or even reversed by intra-arterial adrenalin alone., These
results were extended by Bernhard and Skoglund (1953) who demonstrated
an augmentation of extensor monosynaptic reflexes but a diminution of
flexor monosynaptic and polysynaptic reflexes.,

There are two‘main.results of these investigations. PFirstly
that adrenalin potentiates the action of acetylcholine in the cord and
secondly that it has opposite effects to acetylcholine. It has been
suggested above that many of the demonstrated effects of acetylcholine
are not central in origin and it is probable that these “central" actions
of adrenalin are spurious. Insufficient attention has been applied to
general and local changes in the arterial supply of the cord. Burn (1945)
has reviewed the evidence that adrenalin potentiates the effect of acetyl-
choline at peripheral jJjunctions but there is little jJjustification for

extending this to the problem of central transmission.
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Vogt (1954) has determined the distribution of adrenalin and
nor-adrenalin in the central nervous system. These substances occur
together,'adrenalin.being usually in lower conceuntration, and their dis-
tribution parallels that of S-hydroxytryptemine. High concentrations
occur in the hypothalamus, mid-brain and area postrema whereas the cerebrum,
cerebellum and spinal cord contain ver& little. The dorsal and ventral
roots have roughly equal amcunts, the lowest concentration in the spinal
cord occurring in the dorsal horn. Since there is little evidence for a
central.action of adrenalin.and nor-adrenalin, Vogt (1954) suggests that
the high concentrations found in both the area postrema and certain
gliomas may indicate that these substances are not concerned with synaptic
transmission but perhaps have some other function in rela%ion to sympathetic
centres.,

In the present series of experiments adrenalin, nor-adrenalin
and ephedrine in doses of 5-100 |.g usually had no effect on a monosynaptic
reflex when given by the intra-arterial route. Occasionally there was
a slight increase in the reflex storting 5-10 seconds after the injection
and lasting for thirty secondé. This is illustrated in Fig. 13 for both
adrenalin and nor-adrenalin. The monosynaptic reflex of the L7 segment
vas evoked every two seconds and the late increase in the reflex, associa-
ted with a rise in the blood pressure, was presumably vascular in origin.
In other experiments the increase was not as marked but was usually also
associated with a rise in the blood pressure. Both these drugs and
ephedrine, when injected intravenously have no effect on Renshaw ccils

Tecles, Teeles & Tatt - personal communication).
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(¢). OTHER POSSIBLE TRANSMITTER SUBSTANCES.

(1) 5-Hydroxy-tryptamine.

There has been oonsiderable speculation recently concerning
the possible function of S-hydroxy-tryptamine (5 HT) as a central trans-
mitter substance. Investigated independently by Erspamef as the substance
resﬁonsible for the properties of chromaffin cells of tﬁe gastro-intes-
tinal mucosa,(Enteramine) and by Rapport and his colleggues as the vaso-
constrictor found in mammalian serum when blbod clots (Serotonin), both
substances were isolated and identified with 5-hydroxy-tryptamine {cf.
Erspamer, 1954; Page, 1954 ). - Pharmacologically 5 HT is a smooth muscle
stimulant. The'antagonists of thie action were investigated by Gaddum
and Hameed (1954) and can be divided into three main groups - the ergot
alkaloids including lysergic acid diethylamide (LSD 25), the harmalma
alkaloids and yohimbine. It was soon pointed out (WOoley & Shaw, 1954,
a & b) that some of these aikaloids, when administered to man or animals,
caused certain forms of mental aberration. This together with the investi-
gation,of the distribution of 5 HT in the nervous system (Amin, Crawford
& Gaddum, 1954) led to the suggestion by VWooley & Shaw, in particular,
that 5 HT was a central transmitter, the action of which was distuirbed:c-
by such substances as ISD 25,

As far as the spinal cord is concerned these investigations
are of little import. 1o action of the ergot alkaloids has been demon-
strated on spinal reflexes. Amin et al. (1954) found no 5 HT in either
dorsal or ventral roots or white matter. However grey matter contained

a considerable amount, and there was a high concentration in the nuclei

cuneatus and gracilis. The highest concentrations were found in. the




e

hypothalamic area and mid-brain, especially the area postrema. It has
been established by Erspamer (1955) that amine oxidase is responsible

for one stage in the metabolic destruction of 5 HT, the eventual product
5-hydroxy-indole acetic acid (5 HIAA) being excreted in the urine. It
may be that some drugs act by interfering with this metabolic destruction
of 5 HT rather than by competing with 5 HT at receptor sites. There is

some evidence that 5 HT will not penetrate the blood-brain barrier (Wooley

& Shaw, 1954b), and Erspamer (1954) is reluctant to attribute any signifi-

cance to its presence in the central nervous system. He considers that
the comparatively low concentrations could be due to thatiin the blood
contained in the brain tissue.

It has recently been demonstrated that gastro-intestinal argen-
taffin carcinomas are often associated with a raised blood level of 5 HT
and an increased urinary excretion of 5 HIAA (cf. Pernow & Valdenstrom,

19543 Goble, Hay & Sandler, 1955; Snow, Lennard-Jones, Curzon & Stacey,

1955)s The clinical manifestations are predominantly cardiac, respiratory 5

and gastro-intestinal and the known antimetabolites of 5 HT are usually
vithout effect. The absence of neurological disturbances is further
evidence that 5 HT has no funtiion in central nervous transmission.
Although LSD 25 evokes schizophrenic-like states in man, not
all substances vhich antagonize the action of 5 HT on‘smooth muscle when
tested in vitro leaa to such conditions. Consequently the theory advanced
by Wooley and Shaw (1954 a & b) needs revision. Cerletti and Rothlin
(1955) have demonstrated that BOL 148, a simple bromids derivative of
LSD 25, is an antagonist of 5 HT when tested in vitro but has no central

effects. This evidence is further confused by the finding that the
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central action of the rauwolfia alkaloids may be concerned with the
release of 5 HT. Brodie, Pletscher & Shore (1955); Pletscher, Shore

& Brodie (1955, 1956) consider that reserpine causes 5 HT to be released
both from rabbit intestine and brain. The released 5 HT is excreted as

5 HIAA, and they postulate that reserpine and related alkaloids release

5 HT from a bound to a more active form. Whatever the outcome of all
these investigations, it is unlikely that thé central behaviour of certain
novwn anbi-metabolites of 5 HT can be satisfactorily explained by such

an action in the central nervous system.

The findings of Slater, Davis, Leary & Boyd (1955) give no
satisfactory evidence towards the role of 5 HT in the cord. Their
experimental arrangement does not exclude the ?ossibility of uncontrolled
afferent impulses reaching the cord, and indeed their results on the
alteration of the flexor reflex could be due to the peripheral stimulation
of afferent fibres. It has been shown by Armstrong et al (1953%) that 5 HT
was able to cause pain vhen applied to the exposed base of a blister
raised by cantharidin. Although slow in onset, this effect persisted for
several minutes. Slater et al found that a preliminary dosage of LSD 25
modified the effects vhich they presumed to be due to 5 HI.

In the present series of experiments, 5 HT in doses up to 500 g
(expressed as 5 HT~creatine sulphate)intra-arterially had no effect on the
testing monosynaptic reflex unless dorsal root fibres were intact. As
shown in Fig. 12 200 g of 5 HT depressed the reflex to a greater extent
than did the same dose after several lumbar dorsal roots were crushed.

In other experiments where de-afferentation was complete, 5 HT had no

effect as illustrated in Fig. 14 for 500 pg of 5 HT. Occasionally there



324
vas a 10-20% increase in the reflex 2-3 seconds after the injection.
This persisted for 10-20 seconds and was not associated with the
immediate rise in systemic blood pressuree.

Direct extracellular recording from several Renshaw cells
showved that 5 HT had no effect on either their normal discharge in
response to an antidromic volley in the ventral root or the discharge
due to 20 !g of nicotine injected intra-arterially. In I'ig. 15 are
shown extracellular records from a single Renshaw cell. This cell was
firing spontaneously at a rate of one every two seconds and this rate
wvas not altered by the in.tx*a-arter;ial injection of 500 g of 5 HT (A).
The response of this cell to stimulation by an antidromic volley in the
ventral root (B) was not altered by a similar injection (C). Iikewise
the discharges from the cell (D) produced by the intra—artefial injection
of @ pg of nicotine were not significantly altered by a further injec-
tion of 5 HT (E). Until 5 HT has been injected locally into the region
of Renshaw cells it is impossible to say whether they are influenced by
it, for Vooley and Shaw (l954b) have suggested on the basis on analysis
of the brain content of 5 HT of a mouse after 5 HT had been injected
intra-peritoneally, that 5 HT does not penetrate the blood-brain barrier.

(ii) Substance P.

Buler and Gaddum (1931) isolated in alcoholic extracts of
plain muscle and brain a substance which stimulated plain muscle. This
effect was not prevented by atropine and the material was named substance
P. The pharmacological pronerties and distribution have now been
determined (Pernow, 1953, 1955; Kapera & Lazarini, 1953; Amin et al., .
1954 ). Substance P can be purified by chemical or chromatographic

technicues and can be separated pharmacologically from acetylcholine,
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histanine, 5 HT and tryptamine. I+t is a polyvevtide, and, although
destroyed enzymatically by trypsin and chymotrypsin, no specific enzyme
has yet been isolated.

The distribution in nervous tissue suggests a possible function
as a transmitter agent (Lembeck, 1953). The concentration is high in
dorsal roots, dorsal columns, spinal grey matter and gracile and cuneate
nuclei whereas little is present in ventral roots. Hellauer (1953)
suggests that substance P is the active vasodilator extracted from dorsal
roots.

Up to the time of writing the effect of substance P on spinal
transmission has not been recorded. Tuler and Pernow (1954) have observed
central effects with intraventricular injections but were unable to
obtain significant results when substance P was injected into the para-
ventricular tissue. If effects on spinal cord transmission are not
obtained with intra-arterial injections of substance P, direct application
will have to be made to specific areas in the grey matter.

(iii) Adenosine triphosphate (ATP).

Dale (1935) suggested that the substance causing antidromic
vasodilation at the peripheral terminals of collaterals from sensory
fibres would probably be the transmitter substance at their central
terminals. Various extracts of dorsal roots have been tested, capillary
vasodilation of the rabbit ear being the method of evaluation (cf. Hilton
& Holton, 1954). Hellauer and Umrath (1947, 1948), Hellauer (1953%) and
Umrath (1953%) extracted a substance from dorsal roots which dilated the
vessels of the rabbits ear and which was destroyed by an enzyme also

present in dorsal roots. They further reported that this enzyme was

inhibited by strychnine and other convulsants. This substance could




not be extracted from ventral roots,

Recent investigations (Holton.& Holton, 1953%; Harris & Holton,
1953) have defined the actual cepillary vasodilation with both antidromic
stimulation and extracted substances, and have shown\that the vaso-
dilator substance was present both in dorsal and ventral roots in inverse
proportion to the distribution of acetylcholine and choline acetylase.
Holton (195%) demonstrated that the anticholinesterases eserine, prostig-
min and DFP reduced the vasodilator response to both chemical and anti-
dromic stimulation. Holton and Holton (1953, 1954) have shown that the
vasodilator activity of extracts from dorsal’and ventral roots is
probably due to ATP and ADP with small amounts of further breakdown
products. For example arterial injections of ATP and ADP gave a vaso-
dilation which resembled that produced by antidromic nerve stimulation
and by the injection of the extracts. The vasodilator substance was
found to be concentrated predominantly in dorsal roots, dorsal columns
and cuneate and caudate nucleus (Harris & Holton, 1953%).

The results of experiments designed to evaluate the effect of
ATP on spinal reflexes are indecisive. Buchthal, Engbach, Sten-Knudsen
& Thomasen (1947) injected ATP into the vertebral artery'of cats and
obtained movements of the forelimbs with doses of 200-6000 ji1g. Similar
results occurred with inorganic triphosphate and pyrophosphate but none
with creatine phosphate or adenylic acid. Sodium orthophosphate and
acetylcholine (1-100 u.g) had no effect. It is possible that some of
these results could be due to an‘increase in afferent inflow that
arises on account of the stimulation of peripheral structures. ZEmmelin

and Feldberg (1948) found that in spinal cats with the cervical cord

intact, intravenous or intra-vertebral injections of ATP caused muscular
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contractions particularly in the hind limbs resembling the scratch
reflex. Occlusion of the vertebral artery caused the same movements.
The peripheral effects of ATP are extremely complex (Emmelin.& Feldberg,
1948) and it is difficult to ascertain whether the demonstrated “central
effects" are due +to a peripheral action. The effect of intra-arterially
injected sodium-ATP upon monosyunaptic reflexes in the lumbar cord of
the spinal cat has been tried several times, but only in the one prepar-
ation. Yhen dorsal root crushing was complete, 200 g had no effect.
This is shown in Fig. 16, the testing monosynaptic reflex being evoked
in the S1 segment.

There is thus little precise evidence that ATP is a central

transmitter substance. Its occurrence both in dorsal and ventral roots

makes it unlikely that it is the transmitter released by primary afferent

fibres either in the spinal cord or at the terminations of their peripheral

collateral branches,

(iv) Histamine.

There is little evidence that histamine is a central trans-
nmitter substance. Kwiatkowski (1943%) was unable to demonstrate appreci-
able quantities of histamine in either dorsal roots or the spinal cord.
Hausler (195%) was able to excite motoneurones of the isolated frog%
spinal cord by injecting relatively small amounts of histamine, but, in
view of the low concentrations in mammalian nervous tissue, it is doubt=-
ful whether histamine has a significant function.r

In the present series of experiment histamine dihydrochloride

injected intra-arterially in doses of 10-500 l.g did not alter the testing

monosynapbtic reflex in the lumbar regibn.of the spinal cat. The effect

of 500 I.g on the reflex of the L7 segment is illustrated in Fig. 17,




the reflex not being altered significantly. This dose of histamine is
also without effect on the discharge of Renshaw cells (BEccles, Eccles &
Fatt - personal communication).

(v) Tissue extracts.

The relative ease with which acetylcholine was extracted from
tissue by Dale and his collaborators led to a search for chemical trans-
nitters in the spinal cord by meny investigators without proper apprecia-
tion of the factors involved both in thé preparation and in the testing
of extracts. Gaddum (1955) has stated some of the criteria necessary
when analysing extracfs of tissue. The biochemical aspects of separation
of the components of such extracts can be complicated and time consuming,
hence it is important that the mothod of testing be relatively simple
and give unambiguous results. As indicated above, intrévenous and some
methods of intra-arterial injection give results of doubtful vélidity,
but, sven when precautions are taken to exclude peripheral effects from
simulating central actions'of the substance under test, application via

the spinal arterial system may fail on éccount of non-penetration of
the blood-brain barrier. In these cases direct application to spinal
structures by micro-pipettes may be indicated, but heré again adequate
methods must be used in order to detect the effects (cf. Kennard, 1953).
It is surprising that some investigators (cf. Bernhard et al., 1947;
Florey & McLennan, 1955b) havé applied drugs or extracts directly on to
the exposed spinal cord, for under such conditions it is probable that
the described effects have largely been due to actions on dorsal root

fibres.

The extraction of vasodilator substances from dorsal roots has
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led to considerable confusion. Holton and Holton (1954) have produced
strong evidence that their active substance is nainly ATP, but the
active princible of Hellauer and Unrath (1948), Umrath (1953) and
Hellauer (195%) is certéinly not ATP and may be substance P. Florey
(1954 ) nas extracted both “inhibitory" (I) and "excitatory" (T) factors
From memmalian central nervous system and assays these materials upon
o single crustacean stretch receptor (Florey & Florey, 1955). Florey
(1954) considers that the “ekcitatory" subsfance may be substance P.
Lecently Florey and McLennan (19552) have reported that the "inhibitory"
substance is releascd from mammalian cortex. Florey and lMcLennan
(19550) have also reported that their factor I inhibits spinal reflexes
but the mode and site of application of this material makes the signifi-
cance of their results extremely doubbtful. The blockage of tendon
reflexes of the sixth and seventh lumbar segments within 5 seconds of the
application of a solution of factor I to the dorsal surface of the second
lunbar segnent is more likely to be due to a direct blocking action on
dorsal root Tibres than to an inhibitory action on motonecuronese.
This factor I has been tested by intré—arterial injection into

he spinal cord circulaiion.(Florey - personal communica&ion) without
effect. Samples of factor I supplied by Dr. Florey and other samples
vrenared by his methods have been used in the present investigation and
also gave a negative result. This may be attributable to the failure of
factor T to penetrate the blood-brain barrier, for a central transmitier
substance need not have this ability. For exemple, when applied intra-

arterially, acetylcholine occasionally is unable to influence the dis-

charge of Renshaw cells, though other tests indicate that these cells



are activated cholinergically (Eccles, Bccles & Fatt, 1956). However
there is no definite cvidence that this "inhibitory" substance inhibits
anything but the crustacean stretch receptor, and it is doubltful whether
either factors E or I are of significance.

A major problem in the study of the pharmacology of spinal
reflexes is the extraction of transmitter substances from central nervous
tissue. These substances would be expected to be extremely labile and
to occur in low concentration together.with the specific enzymes respon-
sible for their destruction. Several attempts have been made to isolate
an inhibitory substance from the brains of cattle but it is apparent
that it is not readily obtainable with standard techniques. In the
spinal cord, it seems likely +hat inhibitqry interneurones lie entirely
within the grey matter,'hence it may bhe expected that the inhibitory
transﬁitter would be extractable from grey matter.

Whole brains were removed within three minutes of the‘énimal's
death and the covering membrane s, large blood vessels and blood clots
dissected free. The brains were then sliced thinly and separated, as
far as was possible, into grey and whitec matter. The pieces of tissue
that were predominantly grey watter were wrapped in thin polythene
sheets so that the individuallpackets were no thicker than one centimetre
and packed in dry ice. The brain slices were usually solid within two

‘minutes and the chemical extractions were commenced within two hours.
In this way it was hoped to preserve as much as possible of the trans-
nitter substances during the transport of the collected material to

the laboratory.

Standard watery extracts were made, using either heat, tri-

chloracetic acid or perchloric acid to prevent the enzymatic destruction
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of any active orinciple during the process. After filtration and
removal of these latter two agents, the solutions of 2-3 litres in
volume vere reduced at low temperatures to a volum¢ of about 50 ml,

This concentrate was then treated with different solvents in turn and
the material either precipitated or soluble in ethanol, ether, acetone
or chloroform separated. In this way from any one extraction process
meny samples were obtained, and after the sodium, potassium and chloride
contents of each had been estimated they were dissolved in a suitable
buffered solution so that the final pﬂ and ionic content resembled that
of Ringer-Locke solution.

These extracts were tested by determining their effect on the
monosynaptic reflex when applied by intra-arterial injection. This
nethod, although attractive, may be inadequate, for the transmitter
substances need not necessarily penetrate the blood-brain barrier. The
ma jority of extracts had no effect at all on the testing reflex. During
one process, three similar extracts did depress the testing monosynaptic
reflex (Fig. 18 - filled circles). As it is likely that strychnine
acts in the spinal cord by blocking the action of the inhibitory trans-
nitter on the post synaptic membrane of motoneurones and interneurones
it would be expected that the depression of the testing reflex by the
true inhibitory substance would be‘prevented by the intravenous adminis-
tration of subconvulsive doses of strychnine. However, in this
experiment, 0.1 mgm/Kgm of strychnine administered intravenously had
no significant effect on tﬁe depression of the reflex following a
further 2 mgm. of the extract and it may be concluded that the active

constituent of this extract was not the inhibitory substance. Further

extracts made in the same fashion were without: effect.
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(#). PHARMACOIOGY OTF FOLYSYFAETIC PATHJ/AYS.

In the previous sections the effects of some pharmacological
agents on both monosynaptic and polysynapbtic reflexes have been described.
There have been frequent attempts to discriminate between the actions of
drugs on monosynaptic and polysynaptic reflexes,

The effects of intra-arterially injected acetylcholine and
nicotine would be expected‘to be similar for both flexor and extensor
motoneurones because the Renshaw cell inhibitory mechanism has not been

found to have any selective organization with respect to flexor and

extensor motoneurones (Renshaw, 1941; Eccles, TFatt & Koketsu, 1954 ).

It would be expected that the effect of Renshaw cell activation on poly-

synaptic reflexes would also be a depression, provided that there were
no other cholinergically excited synapses along the polysynaptic pathway.
FTeldberg et al. (1953%) and Bulbring and Burn (1941) have found that
flexor reflexes increased with intra-arterial injections of acetylcholine
but it is probable that this effect is due to its stimulating action on
receptor organs. liost investigations on antidromic inhibition have
dealt exclusively with the inhibition of monosynaptic reflexes (cf. Eccles,
1955). However Konig (1952) illustrates a concomitant reduction of poly-
synaptic and monosynaptic reflexes by a preceding antidromic volley in
the ventral root which could be due in part fo activation of Renshaw
cells.,

Fige. 19 based on the results from two experiments, illustrates
the effect of both acetylcholine and nicotine on polysynaptic reflexes.

The drugs were administered intra-arterially and the reflexes, evoked by

the stimulation of the dorsal roots once every two seconds were recorded
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from the appropriate ventral root. All other dorsal roots were érushed
and the monosynaptic reflex in both the L7 and S1 segments (Fige 19 -
upper and lower records) wvas denressed by nicotine and acetylcholine
resvectively as previously reported (cf. Section I E). It is apparent
from these figures that the polysynaptic reflexes were also depressed

at the same time as the monosynaptic responses. Detailed pharmacological
stﬁdies have not been carried out, but it is highly probable that this
depression is due to activation of %he ventral horn Renshaw cells, the
inhibition taking place at the motoneurones, and not along the poly-
synaptic pathways.

There are certain substances having different pharmacological
actions upon monosynaptic and polysynaptic pathways,which may suggest
that the excitatory transmitters differ in these systems. Relatively
large doses of myanesin (tolserol, mephenesin) selectively depress poly-
synaptic reflexes whilst monosynaptic reflexes are muc less affected
(Berger & Bradley, 1946; Henneman, Kaplan & Unna, 1949; Kaada, 1950;
Taverner, 1952; Wright, 1954). A similar action is seen with glyketal
(Bérger, 1949), miltown (Berger, 1954) and parpenit (Gruber, Kraatz,
Gruber & Copeland, 1949). On the other hand strychnine, thebaine
bruceine and tetanus toxin increase polysynaptic reflexes while the mono-
synaptic reflexes are slightly increased or even decreased (Hoffmann,
1922; Bremer, 1944; Kaada, 19%0; Naess, 1950 ; Bernhard et al., 1951;
Brooks:& Fuortes, 1952; Bradley, Easton & Eccles, 195%; Patt - personal
communication; cf. Section II)e. This effect of strychnine is reduced by
myanesin (Berger & Bradley, 1946; Kaada, 1950; Taverner, 1952) and

parpanit (Gruber et al., 1949).
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The only specific action known for strychnine is that it
depresses the effectiveness with which activated inhibitory synapses
generate the inhibitory‘postsynaptic potential of motoneurones. It is
tempting therefore to ascribe the large increase in polysynaptic reflexes
to fhe depression of inhibitory control at synaptic relays along the path-
ways and the minor changes in monosynaptic reflexes to the change in
background barrage of impulses upon motoneurones (cf. Bradley et al., 1953).

Similarly, for myanesin and related substances, the relatively
slight alteration in monosynaptic reflexes could be due to a depression
of background interneuronal discharge. The specific action of these
substances may therefore be one of depression of excitatory transmitter
action on interneurones without a specific action on the motoneurone.

This however is unlikely, and, as Wright (1954) has suggested, myanesin ?
may be effective at all central excitatory synapses, the greater depression
of pelysynaptic pathways arising from the serial arrangenent of depressed
synapses. For exanple Kaada (1950) has shown that complex polysynaptic
vathvays are more vulnerable to the action of myanesin that the path-

ways vith fcver synapses.




SECTION II. TIE FITFFECTS OF STRYCHITINE AUD PETAINUS TOXIN UPON SPINAT

THHIBITORY MECHANISHS.

(A) INTRODUCTION

It has recently been demonstrated (Coombs, iccles & Fatt, 19551
& d) that the inhibitory transmitter substance acts on motoneurones by
increasing the permeability of "inhibitory vatches" of the postsynaptic
nembrane to some ions, and not at all or very slightly to others. The
maeaner in which the excitatory responses of motouneurones are depressed
by inhibitory volleys, has been demonstrated only for the "dircct"
inhibitory action of impulses in the grdup Ia afferent fibres on moto-
neurones of antagonistic muscles. However for other types of inhibition
the postsynaptic inhibitory membranes have been shown to have the sanme
permcabilities to ions, and it can therefore be postulated that there is
the same manner of inhibitory-excitatory interaction at the motoneurone
irresvective of the actual pathway of the inhibitory action. It may
further be postulated that the same inhibitory transmitter is released
at the motoneurone regardless of the origin of the impulses in the pre-
synaptic terminals releasing the transmitter.

The acceptance of chemical synaptic transmission implies that
a primary afferent fibre cannot at one group of synapses excite moto-
neurones and at another inhibit (cf. General Introduction). On the basis
of inaccurate timing and on analogy with the monosynaptic activation of
motoneuroneé, it has been accepted that the "direct" inhibitory action
that impulses in the fastest afferent fibres from the quadriceps (Q)

muscle have on biceps-semitendinosus (BST) motoneurones is monosynaptic

(Lloyd, 1941 1946; Bradley, Easton & Eccles, 1953). However recent
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investigation (Eccles, Fatt & Landgren, 1956) has demonstrated counclus-
ively that "direct" inhibition is not in fact direct, but is relayed
through an interneurone located in the intermediate nucleus of the spinal
crey matter. Yith the direct inhibitory pathway from quadriceps Ia
fibres to BST motoneurones the activity of this interneurone and the
subsequent current flow into the presynaptic terminals is indicated by
a brief positive wave on the dorsolateral surface of‘the spinal cord (cf.
arrows in Figs. 22 & 26). Again with the inhibitory pathway from motor-
axon collaterals to motoneurones an interneurone (the Renshaw cell) is
interpolated, and there is good evidence that the inhibitory actions on
motoneurones by impulses in groups Ib, II and III afferent fibres are
also relayed by cells of the intermediate or dorsal horn region.

When strychnine is injected intravenously in subconvulsive
doses, it greatly diminishes the amount of inhibition produced by a
"direct!" inhibitory volley, but has no significant-effect on the testing
monosynaptic reflex (Bradley et al., 1953). In general the clinical
effects produced by the actions of tetanus toxin and of strychnine are
very similar and because of this Sherrington (1905, 1906) suggested that
these two substances acted similarly in the central nervous system. This
similarity vas also noted by Simpson in 1854 (cf. Wright, 1955).
Sherrington described the action of tetanus toxin on spinal reflexes as a
conversion of inhibition into excitation. This was based upon observations
in which the inhibition of extensor reflexes was replaced by facilitation,
the conditioning volleys having been set up in the internal saphenous or
hamstring nerves.

There are five main types of local spinal inhibition that have
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been investigated both with strychnine and tetanus toxin. It is con-

venient to include with these, the effects of these agents on polysyn-

aptic reflexes because it is probable that the concomitant loss of spinal‘

inhibition and the increase in polysynaptic reflexeé, due ‘to both these
highly specific agents, have a similar basis (cf. Bradley et al.; 1953%).
(B) METHODS

Cats lightly anaesthetized with»pentobarbitone sodium have
been used in the experiments. The spinal cord was severed in the lower
thoracic region and the ventral roots of the 5th, 6th, 7th lumbar (L)
and lst sacral (S) segments were cut and mounted on platinum electrodes
for recording purposes, The spinal cord was covered by paraffin oil
contained in the eleVated skin flaps. The nerves to the posterior biceps
and semitendinosus muscles (henceforth BST), sural nerve (S), gastroc-
nemius-soleus (G), plantaris (P), flexor longus digitorum (FLD) and
common peroneal (Per) were mounted on stimulating electrodes in ahother
paraffin pool, while the quadriceps nerve (Q) was stimulated through a
buried electrode., In several experiments the preparation was bilateral.

Yhen recording the reflex responses, superimposition of about
tuenty tb forty traces vas used so that the mean response could be
directly measured from the photographs. Reflexes vere elicited at either
2 or %,5 second iﬁtervals and the monosynaptic responses were always
maximal. The thresholds of the afferent fibres used for inhibitory
volleys were checked from time to time.

Strychnine hydrochloride, dissolved in Ringer-Locke solution
was administered intravenously. Both non-crystalline and crystalline

tetanus toxins were used and the doses administered are given in the text
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as mgm of toxine. Owing to the instability of these toxins, regular

agssays were performed using mice. The factor of 600, relating cat to mice

MLD on a veight basis, hos been used (Fildes, 1927) neglecting in so
doing the variability found by ILlewellyn Smith (1942). The non crystalline
toxin XV 1322 T 166 (XV) contained 10° mouse LD per milligram of powder
and the crystalline (IL61) which has been described by Pillemer, Wittler,

Burrell & Grossberg (1948) was found %o contain 107

mou se Hllyhl of
solutione.

Local tetanus was produced in the animals by injection of the
toxin either into the sciatic nerve or the spinal corde The scilatic
injections were performed‘aseptically under ether anaesthetic using a
27 gauge needle and taking care that there was no leakage 1o surroﬁnding
muscles (Abel, Hampil & Jonas, 19%5). The toxin was dissolved in
5 X 10—2m1 of saline, and the injection was made into the‘left nerve
trunk at a level between the hamstring and sural branches. IPollowing
such an injection the t&pical symvtons of local tetenus developed in
18-20 hours (cf. Pildes, 1929, Acheson, Ratnoff & Schoenbach, 1942;
Hutter, 1951; Davies, Morgan, Vright & Wright, 1954); Consequently both
hind limbs and both sides of the cord were prevared 8 to 12 hours after
the injection so that a comparison of reflexes on the two sides could
be made before the development of local tetanus and at various tines
thereafter. In several such experiments the L7 ventral root was left
intact for a further 12 hours in order that the movement of toxin into
the cord would not be prematurely interrupted.

Tetanus toxin was injected into both white and grey matter of

the spinal cord through glass micropipettes of 5-20y. external diameter
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at the tip. The injection device permitted the ejection of volumes as
-5 . e
emall as 10 “wml and depended on the displacement of a thin perspex
diaphragn by a micrometer (Fig. 20). By employing the micropipette also
ag a microelectrode it was possible to determine the relation of its
tip to known areas in the ventral horn. As any one segmental ventral
root samples the discharge of motoneurones extending'over this segment,
it was necessary to split the root into two or three portions in order
to demonstrate the very localized effects.

In some experiments conventional glass micro~clectrodes of tip
diameter less than 0.5 were used for intracellular and extracellular
recording. These were pulled from 3 mm pyrex tubing using a machine
of new design (Vinsbury, 1956) and filled with 0.6 M'KZSO4 solution by
boiling under partial vacuume.

(¢) RESULTS "

(1) Effects on the excitation of motoneurones

(a) lonosynaptic reflexes

Subconvulsive doses of strychnine (0.1 mgm/Kgm) have no signifi-
cant effect on the monosynaptic excitatory action in anaesthetized low
spinal cats (Bradley et al., 1953; Coombs. et al., 1955c, Fige. 8). This
was confirmed in the present series of experiments.

Vhen tetanus toxin was injected into the sciatic nerve or
directly into the spinal cord, there was no significant change in maximal
monosyndptic reflexes that were elicited by stimulation of group Ia fibres
of a nuscle nerve and recorded from the appropriate ventral root. This is

illustrated in Fig. 21 for the maximal monosynaptic reflex evoked by a

volley in the BST nerve and recorded from the caudal filaments of the
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left L7 ventral root. The record A was taken prior to the injection of
0.2 mgm of X¥ toxin near the left ventral horn and at a segmental level
between L7 and Sl. Nine and a half minutes after this injection the
reflex was virtually unchanged (C) whereas the maximal inhibition of
the reflex by impulses in quadriceps Ia fibres had been reduced
considerably (see later).

When toxin was injected into the sciatic nerve, its effects
developed much more slowly, hence considerable variations were likely
to occur in the size of maximal monosynaptic reflexes, apart from any
possible effect of the toxin. In the experiment illustrated in Fig. 22
BST monosynaptic reflexes were recorded from the left and right side of
the spinal cord at various times after the intrasciatic injection of
7 mgm XM toxin on the left side. The records A and G show the control
reflexes on the left and right sides respectively 21 hours after the
injection. The corresponding pairs C & Jy B & T were recorded at 22
and %% hours respectively at the same amplification. Over this period,
esvecially on the left side there was a large and progressive diminution
in the amount of inhibition (sece later) while there was no significant
trend in the size of the maximum monosynaptic reflex,

(b) Polysynaptic reflexes

In contrast to the lack of effect uvon monosynaptic reflexes,
polysynaptic reflexes are increased both by tetanus toxin and strychnine.
Yith strychnine the earlier findings of Bremer (1944), Kaada (1950),
Waess (1950), Bernhard, Taverner & Widen (1951), Scherrer (1952) and

Brooks and Fuortes (1952) were confirmed., Reflexes were usually elicited

by stimulating the sural nerve at an intensity of twice threshold, five
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times threshold and maximally for A-type fibres., Comparisons were made
between integrated records of the areas beneath monophasic recordings
of the polysynaptic feflexes, and increases of 2 - 4 times normal were
found denending on the dése of strychnine used. After intravenous
strychnine the increase of pdlysynaptic reflexes and consequent return
to normal had the same time course as the loss of inhibition of mono-
synaptic reflexes, The increase in the polysynaptic reflexes elicited
by stimulation of sural fibres is paralleled by the increase in the
polysynaptic reflexes elicited by stimulating group II and III afferent
fibres.,

With tetanus toxin there is considerable variation in the
magnitude of the increment of polysynantic reflexes., This is seen
particularly after the toxin had been injected into the cord and probably
depends on the spread of the toxin. TFige. 2% shows polyéynaptic reflexes
elicited by maximal stimulation of sural fibres and recorded from the L7
ventral root 14 minutes (A) and 38 minutes (B) after 4 x 10 Ml of a
1in 10 dilution of L6l toxin was injected into the dorso-lateral column
of white matter of the same segment. The reflex at 14 minutes (A) was
unaltered from a control taken 1 hour before. At %8 minutes the area
under the monophasic recording of the polysynaptic reflex was increased
6 -~ 8 times. |

(2) Effects on the various types of inhibitory action on motoneurones

() Direct inhibition

Inhibitory curves can be drawn showing the percentage inhibition

of a BST monosynaptic reflex caused by a single volley in the group Ia

afferent fibres of Quadriceps (Lloyd, 1946; Bradley et al., 195%; Bradley

& Tecles, 1953). The maximum inhibition occurs when the volley in




guadriceps fibres arrives at the spinal cord about 1.0 msec before the
BST volley. Very 1little of this time is concerned with intramedullary
conduction of the quadriceps impulses, most being taken up by the
excitation and firing of the intermediate neurone on the "direct"
inhibitory pathway (cf. Becles, Fett & Landgren, 1956).

In any one preparation the actual percentage of maximum inhibit-
ion is partly dependent on ‘the segnental levél from which the reflex is
recorded. In Fig. 24 are shown inhibitory curves plotted when maximal
BST monosynaptic reflexes in the partial or whole ventral roots, as
listed, were inhibited by a maximal volley in the group Ia afferent
fibres of quadriceps. The maximal inhibition appeérs to be slightly
later with more cuadal reflexes, but more evident is the diminished
amount of inhibition of these reflexes compared with those more cranial.
Tor example impulses in Q Ia fibres completely inhibited the BST reflex
recorded from the lower L6 segment but were only 15% effective in inhibi-
ting the reflex from the S1 segment.

Strychnine, in subcéonvulsive doses reversibly diminishes the
"direct" inhibition by a Q Ia volley on a BST reflex (Bradley, et al.,
195%)s Fige. 25 plots the amount of inhibition as a percentage of the
original inhibition at various time intervals after 0.05 mgm/Kgm of
strychnine had beeﬁ administered intravenously. The effect of strychnine
is rapid in onset, the nmaximum effect usually being obtained within one
minute. Thereafter the amount of inhibition slowly recovers to the
original level in about 4 hours. Intracelluiar recording from BST moto-
neurones reveals that strychnine diminishes the inhibitory action by

depressing the inhibitory postsynaptic potential (IPSP) (cf. Coombs,
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et al., 1955d, Fig. 8)e In Fig. 26 the records A and C wére ‘taken with
the microelectrode tip inside a BST motoneurone before and after 0.2
mgm/Kgm of strychnine had been administered. The amplification of the
lower record of C is about twicé that of A and the upper record in each
shows the arriving volleys at the surface of the L7 segment of the cord,
The recorag B and D.were taken under similar circumstances with the
nmicroelectrode tip just outside this cell. The amplifications are equal.
Comparing A and C it is evident that the IPSP is completely abolished and
replaced by the potential which is recorded outside the cell (cf.‘D).
The arriving quadriceps volley is unchanged and the stryéhnine has no
effect on the small positive notch recorded at the surface (marked with
an arrow in the upper records of Fig. 269,this notch being due to impulses
from the inhibitory interneurone reaching the presynaptic terminals in the
motoneurone nucleus (Eccles, Fatt & Landgren, 1956). Consequently the
prevention of the "direct" IPSP formation is not due to the failure of
the inhibitory interncurone to discharge, but either to the failure of
release of inhibitory transmitter from its terminals or to a post-synaptic
block preventing this transmitter from affecting the motoneurone membranc.
Yhen potentials are recorded in the region of the BST motor
nucleus in the L7 segment, a volley in quadriceps group Ia fibres giVes
rise to a positive potential of several milliseconds duration (Brooks &
Eccles, 1948; Eccles, Fétt & Dandgren, 19563 Coombs, Curtis & Landgren,
1956). Fig. 27 shows potentials recorded in the BST nucleus coﬁsequent
upon volleys in both the BST and the Q nerves, the stimulus intensity
being given by the figures to the left. The proximity of the electrode

tip to the BST motoneurones is indicated by the large negative focal

Synaptic potential due to excitation of motoneurones by the BST volleye.



At the same site, a volley in low threshold Q fibres evoked the usual
positive-negative-positive gotential (indicated by arrous) due to the
orimary afferent volley, followed by 2 positive potential having several
omall spikes in its trough. These small spilkes are scen also in the
records of Fig. 26 Ay B and D. UYhen the intracellular and extracellular
records of Fig. 26 A & B are cowmpared, Tvhe IPSP of A is preceded by a
omall spike potential (SP). The latency of SP is equal to that of a
similar spike in the trough of the positive potential of Fig. 26 B and
these latencies exceed that of the positive notch recorded from the
surface by only 0.2 msec., It is reasonable to conclude that these small
spike record imrulses in the presynaptic terminals of the inhibitory
interneuroncs and their vresence in Figse. 26 D & C after strychonine con-
firms that strychnine does not affect the discharge of impulses by these
interneurones.

It has been suggested (Coombs, Curtis & Lendgren, 1956) that
the later positive potential may arise from two'causes. Yhen recording
inhibitory hyperpolarizations cextracellularly a positive potential would

be exvecltecd because the areas of the ncurone actively generating the IPSP

W

would be sources of current to other areas of the motoneurone. Also
impulses in O group Ia afferent fibres activate interneurones in the
intermediate nucleus which consequently draw burrent from their axouns

and their axonsl terminals on the motoneurones. The evidence of Fig. 28
lends some weight to the second of these expkanations. The upper and
lover records A and £ are from the surface of the L7 segment and show

the spike potentials generated by the group Ia volleys from the quadficeps

and biceps-semitendinosus nerves, The traces B, C and D are recorded
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by the microelectrode at a fixed position in the BST motor nucleus, being
respectively before, after 0.05 mgn/Kgn and after 0.15 mgm/Kgm of strychnine
was injected intravenously. Records A and B were taken simultaneously

as also vere D and E. The injections are seen to produce very little
alteration in the focal synaptic potential due to the excitation of BST
motoneurones, in the positive notch after the Q volley recorded on the
surface and in the initial portion of the positive focal potential due to
this Q volley, but the time course of this positive potential is shortened.
This is also evident when TPig. 26B and D are COmpared hence it is unlikely.
that the slow positive potentiai is predominantly the extracellular
recording of an IPSP for as such it should be very effectively diminished
by strychnine. It is probable that the early portion of the positive
potential is related to the discharge of the interneurone and that a

small fraction of the later portion is an extracellular recording of the
consequent IPSP.

Tetanus toxin has the same effect on "direct" inhibition as
strychnine. In Figs. 220 to F are shown monosynaptic reflexes evoked by a
B3T volley and in'B,.D and F, directly inhibited by a maximum volley in .

Q Ia fibres at the optimal interval for inhibition. When first exanmined

21 hours after the intra-sciatic injection of tetanus toxin on the left

side the reflex was inhibited by 65% of its control value (A, B). However
one hour later the reflex was inhibited only by 40% of this vaiue (C, D)

and at 3% hours the inhibition had been completely abolished (B, F). At
similar intervals on the right side there was much less diminution in

the amount of inhibitign. The complete inhibitory curves of this experiment

are plotted in Fig. 29, where responses of the left and right sides of the

animal are shown in the left and right sets of curves respectively. The
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carliest test revealed that inhibition amounted to 65% on the injected
side in contrast to 95% on the contralateral side. Subsequent’tests at

22 and 23%.5 hours shoved a rapid diminution of the inhibition on the left
side, to about %5 and 15 per cent r;spectively. At this time inhibition
vas still 87% on the contralateral side. By 3% hours inhibition had‘dis-
appeared on the left side, beihg 75% on the right. The slow loss of
inhibition on the right side was kept under observation until A% hours,
when inhibition was about 35%. During this time the testing maximal mono-
synaptic reflexes showed little variation in size.

When W and 0 of Eig. 22 vere recorded, 24 hours after the toxin
injection, the diréct inhibitory action was only 15% on the left side but
vas 'still aﬁout 80% on the right. Hovever in both records the positive
notch, marked by an arrow, was well developed indicating that the depress-—
ion of inhibitory action could not be attributed to failure of activation
of the intermediate neurones on the direct inhibitory pathway. It thus
appearsbthat, although the inhibitory interneurone on this "direct"
inhibitory system continues to function, there is a Ffailure of inhibition
of the motoneurone. This implies that an inhibitory postsynaptic potential
is not generated, due to either pre- or postsynaptic causese.

Similar results were‘found in all six experiments in which
volleys in Q Ia fibres were used to inhibit maximal monosynaptic BST
reflexes and also in the one test in which volleys in BST Ia fibres
directly inhibited waximal monosynaptic Q reflexesyalthough in this
experiment there is no counterpart of the positive notch recorded in the

L7 segment following a Q volley. A similar depression of inhibitory

action was observed when toxin vwas injected directly into the spinal cord,
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the onset of the loss of inhibition, howevery being much more rapid.

The reflexes on the right in Fig. 21 are maximally inhibited by volleys
in Q Ia fibtres and were recorded prior to (B) and nine and a half minutes
after (D) an intraspinal injection of toxin., The amount of inhibition
relative to the control reflexes A and C was reduced from 27% to 8% in
this time,

(b) Inhibition due to impulses in group Ib muscle afferent fibres

Impulses in group I muscle afferent fibres that probably arise

from tendon organs, inhibit motoneurones of synergistic muscles and also

of other muscles of that limb (Laporte & ILloyd, 1952). Usually when a

volley from quadriceps nerve is recorded where theALS or L6 dorsal root
reaches the spinal cord, tﬁese group Ib fibres give a spike potential i
which can be distinguished from that of the group Ia fibres (Bradley & 1
Eccles, 1953). In several experiments maximal monosynaptic reflexes of
gastrocnemius and quadriceps motoneurones were inhibited by group Ib
volleys of quadriceps and gastrocnemius nerves respectively. By using
stimuli of graded intensity and by accurately measuring the latency it

is possible to distinguish inhibition due to impulses in group Ib fibres
from that due to impulses in group II fibres (cf. Laporte & Lloyd, 1952).
This is often difficult and was not possible in every experiment.

Fig. %0A (filled circles) plots an inhibitory curve when the maxi-
mal monosynaptic reflex recorded from the S1 ventral root and elicited by
stimulating the gastrocnemius nerve was inhibited by volleys in the quadri-
ceps nerve, which was stimulated at an intensity of 2.5 times threshold.

This ensured that all the group I, as well as some group IT afferent fibres,

were stimulated. Before the administration of strychnine the reflex was



56

inhibited to about 35% of its control value. Pive minufes after 0,075
mgm/Kgm of strychnine hydrochloride was injected intravenously this
inhibition was almost abolished (open circles). This effect was revers-
ible and the time course of the diminution of this type of inhibition
from another experiment is plotted in Fig. 30 (B).

The effect of tetanus toxin was similar. In Fig. 31 are
plotted inhibitory curves from the left and right sides of the spinal cord,
where reflexes elicited by stimuletion of gastrocnenius nerve and recorded
from the L7 ventral roots were inhibited by volleys in quadriceps Ia and
Ib afferent fibres, ’Test control reflexes on the two sides were approxi-
mately equal. Forty hﬁurs after the intrasciatic injection of 5.7 mgm
of X toxin on the left side, there was almost no inhibition on this
side (upper line) wheré 85% inhibition remained on the right side. |
Similar resudts were given in the converse experiments, quadriceps
reflexes being inhibited by volleys in gastrocnemius Ib fibres,

(c) Inhibition due to impulses in group II and III muscle afferent fibres

Monosynaptic reflexes of extensor motoneurones are inhibited
by impulses in group II and III afferent fibres from muscles of the
same limb (Lloyd, 1946)s The volley evoked by stimulating the quadriceps
nerve aﬁ an intensity of 8 times threshold inhibits the monosynaptic
gastrocnenius reflex as shown by the curve through the open circles in
FPig. 2. The inhibition was as large as 90% but was reduced to 20% seven
minutes after 0,075 mgm/Kgm of strychnine had been given intravenously.
The same system of inhibitory volley and testing reflex was
used for assessing the effect of tetanus"toxin. In Pige 33 maximal mono-

synaptic reflexes were elicited by stimulating the 17 dorsal root on
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each side and vere- recorded peripherally from the appropriate gastroc—

nemnius nerve., Tetanus toxin weas injected into the right side of the

spinal cord, near the ventral horn at the L7 level. Progressive alterations

in the inhibition produced by a maximum volley in the quadriceps nerve
are shown in the curves of Iig. 53. The inhibition on the right side,
originally nearly 10 %, was abolished within 16 hours. The effect was
slower to develop on the left. Similar results have been found for the
inhibition of méximal rerflexes of both flexor longus digitorum and
plantaris moténeurones by volleys in group II and III fibres of the
cuadricens ﬁerve.

(a) ZInhibition due to impulses in cutaneous nerve fibres

xtensor reflexes are inhibited by impulses in cutaneous fibres,

although Hagbarth (1952) has shown that if the fibres arise from skin
overlying ﬁhe extensor muscle, facilitation may occur. The effect of
volleys in the sural nerve have been tested upon the maximal rmonosynaptic
reflexcs of quadricepns, gastrocnemius, plantaris and flezor longus
digitorun motoneurones., The inhibitory curves of Tig. 24 demonstrate the
cffect of tetanus toxin upon the inhibition of nonosynaptic responses of
quadriceps motoneurones of the L5 segment by maximal volleys in the sural
nerve. Tetanus toxin had been ivjected into the left sciatic nerve (same
experiment as Mig. 22) and firstly on the left and then on the right sides
inhibition was depressed and finally abolished.

The curves of Tig. 75 from the same experiment illustrate that
the effect upon the inhibition of gastrocnemius motoncurones by sural
volleys is similar. Here, hovever, at the time of the initial curve at

22 hours, most of the inhibition had been abolished on the left side, but

on the right side inhibition was nearly 90% and then progressively



diminished. The asymnetry of the initial curves on the two sides arises

becauses the Tirst test of inhibition was too late after the administration

(0]

of the toxin. It is probvable that had this inhibition been determined
before the injection of toxin it would have béen equal on Dboth sides,
The early excitation duc to impulses in sural fibres arising from skin
areas.OVerlying the gastrocnemius muscle (Hagbarth, 1952) is distorted
and accentuated by the concomitant increase in polysynaptic reflexes due
to these sural impulses. This effect is also seen when strychnine is
useds. The curves of Fig. 36 plot the effect of volleys in sural fibres,
stimulated at 10 times the threshold intensity upon the monosynaptic
responses of gastrocnenius motoneurones in. the S1 segment. The lower
control curve (open circles) shows that the early excitation of about

b passes over at 10 to 15 msec into almost complete inhibition. Twelve
minutes after the intraveunous injeétion of 04075 mgm/Kgm of strychnine
this latter inhibition was approximately 50%, whereas the excitation had
increased 2-% times. At the same time the polysynaptic reflexes, recorded
from the 81 ventral root when the same intensity of stimulus was used to
excite sural fibres, were incrceased by about 1605 as judged by the area

under the monophasic recording of such reflexes.

(e) Inhibitory action by impulses in motor nerve fibres

The depression of excitability of spinal motoneurones following
the antidromic acti&ation of adjacent motoneurones (Renshaw, 1941) has
been shown to be due to an inhibition produced by interneurones (Renshaw
cells) that are activated cholinergically by impulses in motor-axon
collaterals (Zccles, Fatt & Koketsu, 1954; cf. Section I). The repetitive

interneuronal discharge at about looo/sec is revealed by recording from

the dorsolateral surface of the spinal cord in the appropriate segment.
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Eccles, Tatt & Koketsu (1954) showed that the post-synaptic inhibitory
potential of the motoneurone following activation of Renshaw cells is
depressed by subconvulsive doses of strychnine. It has also been demon-
strated (Eccles, Eccles & Fatt, 1956) that these doses of strychnine have
little effect on the discharge of Renshaw cé&lls,

In the present series of experiments on tetanus toxin, dorsal
roots were severed. lionosynaptic reflexes vere evoked by dorsal root
volleys and were recorded peripherally from the muscle nerves. Condition-
ing volleys in the motor nerve fibres were set up in muscle nerves and
propagated antidromically into the spinal cord. Where two or more nerves
vere used, volleys vere timed for simultaneous arrival at the cord. Tig.
57 plots the time course of the inhibitory action on gastrocnenmius moto-
neurones that is produced by an antidromic volley propagating from biceps—
semitendinosus, posterior tibial and plantaris nerves. Maximal inhibitions
are shown from both sides of the spinal cord at the stated +times after
5 mgm of XV toxin had been injected into the left sciatic trunk. The
curves of the left side show that, at equivalent times, the loss of
inhibition is greater on this side than that on the right. TFor the
initial curves, the inhibition is less on the left side than on the
right. This again is due to the long time elapsing between the adminis-
tration of the toxin on the left side and the first test of inhibition.
During this experiment the surface records from the L7 segment, of the
repetitive discharge of Renshaw cells at 23%.5 hours after the toxin vas
administered are reproduced in Fig. 38A. They were evoked by the same

antidromic volley that was employed for the inhibition and at this stage

the inhibition was 4-5 times greater on the right than on the left side.
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However the surface records show no diminution of the Renshﬁw cell
activity on the left side.

The records of Fig. 38.B are from another experiment. Renshaw
cells were activated by a ventral root volley and recorded from the dorsalj
surface of the L7 segment. In}this case, 38 hours after 5.7 mgm of XW
toxin had been injected into the left sciatgc nerve, the direct inhibitoryi
"action of quadriceps Ia volleys on biceps-semitendinosus motoneurones was
still 90% on thevright side whereas it was absent on the left, but the
Renshaw cell activity appears normal and even larger on this side.

| It is therefore apparent that,.as with direct inhibition, tetanu%
toxin does not alter the responses of the inhibitory interneurones—of |
this antidromic rathway but prevents inhibition of the mofoneurone. The
special interest in this situation is the lack of effect of tetanus toxin

upon such cholinergically excited cells.

(3) Action of other convulsants

Both strychnine and tetanus toxin are included under the general

term of convulsant drugs. In this group are several other alkaloids with 1
actions similar to that of strychnine. Brucein has a similar, but less
potent’ action, as also has thebaine (Fatt, 1954). On the other hand such
convulsant drugs as picrotoxin and meirazol have no appreciable depressant
action on the inhibitory synaptic mechanisms in the spinal cord. The
effect of B B-methyl-ethylglutarimide (NP 13) is illustrated in Figs. 39,
40 and 41. This drug, used in the treatment of barbiturate intoxication
(Shulman, Shaw, Cass & Whyte, 1955) produces convulsions when administered .

in large doses.

In the experiment illustrated in Figs. 39, 40 and 41, the dosage
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of NP 13 produced convulsions in the lightly anaesthetized spinal cat,
yet the inhibitory curve of Fige. 39 shows that the inhibition of biceps-
semitendinosus motoneurones by volleys in quadriceps Ia fibres was une
aitered by 8 mgm/Kgm of NP 13 adminiétered intravenously. This dose was
also without effect on the inhibition of gastrocnemius motoneurones by |
volleys in all of the quadriceps afferent fibres (Fig. 40). Polysynaptic
reflexes, evoked by stimulating the sural nerve at an intensity ten times
the threshold and recorded from the Sl’ventral root are not apprecigbly
altered by NP 13. The records of Fig. 41A were taken before the drug
was administered, those of Fig. 41 (B) being taken 5 minutes after. The
very slight alteration in the polysynaptic reflexes is almost certainly
the increase that would be expected when the depth of anaesthesia is
reduced by the antagonism between NP 13 and the barbiturate used for the
anaesthetic. There was no significant increase in the size of the mono-
synaptic reflexes used in the plotting of Figs. 39 and 40. It is there-
fore clear that the antagonism between NP 1% and the barbiturate is not
due directly to an inc;ease in synaptic excitatory action by the NP 13
because if this was the case a much greater increase in both the poly-
synaptic and monosynaptic reflexes would be expected.
(D) DISCUSSION

Until the demonstration (Bradley et al., 1953) that subconvulsive
doses of strychnine depressed the direct inhibitory action of volleys in
group Ia fibres of quadriceps nerve on biceps-semitendinosus motoneurones,
there was considerable uncertainty as to the action of this drug. Sherring:
ton (1905, 1906) had recognized the similarity of action of both strychnine

and tetanus toxin and although noting that in small doses it was bossible

unable

to diminish reflex excitation without replacing it by excitation, he was
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to distinguish whether these agents favoured central excitatory action
and depressed inhibitory action or whether central inhibition vas con-—
verted to central excitation.

This difficulty erose because of the mixed excitatory and
inhibitory effects of the conditioning volleys used in his tests. TITater
investigations (Ouen & éherrington, 1911; Liddell & Sherrington, 1925;
Cooper & Creed, 1927) endeavoured to overcome this problem and showed
that subconvulsive doses of strychnine did not reverse inhibitory actions
wvhich were virtually uncontaminated by excitatory action. This was con-
firmed by others (Hagnus & woif, 191%; Bremer, 1925; Creed & Hertz, 1933,
Denny Brown, 1932; Bremer & Bonnet, 1942). Thus, although there is good
¢vidence that strychnine does not convert the process of cenitral inhibition.
to one of excitation, very few observers noted any diminution in the
inhibition by even convuisive doses of strychnine. The results of Liddell
and Sherrington (1925), Cooper and Creed (1927) and Denny Brown (1932) are
difficult to explain, but it is doubtful whether their experiments were
designed to show any diminution in inhibitory processes. Iiddell and
Sherrington (1925) did report that the‘inhibitory effect on quédriceps
motoneurones resulting from stretching the biceps muscle was diminished
by strychnine. Creed and Hertz (193%) however, found that the relaxation
of a diaphragm slip consequent upon inflating the lungs of a rabbit was
not diminished by convulsive doses of strychnine. One experiment did
however show some diminution in this inhibition,

Dusser de Barenne (1933) in reviewing the literature concerning
strychnine, and considering his own experiments, concluded that the typical

strychnine effects seen after intravenous injection occurred only when

both dorsal and ventral horn cells vere affected. There was no reason
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to believe that in the doses used the drug had any effect on the trans-
mission of impulses in peripheral nerve, This has been confirmed by more
recent investigations (Peugnet & Coppee, 19363 Heinbecker & Bartley, 1939;
Coppee & Coppee-Bolly, 1941), and it is unlikely that doses of 0.1 = 0.2
ngm/Kegm in the cat affect transmission in even the smaller diameter
afferent fibres,.

It has been shown that all five of the spinal inhibitory systems
investigated are affected by strychnine in the same fashion. However there
are numerous reports in the literature of spinal inhibitdry mechanisms
relatively refractory to the action of strychnine. In meny early investi-
gations (cf. Owen & Sherrington, 1911; Liddell & Sherriangton, 1925; Cooper
& Creed, 1927) the criterion of stryclnine action was the reversal of
inhibition to excitation, the actual diminution of inhibition not being
fully investigated. Sherrington (1906) when reporting the inhibition of
rotoneurones by cortical stimulation, considered that this inhibition was
less easily converted to excitation by either strychnine or tetanus toxin
than purely spinal inhibition, operating on the same motoneurones. HMagnus
and Volf (191%), and Bremer (1922) found that strychnine did not reverse
the inhibition of extensor muscles in decercbrate rigidity which was
elicited by stimglation of the anterior cerebellar cortex. The rhythmical
discharge of motoneurones produced by the injection of strychnine into

decercbrate cats, designated "strychnine tetanus" (Bonnet & Bremer, 1952;

Bremer, 1953b) is still inhibited by stinulation of the reticuler formation,

the cerebellum, the vestibular apparatus and the neck propriocerptors
(Bremer, 1941 a & D, 195%b; Terzuolo, 1952, 1954; Gernandt & Terzuolo,

1955), The results of Gernandt & Terzuolo (1955) show thet when strychnine
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tetanus is produced by a dose of strychnine of 0.1 mgm/Kgm body weight
in the cat, the rhythmical activity of motonecurones can still be inhibited

by vestibular stimulation or by stimulation of the proprioceptive receptors

of the neck muscles. However when used in spinal animels this dose. may
not abolish "direct" inhibition but only diminish it by about 60-80%. i
The reported results show that inhibition from these descending pathvuays

is not always couplete and is not obtainable with larger doses of strych-

nine or even during the early stages of strychninization with doses of

It therefore may be concluded that in the investigations of
the inhibition of spinal motoneurones by volleys in descending pathways
the effects of strychnine have not been fully investigated. The reported
failure of strychnine to influénce these inhibitory processes is of im-
portance because 0ll types of spinal inhibition so far investigated have
been diminished by.both strychunine and tetanus toxin. lMore precise investi-
gaticn reveals that there is suppression of production of an inhibitory
post-synaptic potential, but that the responses of the specific inhibitory
interneurone are unaffected. Hence all these inhibitions are presumably
mediated at the motoneurone by the same inhibitory transmitter substance.
The presence of inhibitory processes on motoneurones refractory to these ‘
agents raises the possibility of another inhibitory transmitter, bub

further investigation is necessary before such a postulate can be enter-

tained.

The more recent investigations (Brooks & Fuortes, 1952; Frank &
Fu&rtes, 19552, 1955b; Fuortes & Frank, 1955) and discussions (Frank &
Tuortes, 1955c) ascribe to strychnine the property of dendritic depolariz-

ation leading to accentuation of the "auto-rhythmicity"of motoneurones.
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However there is no evidence whatsoever for this assumption. The results
described could be due to depression of inhibition and to'thevconsequent
increase in the bvackground discherge of interneurones. Similarly ¥all,
McCulloch, Lettvin,and Pitts (1955) have not produced any evidence sub-
stantiating their suggestion that strychnine-is effective by virtue of
its ability to‘raise the threshold of the terminal arborizations of
afferent fibres.‘ The only elemental effect of strychnine that has been
conclusively demonstrated is the depression of the effectiveness with
which activated inhibitory presynapfic terminals can generate the inhibit-
ory post synaptic potential., This occurs in low doses and the consequent
disturbances of inhibition'are adequate to explain all the observed
phenomena.,

It has been shown in the foregoing sections that in spinal

- segments affected by tetanus toxin, monosynaptic reflexes are unaltered,

polysynaptic reflexes are increased and the five investigated forms of
inhibition upon motoneurones are depressed. As Sherrington.(1905) pointed
out, this effect is indistinguishable from that of strychnine. In spite
of the observations of Meyer and Ransom (1903%) and Sherrington (1905, 1906)
in which local tetanus was produced by intra-neural injection of the toxin
into the motor nerve trunks, there has been counsiderable confusion in the
arguments concerning the site of action of tetanus toxin. These workers
demonstrated that the action was central but this was not readily accepted
oving to tﬁe inability of others to accept the intra-neural spread of
tetanus toxin.

Clinically, tetanus is almost invariably seen as a result of a

periphe:al wound contaminated with the Clostridium tetani. It has long
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been known that if very few organisms are involved with the consequent
low_prpduction of toxin, or if early treatment is instituted, tetanus
nay remain local (Courtois-Suffit & Giroux, 1918; iMillard, 1954). This
local tetanus, counfined to onc limb, or part of it, can be produced in
anrinmals by innoculating the limb with small doses of tetanus toxin
(Ranson, 1928, Abecl, Hampil & Jonas, 1935).’ There has been no confirm-
ation.of the reports by Abel and his colleagues (Abel, Evans, Hampil &
Lee, 19%5; Abel & Hempil, 1935; Abel, Hampil & Jonas, 1935; Abel, Evans
& Hampil, 19%6)that local tetanus did not occur when the toxin was in-
jected into a motor nerve, but only when muscles were contaminated by the
toxin. There is considerable confusion:in the literature between the
early spasms of local tetanus and the rigid contractures of the limbs
late>in the disease. It may be (cf. Ranson, 1928) that in the iater

stages there are alterations in the fibres of the muscles concerned, and
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o have overlocked the eorly manifestations of tetanus in
his experimental animals.

Because of these difficulitics it haé been concluded that tetanus
toxin acted at the neuronuscular junction (Harvey, 1939) or at vroprio-
ceptive sensory;nerve endings (Schaefer, 19445 Perdrup, 1946). Howeven,
the central action of tetanus toxin was proved conclusively by the
researches of Piror and Jonas (1938), Acheson et al. (1942), Hutter (1951),
Wright, Morgan & Wright (1950, 1952) and Davies et al. {1954). Turther
investigatiqns of the effect 6F the toxin on neuromuscular transmission
(GBpfert & Schaefer, 1941; Hubtter, 1951; Mackereth and Scott, 1954) have
vielded negative results and there is consequently 1iftle reason for pos-

tulating a peripheral action for tetanus toxine. Yhen assessed by the

methods used in the present investigation there is no difference between
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the action of tetanus toxin injected directly into the cord or reaching
it after injection in the sciatic trunks. In this serics of experiments
the toxin travelled in the veripheral nerve ot a rate of about 4 mm per
hour. When investigating the spread of tetanus toxin after subcutaneous
inoculation, Teale & Embletbn.(1919) proved thot only motor nerve fibres
vere involved, because ventral root section prevented the development of
local tetanus, if it was performed shortly after the inoculation. Dorsal
root section had no effect on the onset of local tetanus. This has been
confirmed by Friedemann and his colleagues (Friedemann, Zuger & Hollander,
1939a; 1939b; Friedemann, Hollander & Tarlov, 1941) who also showed that
local tetanus does not result from the effect of toxin circulating in the
blood stream. WVright (1953) has discussed the means by which particulate
and dissolved matter can travel in the spaces of nerve trunks. Investi—

gations in his department (Baylis, Joseph, MacIntosh, Morgan & Uright,

N

1952; Baylis, ilacIntosh, liorgan & Vright, 1952) have demonstrated that
chemical sclerosis of a nerve trunk, leaving axon; relatively intact,
vrevents the development of local +tetanus when the toxin is injected
peripheral to the site of sclerosis. Purther, it hes been shown that
transection of the spinal cord prevents the further development of general
tetanus when large amounts of toxin enter the épinal cord below the level
of scction.

It can be safely concluded that tetanus toxin reaches the spinal
cord from peripheral sites of formation or administration by travelling
along motor nerve trunks, and that it also reaches "higher centres" of
the nervous system by passage in the spinél cords The large size of its

molecule probably prevents its penetration of the blood brain barrier
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(Friedemann, 1942). The actual mode‘of travel is uncertain. Other sub-
stances, when injected into .a mixed peripheral nerve can be detected later
in the central nervous system and it is possible that the perineural space
in a nerve trunk communicates with the perineuronal material in the spinal
cord (Brierley & Field, 1949; Erierley, 1950 ). Vright (1953) has sugges-
ted that substances injected into a nerve trunk are pumped by "the physio-
logical mechanism of gross oscillations of tissue fluid pressure in certain
peripheral structures" particularly rnuscle. This is unlikely as several
preliminary experiments have shown that when tetanus toxin is injected

into the sciatic nerve midway between the hamstring and the sural branches,
it can later be detected not only central to this site but also peripherally%

in all the muscle branches derived from the sciatic nerve. |

Several previous investigations have anticipated the present
findings of the effect of tetanus toxin upon reflexes. Acheson et al., (1942
denonstrated in cats that local tetanus, produced by the intramuscular
injection of toxin, was associated with increased polysynaptic reflexes
whereas the monosynaptic reflexes were almost normal. The loss of inhibi-
tion was demonstrated in the rabbit, although not recognized as such, by
Davies et al. (1954). They showed that tetanus toxin, acting centrally,
disorganized flexor refleges so that pressure on the foot caused simule
tanecus reflex activation of antagonistic muscles instead of reciprocal
inhibition. They again demonstrated increases in polysynaptic reflexes.

It is clear from the results presented here, that in the spinal
cat the effects of strychnine and tetanus toxin are similar. Although

satisfactory intracellular records have not been obtained from motoneurones

affected by tetanus toxin, it may be assumed that like strychnine, tetanus
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toxin diminishes inhibitory action by depressing the process by which
impulses in synaptic terminals of inhibitory interneurones generate an
inhibitory post-synantic potential of motoneurones. Conceivably both
these substances could depress the inhibitory action by vlocking the
excitatory synaptic éction on the inhibitory neurones which are inter-
polated in the inhibitory pathuway. However this possibility has been
excluded by the observation that there is no diminution in the electrical
resvonses which are produced on the surface of the spinal cord by the
activity of the inhibitory interneurones both in the direct and antidromic
inhibitory pathways. Vhen impulses in gquadriceps group Ia afferent fibres
have been used to inhibit biceps-semitendinosus mbtoneurones, the positive
notch recorded from +the dorsal surfaée of the cord in the L7 - S1 segments
has remained unchangzed when inhibition was abolished both by strychnine
and tetanus toxin. Similarly the inhibitory cell on the antidromic path-
way continued to be excited by antidromic impulses and to produce un-
changed field potentials when antidromic inhibition had been abolished.

Such localizations have not been possible for other types of
inhibition, because no surface potentials are recognized that signal
activity of the inhibitory interncurones involved. With both strychnine
and tetanus toxin the properties of the test reflexes and therefore
probably of motoneurones remain unchanged in all cases investigated; hence
it is possible that these substances have a uniform action upon all types
of inhibition of monosynavtic reflexes, The highly specific and rapid
action of strychnine affter intravenous administration in relatively low
doses suggests that it acts on the subsynaptic membrane in a similar

fashion to the action that curare has at cholinergic synapses (Eccles,

Katz & Tuffler, 1941). Thus it may act competitively with the inhibitory
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transmitter for the receptor patches of the subsynapbic membrane. A
rossible explanation of the convuleant action of strychniné and bruceine
has been suggested by Hellauer and Unrath (1948) and by Umrath (1953)
who find that these convulsants inhibit an enzyme which destroys an
Vexcitatory substance" extracted from dorsal roots. However the results
rresented above demonstrate’that strychnine has no direct effect on
zcitatory processes and this explanation can be rejected.
It is difficult to assess accurately the time course of action
of tetanus toxin because even when injected into the ventral horn some
time is necessary for it to spread throughout the nucleus of the moto-
neurones used for testing purposes. Possibly tetanus toxin might act %
in the manner postulated for strychnine and cowmbine sterically with the
receptors of the sub-synaptic inhibitory areas, Howevef in view of the
general sinilerity of tetanus and botulinum toxin (van Heyningen, 1950
Wright, 1955) both in regard to molecular weight and clostridial origin,
o possible alternative is that tetanus toxin acts in the same manner as
botulinum toxin. The toxin of Cl. botulinum prevents the release of
acetylcholine at the neuromuscular junction by an action on the presynavtic 1
terminals (Burgen, Dickens and Zafman, 19414 Brooks, 1954, 1956) and it is
conceivable that tetanus toxin acts on the presynaptic terminals of inhibit-i
ory interneurones preventing either the production or the release of the j
inhibitory transmitter substance. %
The findings of Ambache, lorgan and Wright (1948a) concerning
the selective paralysis of cholinergic endings of the rabbit's iris by

tetanus toxin are difficult to reconcile both with the present finding

that Renshaw cell activity is not altered by the toxin and with the
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findings of others upon the neuromuscular jJjunction. The occasional
occurrence of ophthalmoplegia and facial paralysis, together with certain
clinical features of tebanus such as tachycardia, constipation and atonic
bladder (cf. Courtois-Suffit & Giroux, 1918) sugsest that tetanus toxin
may have an action at certain cholinergic junctions. Harvey (1939)
stated that local tetanus has certain features resembling the phenomena
seen with the denervation of skeletal muscle but Ambache et al (1948b)
were unable to detect any diminution in the choline esterase confent of
the iris muscle and Torda and Volff (1947) present evidence that the toxin
possibly increases the in vitro synthesis of acetylcholine. It is
apparent that a full investigation of the problems involved is necessary.

There is very little information regarding the biochemical
effects of tetanus toxin in the spinal cord but presumably it acts
specifically on a surface membrane or on an enzyme system. This is
apparent from the small quantities necessary to obtain effects (cf. van
Heyningen, 1950) and from the effects of variations in temperature in the
progress of tetanus in poikilothermic animals. These creatures, including
frogs and lizards, are comparatively resistant to high doses of tetanus
toxin when kept at low temperatures but become susceptible when the temper-
ature is raised (Cowles & lelson, 19475 Wright, 1955). However the actual
node of action of both strychnine and tetanus toxin is open to question
and will ultimately depend on the isolation and application of the inhibit-
ory transmitter substance.

Tetanus toxin resembles strychnine in that it greatly increases
polysynaptic reflexes. It has been argued that for strychnine this is

due to the depressant action on inhibitory synapses along polysynaptic
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pvathways (cf. Bradley et al., 195%). TPossibly the same mechanism is
regronsible for the increased reflexes in tetanus. It has been establi-
shed that tetanus toxin does not nass into the spinal cord along the
dorsal root if injected perivheral to the dorsal root ganglion (Fletcher,
160%; Teale & Dubleton, 1919) or into a purely sensory nerve (Zupnik,
1005). However if tetanus towin is injected either into the dorsal root
itself (Pletcher, 1903) or into the dorsal horn of the spinal cord (Meyer
& Ransom, 1907%; Abel, Bvans & Hampil, 1936) the clinical manifestations
of "tetanus dolorosus" result. In this condition, the ckin areas and
deeper structures corresponding to the spinal segments involved are
hyversensitive to all forms of stimulation. This state is not unlike
that seen in animals in which strychuine is applied locally to the dorsum
of the s»inal cord (cf. Dusser de Baremne, 1933) and inview of the
similerity in the action of these substances on ventral horn cells it is
highly lilely that they also depress inhibitory mechanisms in the dorsal
horn and intermediate nucleus of the spinal grey matter. In this case
both the increased polysynaptic reflexes and the hypersensitivity in
tetanus dolorosus could be due to the inactivation of inhibitory control
along polysynaptic pathways.

Another similarity between the actions of strychnine and tetanus
toxin is that myanesin, which diminishes polysynaptic reflexes and the
increase in them due to strychmine (cf. Section I H) has been found useful
in controlling the convulsions of tetanus (Torrens, Edwards & Vood, 1948;
Parkes, 1954).

The clinical manifestations of both strychnine poisoning and

the various forms of tetanus are explainable by the known actions of
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both of these éonvulsants. Strychnine reaches the central nervous system
frbm the circulation and consequently the signs of poisoning are general-—
ized. Tetanus is often observed Lo be local, in the.firét instance, and
later becomes generalized as the toxﬁn ;nvolves higher spinal_centres

and the brain stem, at a rate depending on the actual émount of toxin
present. If however large amounts of toxin are produced or administered,
with a consequent high level in the blood streém, the signs of involvement
of bulbar nuclei may be early, due either to the toxin penetrating the
blood brain barrier or reaching the motor nuclei along the comparatively
short motor cranial nerves,

There is however one difference observed between intoxication
by strychnine and tetanus toxin. In the intervals between the convulsions
of strychnine poisoning the nmuscles relax—cbmpletely whereas in cases of
severe, generalized tetanus rigidity of the musclature of the limbs and
trunk is a marked feature (Brain, 1951). Although there is evidence that
the muscle fibres themselves may become altered (Ranson, 1928) this is
unlikely in the early stages of generalised tetanus. It is probable,
that. when considering animals having spinal segments under the influence
of either strychnine or tetanus {oxin, the same clinical signs would be
observed for doses of each giving equivalent alterations in any one spinal
inhibitory mechanism. Once "higher centres" are involved however, this
dose relationship would be lost as strychnine would have an effect over
the whole cerebrum and brain stem, tetanus toxin affecting predominantly
the bulbar and midbrain motor nuclei. Consequently for equivalent doses
as Judged by the effect oﬁ a spinal inhibition the clinical manifestations

of convulsions would be more apparent for strychnine, and if an extreiely
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high dose was used a rapidly fatal outcome would mask the muscular
rigidity between spasms. It is likely therefore that when the signs of
strychnine poisoning are compared with those of tétanus, in particular
the absence or presence of rigidity between spasms, the percentage
alteration in any one spinal inhibitory system might be far less in the
case of strychnine than with tetanus - the manifestations of strychnine
poisoning being predominantly a result of its effect on the cortex,

Mot all “convulsants"'tested have the ability to diminish spinal
inhibition and presumably they have a direct effect on cortical neurones
although there is no evidence that NP 1% directly exciteé Spinal mnoto-
neurones. Strychnine has been used extensively in a investigation of
cortical pathways (cf. liendelow & VWright, 1955), " strychnine neurono-
graphy depending on the application of a saturated solution of strychnine
to a minute area of the cerebral cortex. It is probable that the
"strychnine" spikes evoked are a result of a depression of local inhibit-
ory processes but it is also possible that the high dose of strychnine,

applied locally, has a direct effect on the cortical neurones.
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SECTION III. THE DURATION OF ACTION OF TRANSMITTER SUBSTANCES

117 THE SPINAL CORD

(A) INTRODUCTION

It is now generally accevted that central excitatory and
inhibitory actions essentially are effectiv; by the potential changes
that are set up across the motoneurone membrane (Coombs, Tccles & Fatt,
1956 b & c). Both thke excitatory post-synapbic potential (¥PSP) and the
inhibitory post-synaptic potential (IPSP) have a short latency following
activation of the respective presynaptic terminals and a comparatively
short time course but are of opposite sign, the EPSP being a depolariz-
ation of the post;synaptic menbrane and the IPSP a hyperpolarization.
These potentials explain adequately excitatory action in motoneurones
and 2lso the inhibitory suppression of the reflex discharges of these
cells (Coombs et al., 1955 b, ¢ & d).

There is now good evidence that vpost-synapbtic potentials are
caused by the operation of chemical transmitter substances. There trans-
mitters, released from the presynaptic terminals, cause brief increases
in the ionic permeability of the underlying subsynaptic membranes; to all
ions with the EPSP (Coombs et al., 1955¢) a;d with the IPSP only to such
small hydrated ions as K+ and Cl~, Ha& in particular being excluded
(Coombs et 2l., 1955b). These changes in permeability, providing the .
only adequate explanation for the effects observed when the membrane

potential and the iounic composition of motoneurones are altered, are

dependent on the sieve-like structure of the activated subsynaptic membrane

and differ from the highly specific ionic carrier wmechanisms occurring

during and after an impulse evoked by an electrical excitation of the
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membrane., Once the cufrents causing the EPSP depolarize the membrane

fo a critical level, there is a specific increase in permeability to Na+
iong during the rising phase of the spike, and during the falling phase
of the spike and the‘afterhyperpolarizations that follow there is an
increased permeability to ¥t ions (Hodgkin, 1951 Hodgkin & Huxley, 1952
a & b; Coombs et al., 19552).

However the ionic redistributions that occur during the EPSP
and the IPSP are of the type that are known to result from the action of
chemical transmitters at other junctional regions. For example there is
good evidence that with amphibian muscle, the end plate potential is
generated because the endplate membrane becomes permeable to all ions
(Patt & Katz, 1951; Castillo & Katz, 1954c), acetylcholine being the
chemical transmitter responsible. On the other hand the inhibitory
reéponses at a variety of junctions, crustacean stretch recepbtor cells
(Kuffler & Ezyaguirre, 1955), crustacean neuromuscular junctions iFatt &
Katz, 195%) and vagal junétions in cardiac muscle (Castillo & Katz, 1955c;
Hutter & Trautwein, 1955) are probably produced by a selective permeability
to the small ions XK' and 1, Na* ions being largely excluded.

It is therefore reasonable to postulate that the specific
chemical substances released at the excitatory and at the inhibitory
synapses convert the subsynaptic membrane into a sieve-like structure,
the pores being much larger with excitatory then with inhibitory junctions.
In order to produce the EPSP, the activated synapses must cause a current
to be generated which depolarizes the post-synaptic membrane. If this

depolarization reaches a critical level the Na corrier mechanism is

activated and the cell discharges an impulse (Coombs et al., 1955c). The

current resulting from ionic movement at actifated inhibitory synapses,



hyperpolarizes the membrane and this hyperpolarization together with the
increased ionic permeability of the inhibitory subsynaptic membrane
accounts satisfactorily for the observed interaction between the EPSP
and the IPSP (Coombs et al.; 1955d).

Hitherto the time course of action of transmitters has been
derived from analyses based upon the assumption that the exponential
decay of the EPSP and of the IPSP is determined by the passive decay of
the charge that has been placed on the membrane capacity during the brief
initial phase of transmitter action. It is known that the end-plate
potential at the amphibian neuromuscular junction decays with a time
constant equal to that of the muscle membrane (Katz, 1948; Fatt & Katz,
1951) and as the time constants of the decay of the EPSP and of the IPSP
vere considered to be approximately equal, it was argued that the time
constant of the motoneuronal membrane was approximately 4 msec (Coombs
¢t al., 1955a). The time course of transmitter actions evaluated in
this fashion agreed modcrately well with the values derived by more
indircct means. lowever nore accuratc investigation, depending on the
use of vure excitabory and inhibitory volleys shows that while the time
constant of decay of the EPSP is approximately 4 msec, thal of the IPSP
is usually about two-thirds of this and becomes even bricfer when the
IPSP is converted to a depolarizing responce by diffusion of ions into
the cell (Coombs et al., 1955b). Hence the evaluation of the time constant
of the motoncuronal membrane is open to doubt and it becomes necessary to
redetermine the properties of the membrane by direct methods in order to
obtain a true determination of transmitter action.

Turther a study has been made of the post-synaptic resvonses
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of motoneurones folloving tetanic activation of +the presynaptic terminals
in ovder to obtain some evidence towards the factors governing ‘the

releage of transmitter substances from these terminals.

A1l the experiments considered in this scction vere performed
on the lower lumbar regiom,ﬁf the cét's épinal cord under pentobarbital
anacsthesia. The cord was transected at the lower thoracic level and
the exposed lumbar region set up in a paraffin pool. The ventral roots
OF the 5th, 6th and Tth lumbar (L5, L6 and L7) and lst sacral (S1) seg-
ments vere severed and mounted on electrodes. The nerves to posterior
biceps and semiteﬁdinosus (BST), the sural nerve (S)s the nerve to
gastrocnenius-soleus (G), the nerve to plantaris (P) and the nerve to
flexor longus digitorum (FLD) vere mounted on stimulating_electrodes in
a peraffin pool while the quadriceps muscle nerve (Q) was stimulated with
a buried electrodee.

The whole preparation was clamped in a frame of extremely rigid‘
construction to which was also attached the micromanipulator used in
inserting the glass micro-electrodes into the cord (cf. Tecles, Fatt,
Landgren & VWinsbury, 1954). At sites where clectrodes were passed into
the spinal cord, a smell area of pia-arachnoid was removed without
damaging the blood vessels on the surface of the corde

Cepillary micro-electrodes were made from pyrex glass tubing of
2 mn external diameter using & new machine designed for the purpose
(Winsbury, 1956). Double-barrelled micro-electrodes (Coombs et alaes 1955a) ;

were pulled in the same fashion and both types of electrodes were Ffilled

with concentrated aqueous solutions of either KOl (A1) or K080, (0.64) by
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boiling at 7000 under rcduced pressure. After f£filling, the resistances
of the electrodes were determined with their tips immersed inAO.9% saline
and only those with resistonces of 10~20 megolms were used in the experi-
nments. The difficulties associated with the use of double-barrelled
microelectrodes have been fully described (Coombs et al., 1955a). In
particular the resistive coupling between the barrels raises problems

when one barrel was employed to pass extrinsic current into the impaled

cell and the other was used to record its membrane potential. Electrodes
having values of 50-200 x 103 ohms for this coupling resistance were
selected.

Connection of the microelectrode with the electrical equipment
vas made through an Ag-4gCl junction. The indifferent lead from the cat
(earth plate) was made also through an Ag-AgCl junction and a saline
soaked cotton gauze pad which made a lov resistance contact with the
Jurmbar nuscles.

Fig. 42 is a block diagram of the electrical and display equip-
ment used. The microclectrode was attached to a small probe unit contain-
ing a cathode follower input stage (CF 1) vhich was itself rigidly fixed
to the micromanipulator. This input stage was connected to three anplifiers
Two direct coupled units of fixed low gain (AMP C, AMP D) recorded
resting votential; AMP C giving a meter reading and AMP D feeding the
upper beam of the second oscilloscope (CRT 2). This beam also recorded
action potentials. The third emplifier, having a differential input,
controlled the upper beam of the first oscilloscope (CRT l). This was a

capacitatively coupled unit (AMP A) having a greater and more variable

range of amplification and a time constant of 2 seconds. In addition a |




platinum electrode was employed to lead potentials from the surface of
the appropriate dorsal roots as they entered the spinal cord. These-
potentials were amplified by another capacitatively coupled amplifier B
and recorded on the lower beam of CRT 1,

In order to determine the electrical characteristics of the
motoneurone membrané, it is necessary to pass current through it -and
record the consequent alterations in membrane potential. Rectangular

pulses of up to %0 x 102

A vere passed through both single and double
electrodes. The current generating equipment bn the left side of Fig.
42 was locked to the sweep through a square wave generator driving a
Carpenter Relay (Type 3 GI). The polarizing unit (POL) provided voltages
of zero to 45 volts, cither positive or negative with respect to earth,
and was connected via a short length of shielded cable to the micro-
electrode by a 100 megohm resistance. This enabled current to be passed
using either a single electrode or one side of a double electrode with
mininal distortion in the recording of potential changes arising frdm
responses of the cecll. The current floving in this circuit was measured
by means of the direct coupléd amplifier (AMP E) which measured the
potential drop across a resistance of 1 megohm and displayed it on the
lower beam of CRT 2.

Two synchronized Grass Kymograph cameras were used and AMP C
was occasionally connected to en Esterline-Angus recording voltmeter.

ihen invéstigating the electrical properties of the membrane‘
of an impaled cell by passing rectangular pulses of current through it,
it is necessary to be able to record the potential changes that occur

across the membrane as soon after the onset of the pulse as possible.
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Both with single and double electrodes, voltages of up to 1-2 volts have
to be applied in order to obtain the necessary currents. In the case of
the single electrode this voltage is applied directly to the input grid
|

of CF 1, while with the double clectrode special problems arise because |
of the capacitative coupling between the two barrclse Consequently a) i
bridge network was developed for both types of electrodes. This was fed
from the polarizing unit through a cathode follower (CF 2) so that the
current measured by AP E was predominantly that flowing in the micro=-
electrode circuit. The network was then connected through another
cathode follower input stage (CP %) to the other side of the differential
amplifier,

The network was designed so that potentials at the output of
cr 1 could‘be exactly balanced by the potentials at the output of CF J.
The equivalent circuit for single electrodes is represented in Fig. 43,
The effective input cavacity of CP 1, with an attached microelectrode
penetrating 9 mn into the spinal coxrd was 5-10 x lOnlgF. It is obviously
impractical to make a network using these values of capacity but as it
was essential to reproduce potentials at CF% with the same intensity and
time course as those at CF 1 the nebwork vas made with capacities one
hundred times those of the microelectrode system and resistances one
hundredth of the corresponding values. In this way the stray capacities
of the network were rendered negligible but the time constants were equal
in the two sides of the reactance bridge.

A1l components of ‘the network were made readily adjustable in

order to match capacities and resistances that had considerable variation.

With the microelectrode tip in an extracellular position in the motor ‘




nucleus under investigation, R1 and C4 were adjusted so that when current
pulses vere applied, the output of the differential amplifier was zero.
Yhen the tip of ﬁhe electrode entered a motoneurone, the potentials
appearing on the upper beam of CRT 1, in response to current pulses of
10-15 wmsec duration were due entirely to current f£low through the cell
menbranc, €e.ge Fig. 45 C & De The time'constant of rise and fall of the
potential is the time constant of tﬁe mewbrane, provided that the current
pulse is rechtangular. The membrane resistance is determined by dividing
the final maximum value of the potential by the current used. In practice
the current pulse at the microelectrode was not gquite rectangular, its
rising phase being distorted by the resistance and capacity (C2 of Fige.
42) of the line carrying current.to the microelectrode. However the

time constant of the rise of the pulse was rarely greater than 150 |L sec.
Not only is this comparatively negligible when compared with the membrane

time constant, but, as explained shortly, the final corrected membrane

time constant was obtained by subtracting potentials recorded extracellularl

and hence this factor can be disregarded. In Fige 42 the variable
capacitor (Cl) was used to compensate for the capacity (C2) between the
line carrying the current and earth. In this way the actual record of
the current pulse, measured as a potential across the resistanée of 1.M%,
vas made»to be rectaﬁgular. Yhen the elecfrode tip was in the intra-
cellular position, it was possidble by adjusting C3 and R4 (Fig. 43) to
compensate completely for the cell membrane properties until again the
differential amplifier output was zero. The values of C5 and R4 coﬁ1d~be

read directly and gave in this case the approximate corresponding values

for the motoneurone. However more accurate values were obtained by an
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analysis of potentials such as those of Fig. 45C & D,
Because the electrode resistance Lluctuates in value during
its passage through the cord, it was necessary to withdraw the electrode
from the cell and redeternine the potentials with the tip in an extra-
cellular position and with the same adjustments of R1 and~C4. Full
compensation was rarely found. Usually potentials such as those of
Tige 45 B & T were obtained. Tor any one current these potentials have
then Lo be subtracted from the corresponding values recordéed intra-
cellularly in order to obbtain the time course of the potential change
actually occurring across the cell membrane.
Tor double microelectrodes a comparable circuit was used (Pig.
44)., In the absence of o compensating device, the capacity between the
wo barrels (about D x IO_le) caused a large artefact to appear in the
recording system when current wvas passed through the other barrel. Conse-
cuently it was invossible to follow potential changes over the first 2-5
msec of the nulse (cf. Coombs et al., 1955a). IHowever the circuit illus-
trated in Fige. 44 gave adequate compensation and with any one cell poten-
tials were recorded both intra- and extracellularly with the same values
of 1, R2, R%, C4, C5 and C6 (cf. Fig. 46)e When the electrode was
moved in the cord, the resistance coupling between the two barrels repre-—
sented as 50K and R? fluctuated considerably and it was necessary not
only to make freguent checks of its value, but alsd to reset R from
tinme to time when the tip was extracelluler. Tﬁe ancillary equipment
for the double electrode was considerably larger than that for a single

one and a omall switch vas made so that cither barrel could be used for

recording or for passing current. Consequently the capacity C6 was used
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to compensate for the extra capacily to ground on the current-passing
side of the electrode. This value was rarely greater than 5 x 10_12F
and C6 vas often omitted.

These circuits were tested by means of an artificial network
that effectively duplicated the electrical properties of the microelec~
trode and the cell. Provided that compensation was reasonable with the
circuits equivalent to an extracellular position of the microelectrode
tin, ths potentials recorded when a "cell“»was added‘had time courses
and marnitudes that would be expected from the electrical properties of
the circuilt revresenting the cell,

(C) RESULTS

(1) Preliminary investisetion of motoneuronal vroperties.

(a) Hembrane potential end resistance

The resting memnbrane potential of motoneurones impaled with
microelectrodes filled with KC1 or KZSO4 were in the range of -50 to =0
mV. The uncertainty in the evaluation of this potential has been dis-
cussed by Coombs et al. (1955a), and it is probable that -70 mV is
nearer bthe true membrane potentisl. This is the average value found
for cells in which the microelectrode was securely impaled with minimal
cell damége, as judged by the length of time that one can record intra-
cellular potentials and responses from the cell,

Then nmeasured as above with both single and double micro-
electrodes and with the aid of a compensating network, the membrane
resistance was in the rangevof 0«5 = 1.5 megohm, Voltage current curves
such as those of Pig. 47 were obtained using currents of up to %0 X 10—9A,

the potentials being measured under steady state conditions. This was
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done both with the electrode tip inside and outside the cell and the
corrected membrane resistance was obtained by subt:action. Micro-
electrodes often changed their electrical properties during the passage

of currents as has been observed by Castillo and Katz (1955b), Weidmann
(1955) and Prank and Fuortes (1956b). This was particularly obvious

with currents greater than %0 x 10-9A and would be expected to arise on
account of the ionic migragtion caused by the currents and of the inter-
action with the glass surface at the mosi; constricted part of the micro-
electrode i.e. at the orifice. Usually there was an increase in electrode
resistance, particularly when negative pulses were used. Sometimes the ‘
same effect was obseryed when positive potentials were applied to the
microelectrode.

When phenomena of this nature were observed, the best prodéedure
was to record the potential-time courses produced by currents applied in ‘
both directions intracellularly, and then to repeat the observations \
immediately after withdrawal from the motoneurone (Figs. 45 & 46). How- ‘
ever in a few instances this prpcedure was unsatisfactory, for the proper-—i
ties of the electrode altered between the two positions of its tip.
Usually, when cells had a low resting potential due to damage the membrane

6 4

resistance was also low, being in the range 0«2 - 044 x 10 ohms.

(b) Membrane time constant.

The surface membranes of giant axons and of muscle fibres have
been shown to approximate to a simple electrical system (cf. Katz, 1948;
Hodgkin, 1951), with time constants ranging from 1 to 30 msec. It is

likely that the surface membrane of the soma, dendrites and initial seg-

ment of a motoneurone would exhibit similar properties. If a ractangular




current pulse (I) is applied to a simple network consisting of a resis-
tance R in parallel with a condenser C, the potential across the condenser
will increase exponentially with a time constant given by the RC product
to a final value equal to the IR product. Oun cessation of the current

the potential across the condenser decays with the same time constant.

The most direct method of debtermining the time constant for the moto-
neurone would be to record with an intracellular microelectrode the time
course of the potential generated by the passage of a rectangular current
across the membranc, This is a relatively simple proposition when it is
possible to use two independent micrdelec%rodes,.as has been used by

Tett and Katz (1951) For the end plate and by Tauc (1955) for the giant
ganglion cells of Aplysia. However for technical reasons it is impossible
to use tvo independent electrodes for motoneurones, and either a single

or double microeclectrode must be used for passing current and recording
the conssgquent potential change,

When using 2 single microelectrode, the neuronal membrane usually

has a resigtance of less than 10 per cent of that of the electrode. If
the assumption is made that the electrode properties are not altered
during the passage of a current, the potential due ‘o curfent flowing
through the elesctrodes and other resistances in series with the neuronal
nmenorane can be balanced out by a bridge circuit. Eowever microelectrodes
do not behave as simple resistences. YWhen a rectangular current pulse is
passed through a microelectrode in an extracellular vosition, a small
potential is observed which has en exponential rise and fall resembling
that observed with the tip in an intracellular position (cf. records § & F

of Figz. 45). Turthermore, reversal of the current sometimes does not give

a mirror image change in the recorded potewntial. Thus, for the determinatiq
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of the membrane time constant, using the circuit of Fig. 47, the best
approximation that could be obtained was to record the potential tiwme
courses produced by rectangular currents applied in both directions
intracellularly (Fiz. 45 C & D) and then repeat the observations
immediately after withdrawval from the motoneurone (Fig. 45 E & F)e It
maj be assumed that the differences between the two series of curves are
due to the motoneurone mémbrane, which in this manner was observed to
have a time constent of about 2.5 nsec (range 1.4 to 4 msec) for moto-
neurones in good condition.

Similarly 2 reactance bridge (Fig. 44) was used to eliminate
the artefacts due to the capacitative cQupling between the two barrels
of double microelectr&des when current was passed through one barrel and
potential changes were recorded freom the other. Potentials were recorded
intracellularly (Fig. 46 C & D) and again immediately afterwards extra-
cellularly (Fig. 46 B & F) and the differences are assumed to give the
actual time course of the membraﬁe pobential change that is produced by
the onset and cessation of a rectangular current pulse. As determined
in this manner the time constant of the motoneuronal membrane has also
been about 2.5 msec,

Tor cells in poor condition due to damage by the electrode, not
only was the meubrane resistance low, but also the time constant. IFigures
of 0.8 to 1.4 msec were obtained and correspondingly the time constants of
decay of both the EPSP and of the IPSP were shorter than normal. Some
cells were impaled for several hours by an intracellular electrode, and
towards the end of this period a falling membrane potential was associated

with a similar shortening of the membrane time constant.




(¢) Hembranc capacity

A firure for the cavacity of the surface membrane of a moto-
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ca. is calculated by considering that the standerd neurone

is & sphere T0 microns in diameber, having six cylindrical dendrites of
5 microns in diameter radiating for apnroximately 200 microns and an
axon arising from 2 conical axon hillock, For the purpose of this calcu-
lation the dendrites can be neglected over distances greater than
- -6 N . . N o
00 x 10 “cm, as this is approxinately their length constant (01. Coombé
et al., 1955a), and the number sgix, derived from Balthasar (1952) repre-
sents the average nunber of primary dendrites per motoncurone.

. o = -6, =2 . ) <

The value of 5 x 10 I' cnm is highcr than the specific membrane
capacity of giant axons (cf. Hodgkin, 1951) but is lower than the value
Ffound for musclc fibres by Fatt & Katz (1951, 19%%). There nay be conside
erable error in assessing the surface area of a motoneurone and therefore
this standerd value of specific membrane capacity mey be in crror by a

- X . . -6 -2
Tactor of aboubt .2, i.¢. the value may be approximately 2.5 x 10 "F cm -

Py

(2) Time course of central transmitter action

It had been shoun (Coombs et al., 1955b & c) that both the
excitatory and inhibitory transmitters alter the permeability of the sub-
synaptic menbrane of the mobtoneurone towards certain ions for extremely

short periods of time. The duration of the effective transmitter action

exerted by a volley in group Ia afferent fibres of a nuscle upon the
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motoneurones of that muscle is so brief that a single volley never sets
up more than one discharge. This same afferent volley also stimulates
interneurones of the intermediate nucleus, whose discharge consequently:
inhibits moténeurones of antagonisct muccles. Usually a single primary
afferent volley evolics a single discharge from the interneurone. By
using the thfeshold discrimination betveen the group Ia and Ib afferent
fibres of a muscle (Sradley & Becles, 195%), it is possible to evoke
direct inhibitory responses duc to impulses relayed from the Ia fibres,
uncomplicated by the effects produced by impulses in the group Ib fibres.
Both with excitatory and inhibitory action virtually synchronous pre-
synaptic volleys are obtained and the time course of the post-synaptic
potentials produced by subsynaptic currents set in action by the excitatory
and inhibitory transmitters approximate to the time course of the change
produced by a single inmpulse at a single synapse. The more prolonged
IPSP's produced by other types of inhibitory action may be assumed to be
produced both by a temporal dispersion of many milliseconds in the acti-
vation of the inhibitory synapses and by the revetitive activation of
these synapses.

In order to produce the observed excitatory and inhibitory post-
synaptic potentials, current must flow respectively outwards and inwards
across the motoneuronal membrane and there must be a corresponding opposite
current flow across the subsynaptic membrane of the activated synapses.

It has been shown (Coombs et al., 19552, b & c) that the transmitter sub-
stances generate this latter current by altering the ionic permeability
of the subsynaptic membrane, and it can be assumed that the duration of

the action of the chemical transmitter corresponds approximately to that




of the current flow. Since a potential placed on the motoneuronc membrane
decays approrimately exponentially with a time constant that can be
measured, the EPSP and the IPSP can be analysed on the basis of Hill's
local potential theory (Hill, 1936; Becles, Katz & Kuffler, 1941). I+t

is implicit in this calculation and in the determination of the time
constant of the membrane that\the inbtracellular electrode gives a record

of the mean alteration in the membrane potential due either to activation |

of synaptic knobs, that arc uniformly distributed over the surface of the
soma and dendrites of the cell, or to currents passed across the membranc. |
A morc accurate analysis of the rising and decaying phases of the potentials
resulting from rectangular pulses of current passed across the membrane,
shows that these are not truly exponential. This would be expected from
the shepe of the cell and the distribution of its synapses., Usually the
onset of the rising phasc is faster and the terminavion of the rising
phase slover than an exponential time course. Conseguently the time
constant has been neasured, Ffrom figures suéh as Pig. 45 and 46, one
millisecond after the commencement of the pulse. The value obtained is

still only avvroximate.

(B¢
e

At any time t, two factors arc resmonsible for the rate;(wgf)

v

at which the EPSP or thgyiPSP (PE, PI) is changing. The potentials are
proportional to the intensity of the subsynaptic currents (A) but simul-
taneously are decaying exponentielly with a time constant (T) equal to

that of the menbrane.

Hence ;
ar - KA... P SPce000es st Rsss st (l)

dat T
KA = g.P..J'_.__li_ oooofo-o--o--o-u.o--oo-. (2)

dt T

(where X is a constant)
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give the relation between the subsynaptic current and the potential it
develops. The equation (2) 2llows of the calculation of the current at
different +time intervals after its onset. The broken lines of Figs. 48
and 49 plot this current in arbitrary gnits with reference to time, for
the EPSP and the "direct" IPSP reépectively of a cell having a measured
membrane time constant of 2 msec. The EPSP decayed roughly exponentially
with a time constant of 4.2:msec and the corresponding value Tfor the IPSP
was 2.8 msec.

These graphs are tvpical of those found for other cells. The
subsynaptic current rises steeply to a maximum in about 0.5 = 0.7 msec of
its onset and rapidly declines. The current corresponding to the EPSP
usually rapidly declines for about 1 msec, but then the decline bhecomes
slower so that at 2 msec the current is still about 10 per cent of its
naximun and thereafter it slowly decays for many milliseconds. This

residuum caucses the EPSP to decay with e time constant that is about

double that of the membrane. The time course of the current that'produces

the IPSP shows that the high intensity phase has a longer duration than
that of the excitatory subsynaptic current. Also in coutrast to the
EPSP, there is less residual current after 2 msec. The longer duration
6f the high intensity phase of the current producing the IPSP could be
due to double firing of a few of the interneurones on the inhibitory
pathvway with the consequent duplicate release of transmitter. In the
cell illustrated in Figs. 48 and 49 the differences between the high
intensity phaces of the transmitters are more marked_than usual, and

in most cells there was very little difference at all. 1In some cells

there was a slight reversal of the inhibitory current between 2 and 3 msec




after ite onset, that is presumably atiributable to the uncqual distri-

bution of inhibivory synartic knobs between the soma, axon hillocl: and
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The negligible sizme of the residual component of the inhibit-~
ory cubsynaptic current nay be correlated with the finding that the time
constant of decay of the IPSY is very little longer than the cleciric
time constant of the motoneuronal membrane, the resrective mean values
being 2.8 mscc and 2.5 msec.

a2

The curves of Tige. 50 show tvhe extent of the variation in the
dguration of tranemitter time when different time constants are used in

lculation. The continuous black liune plots the average of several
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EPSP's of a gastrocnenius notoneurone with a resting potential of 55 wv.
This potential decays with a time constant of 4.2 msec. The electrical
time consteant of the membrene, measured by passing current pulses with

a singlc KCLl filled microelectrode was 2 msec, The dotted line plots the
time course of the subsynaptic current generating the PSP when T = 2
(Bouation 2) whercas for the broken line the value of T = 4.2 was used,
corresponding to the time constant of the decay of the DISP. With both
these valucs the initial current flow is not dissimilar but there is a
lerge difference in the residual current flow. When the time constant of

decay of the EPSP is used, the current ceases

UJ

to flow at g msec, but

using the true value, corresvonding to the electrical time constant of

the menmbrane the current is still about 10% of its maximum value at 4 msec.
In the determination of the time course of the subsynapbic

current from cquation (2) i% is possible to give actual current measurements.

and so calibrate the ordinete scales of Figs. 48, 49 and 50. If the

merwbrane capacity is assumed to be constant &b roughly 2.5 x 10-9F, the




derived value of KA, being in Volts sec-l can he converted to Amperes.,
Phis has not been done, because at the present time the figures are
given vrimarily as an indication of the time course of the transmitter
action. A full analysis of the currents involved will be attempted at
a later date.

(3) Post-activation potentiation.

At most Jjunctional regions, following a single or repetitive pre-
synaptic impulse there is often potentiation of the post=synaptic response
that is elicited by a test impulse in the same presynaptic fibres. The

potentiation is ascessed by an increase in either the post-synaptic

potential or in the discharges of impulses, it is elicited only by impulses

in those vresynaptic fibres that had been initially stimulated, and it is
due to an increased vpresynaptic action and not to an increased excitability
of the post-junctional membrane. Considerable evidence concerning the
phenomena of post-tetonic potentiation has been collected (Schaefer & Haas,
1979, Feng, 1941; Eccles, Katz & Kuffler, 1941; Larrabee & Bronk, 1947;
Lloyd, 1949, 1952b; Eccles & Rall, 1951b; Strom, 1951; Jefferson & Beunson,

195

(&3]

; Job & Lundberg, 1953; Liley & llorth, 1953; Tecles, 195%; Castillo &
{atz, 1954a; Beswick & Zvanson, 1955; Wilson, 1955). It is more aptly
called post-activation potentiation since it may be seen after a single
conditioning volley (Larrabee & Bronk, 1947; Job & Lundberg, 1953 ).

Yhen recording monosynaptic reflexes from ventral roots, the

potentiation of the response following tetanic stimulation of the pathway

concerned implies post-tetanic activation of motoneurones in the subliminal

fringe. This type of system has beeén investigated by Iloyd (1949) who

shoved that monosynaptic reflexes could be potentiated, but that there was
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very 1little potentiation of polysynaptic reflexesg although there was &
subliminal fringe for the motoneurones concerned. 'Lloyd considered that

his results using monosynaptic reflexes led vo the conclusion that the

phenomena was due to an increase in the size of the presynaptic nerve

impulses brought about by the hyperpolarization following intense repetitive’

activity (cf. ILloyd, 1949; Eccles & Rall, 1951b; Lloyd, 1952b). Eccles

and Rall (1951b) recorded synaptic potentials of motoneurones either

=]

focally or from the ventral root and found that these were also potentiated,
|

by a vrevious tetanus, in approximate proportion to the reflex potentiation4§

By using conditioning tetani of different duration they were able to
demonstrate that the increase of the presynaptic volley size failed to
cxplain the rost-synaptic increase in either the synaptic potential or

the reflex size and su

0

sested that the presynaptic impulse coulq becoms
rore effective on account of a temporary alteration in the spatial
relationship betweenvthe synavtic lmob and the underlying subsynaptic
nembrane (cf. Sccles, 1953).

Beswick and Fvanson (1955) again recording reflex responses of

-

rnotoneurones from ventral rootsy vere able to show that this method of
assessing an increase in response following a tetanus could be unreliable,
as notoneurones of synergistic muscles may be stimulated in the post-
tetanic period and give a false impression that the increase was due only
to the motoncurones belonging Lo the muscle whose group Ia afferent fibres
were used for the conditioning and testing volley. This difficulty is
overcome by recording intracelluiar responses from single motoneuroﬁes,
the great advantage of this method being thaet it gives a direct measure

of the dncreased synaptic efficacy.

The graphs of Pig. 51 are derived from records of the post-
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synaptic potentinls of a biceps-seimitendinosus motoneurone. This cell
had a resting potentiﬁl of =70 mﬁ and an electrode filled with 0.6H {ZSO4
lution was uscd. The DPSP of 7.5 iV was evoked by stimulating mex qal"y

the group Ia fibres of the biceps-semitendimosus nerve. The IPSP, due
to stimulating the ia afferent fibres of the quadriceps nerve was 7 o
Bach potential was elicited at two second intervels and 4 controls were
recorded before the tetanus. The afferent nerves were tetanized at a
rate of 650/sec for 15 seconds, the stimulus intensity being increqsed
by a factor of two. The EPSP's and the IPSP's were then recorded at 2
second intervals for a duration of several winutes and the potential
sizes plotted at the times that the records were talen, without regard
to the different sign of the two resvonses, Comparison of the graphs
showstlat whereas with the EPSP there was considerable potentiation with
2 naxinun at about 10 seconds after the end of the‘tetanus; there wvas
very 1little incre in the gize of the IPSP. The BEPSP (A) and the IPSP
(¢) before the tetanus are contrasted in Fig. 52 with those aftervards
(B & D). This result has been observed in four motonecurones, two of which
showed no post-tetanic increase in the inhibitory post-synaptic potential
even vhen a range of tetanus frequencies and durations was used. With
both the EPSP and IPST no alteration in the resting membrane potential
occurred after the tetanus and in several instances the potentiation of
the EPSP was sufficient for 1$ to generate spike‘discharges in the moto-
neurone.

Tlovd (1949) was able to obtain potentiation of inhibition when
inpulses in the group I afferent fibres of gastrocnemius were used t

inhibit the motoneurones of the pre-tibiel muscles. This observation has




96,

not been confirmed in the present series of experiments where volleys in
quadrideps Ia fib“es nave been used to inhibit biceps~-semnitendinosus
motoneurone s. fhe inhibitory curve of Fig. 53 (A) shows the percentage
inhibition of the maximal monosynaptic reflex, recorded from the S1
ventral root and evoked by stimuleting the biceps semitendinosus nerve,
by a preceding volley in the quadriceps group Ia afferent fibres. The
neximal inhibition is approximately 75%. This maximally inhibited reflex,
elicited every 2 seconds was then recorded as the “control" and the
quadriceps nerve tetanized at a rate of 300/sec for 2 seconds. There-
after every "control reflex" was recorded and the heights plotted in
Tig. 5% (B) using the same ordinate scale as in A. There was no alteration
in the actual size of the biceps-semitendinosus reflex over this tinme.
Similarly Pig. 53 (G) plots the maximal inhibition following a tetanus of
EOO/sec for 20 seconds. It is apparenf that there is no significant
alteration in the amountiof inhibition and this would be expected from
the results of intracellular rccording of the IPSP evoked in biceps semi-
tendinosus motoncurones by impulses in the quadricevs Ia fibres (Fig. 51).
Usually only a single stimulus has been employed in testing for
post-activation potentiation. However when repetitive presynaptic volleys
are used for the testing stimulus, there has been a rapid decline in the

response to successive volleye; so that there has been little or no

L=

potentiation after the first few volleys (Strom, 1651; Eccles & Rall -~
unpublished observations; Liley & Worth, 1953). FPige 54 illustrates

this finding for the ZTSP recorded from the same biceps-semitendinosus
cell as uscd for Figs. 48 and 49. The two control records (A & B) show

a repetitive series of six EPSP's, evoked at a rate of 45/sec by

stimulating the biceps semitendinosus nerve every 3.5 seconds. This nerve




was then tetanized with a stronger stimulus at a rate of 660 stimuli per
second for 15 seconds. The records C & D ere the fourth and fifth series
after the end of the tetanus and show that the first ZPSP is potentiated
by about 60% and thereafter there ig a rapid decline of the potentiation
so that there is lecss than 1057 with the sizth ZPSP in the repetitive
series,

The graphs of Fig. 55 are derived from another blceps semiten-
dinosus cell vherein a repetitive series of three EPSP's at a rate 6f

~

66 per second was evoked every 2 seconds prior to and after a tetanus
of 680 per second for 15 seconds. The lines plot the actual size of the

vost tetanic BI3P's and show the great increase in the first EPSP of +the

ceries compared

21th the nuch emaller increase in the second and third.
(D) DISCUSSIOH

Apart fron a direcl determination of the electrical tine
constont of the motoneuronal membrane and the cons aquent different value

ERYY

derived Tor the copaciiy of the ncmbrans, the electrical properties of +the

- . -
i

notoneuronal menbranc as here described are not radically different from
flhiose previously described (Coonbs et all, 1955 ). It would be expected
that dewnolarized motoneuronss would have lower values of membrance resis-
tance than normel, and thic ic reflec btcl in the lower time constants both
of the decay of post-synavtic potentials and of the membrane itself. It
is probable that under these altered conditions the capacity of the mem-—
brane vould rewmain fairly consbant (cf. Cole & Curtis, 19%9; Hodgkin,
Huxley & Katz, 1952). Dy a bridge technicue Araki and Otani (1955) have

dGLCTﬂlHGd the membrane rcsistance and tine constant of toad!s motoneurcnes

that vere impaled by a cinsle microeclectrode. The values of resistance
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L very low estimete (6 x 10 cm”) for the membrane area.
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1eir estimate of the time constant of the membrane may be |

in error ovinz to a failure to appreciote the vpossibility of alterations

[

n the electrode characteristics. However they obtain a specific membrane

N
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capacity of 17.5 x 10 "F cm  which is considerably higher than values

obtained for other membranes.
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short time course of the subsynaptic currents causing the
post-synaptic potentials, derived from the interaction both of the
xeitatory and inhibitory post-synapbic potentials (Coombs et ol., 1955d)
and also from the interaction of the IDPSP and o spike action potential
(Coombs et al., 1955¢) appeared to Jjustify the argument that the EPSP
decayed passively with the electrical time cqnstant of the membrane.

TT

iovever calculaticn of the time course of the subsynaptic currenis in the
light of the directly determined time constent for the membrane explains
both of these phenomena and the shorter time course of the IPSP compared
with that of the EPSP in a more satisfactory manner. In particular,
accurate determination of the interaction between an DPSP and the anti-
dromic spike potential confirms the presence of the later residual sub-

synaptic current responsible for the slow decay of the EPSP.

The records of Fig. 56A show the intracellularly recorded

responses of a motoneurone in which an antidromic volley was propagated

=y

over the surface of the cell at various times relative to an EPSP., As

shown in Fig. 56A, even after many milliseconds, during the after-hyperpolar

ization that follows the antidromic spike potential, the EPSP is smaller



then the control response (Fig. 56C) and in addition, as shown in the
subtracted records of Fig. 56B, it reaches an earlier summit and decays
more rapidly. As the ZPSP is moved earlier relative to the spike, all

of these changes are accentuated, ﬁut the EPSP is still of considerable
size (about 204, of thé control) when it is generated on the later part of
the falling phase of the spike at the second arrow of Fig. 568.' However
when the presynaptic volley is timed so that it would set up an EPSP at the
first arrow (about 1.5 msec earlier), there is only the very small response
shown by the broken~line curves of Fig. 56 A & B.

On the basis of similar observations Coombs et al. (1955c) con-
cluded that the synaptic mechavnism is not able to generate any appreciable
PSP if it is rmevenfed from doing so for 1.2 msec and hence thet the EPSP
is generated by a transmitter whose depolarizing activity persists for no
longer than 1.2 msec. By virtue of the enormously increased Na+ and K©
fluxes during and after the =pike, any charge on the membrane due to the
subsynaptic current generated by the excitatory synaptic tranémitter would
be very effectively removeds, Thus the subsynaptic current is not effective
in building up an EPSP until it is late on the declining phase of the
spike potentiel. At the second shortest test interval in Fig. 56 A the
naximun subsynaptic current operated at this earliest effective stage after
the spike, the alberations in the EPSP presumably being due to the effect
that the spike and its after-hyperpolarization have on the movement of
the excitatory transmnitter in the synaptic cleft. On the other hand at
the shortest test interval, the initial subsynaptic current coincides with

the spike potential and therefore is ineffective in setting up an EPSP

whereas the slowly declining residuum of this current (cf. Fig. 48) would
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be responocible for the small and relatively delayed EPSP (broken lines of
Pigs. 56 A & B) at this interval. | :

It might be expected from the nature of the direct inhibitory
pathway that the transmitter giving rise to the IPSP would.haVe a longer
dufation than that causing the EPSP. It has been shown (Eccles, Fatt &
Tandgren, 1956) that the relay interneurone on the direct inhibitory
hvay between quadriceps Ia afferent fibres and biceps-semitendinosus
motoneurones is capable of followiung frequencies of stimulation up to
€00 per second and may dischﬁrge repetitively in response to a single
afferent volley. However this repetitive discharge must be unusuval, for
the time course of the inhibitory transnitter released at the motoneurone
is velatively short and probably in most cases the cell is only Ffired
once or ‘twice. Differences in the duration of the inhibitory transmitter
wvould be expscted from different levels of anaesthesia and only a fewu
intermediate cells relaying group Ia impulses have the property of
repetitive firing (ef. Becles, Fatt & Landgren, 1956).

Recent electron microscope studies have provided evidence of the

-

structural fecatures of central synapses. The surfacc of the motoneurone

(93}
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tudded with synaptic knobs of approximately 2. in diameter (Wyckoff &
Toung, 1956) and these are distributed less intensely as the dendrites
are followed more peripherally (Lorenté de Wo, 19%8; Barr, 1939; Bodian,
1952).‘ The knobs themselves are covered with a continuous membranc about
50 A thick and contain small vesicles of %00A diameter together with
numnerous mitochondria (?alay & Palade, 1955, 1956; de Robertis & Bennett,
1955). The mitéohondria of the Imob suggest a high level of metabolic
activity and probably, as with the motor nerve endings on muscle (Palade

~

& Palay, 1954; Castillo & Katz, 1955b; Robertson, 1956) +the vesicles
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may be regarded as containing the chemical substances that are responsible

for transmission across the synaptic junctions. Vesicles are often

-clustered on the synaptic surface of the knob and occasionally appear to

be bursting on the surface. The knob is separated from the subsynaptic

nenbrane by the synaptic cleft of approximately 2004 in width. The sub-

synaptic membrane of width 50A presumably has very different properties from

the remoinder of the soma-dendritic membrane as it is specifically affected
by transmitter substances, and on analogy with the énd plate membrane of
the neuromuscular jJjunction (Kuffler, 194%; Fatt & Katz, 1951; Castillo &
Katz, 1954c, 1955a), it may be unable to respond to an impulse.

The areca of the synaptic contact and the width of the cleft are
inportant because the function of a synapse is to apply small amounts of a
transmitter substance to the specialized receptor area of the subsynaptic
membrane. This then becomes highly permeable to ions and the resulting
electric current flouws through the synaptic cleft and so to the remainder
of the post-synaptic meuwbranec. Fig. 57 shows the direction of this
curreut flow when the exciltatory transmitter substance malies the sub-
synaptic membrane permecable to ions. The synaptic cleft should be narrov
enough so that the transmitter substonce is applied rapidly and efficiently
to the subsynaptic membrane; it should also be wide enough so that the
subsequent post-synaptic currents may flow as freely as possible. Dy
assuning a high specific conductance for the activated subsynaptic membrane
and & specific resistance of about 100 ohm-cm for the fluid in the
synaptic cleft it can be calculated that with a cleft of about 2004, the

resistance offered vo current flow through Tthe cleft is only about 5% of

?hat offered in its passage through the subsynaptic membrane. There is
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thus an adequate cafely nargin for the efficient operation of the cleft in

carvying current to the whole subsynaptib menbranc .

Yith o Yrenanitter substance rclcﬁ ed in a cleft of 204, thgﬂ
diffusion time across it would be of the order of a microsecond and it
can be calculabed that, if the substence is free to diffuse and has
approximately the diffusion coefficient of acetylcholine, it will diffuse

o

auay from a focus of the dimensions of a synapse so rapidly that its con-
centration will have fallen to a negligible level within 1 msec of its

liberation (Patt, 1954; Ogston, 1955). The slightly longer time course

of the excitatory end inhibitory transmitter action on motoncuroncs

6]

(Tigs. 48 & 49)sugsests a presynaptic volley might cause the release of
trancuitter substances for a period as long as 1 msec, while the small

reoidual achkion indicates thdbt the removel of the transmititer substence
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layed by a diffusional barrier eround the synapse. This

been pogstulated to exist around the synapses on Renshaw cells
(Ecolcs, Tcclee & Fatt, 1956) and would also explain the prolonged
duration of transuitter action of cuteneous impulses on interneurcnes of
the intermediate nucleus and on the neurones discharging up the dorsal
spino-cerebellar tract., A diffusional barrier around synapses would not
only increoase the effectiveness of synaptic transmitter action but also
prolong the duration of tewmporal facilitation. There is no structural
correclate for these diffusional barriers but possibly they may be due
either to the close glial investnent of synapscs (. rckoff & Young, 1956)
or o the ground substance described by Hess (1953, 1955).

the neuromuscular junction the crowding of the synaptic

vésicles towards the synaptic surface of the knob, together with the




occurrence of vesicles appearing to burst on the surface of the knob

mokes attractive the postulate that the bursting of these vesicles, 09n~
tadining the transmitter ageut acetylcholine, accounts for the miniature
end-plate potentials that occur spontaneously in a random manner at the
end-plate (Fatt & Katz, 1952; Castillo & Katz, 1955b). Ierve impulses
reaching the knob would cause the simultancous release of a large quantity

SN

of acetylcholine, and it has been found that polarization of the nerve

teruinals either by extrinsically applied current or by raising the extra-
cellular potassium concentration increases the frequency of the miniature
end-plate potentia}s (Castillo & Katz, 1954b; Liley, 1956b). In the light
of these concepts one can argue by analogy that in the central nervous
yutem,tranmnltucr agents ex ist in the synaptic knobs as vesicles and are
released by depolarization of the knobse. Random release may occur and
would account for certain forms of synaptic noise. This nolse is however
difficult to analyse owing to the possibility of the simultaneous random
impingement of excitatory and inhibitory impulses on the motoneurone under
examination.

At the neuromuscular junction it seems likely that the vesicles
are positively charged because depolarization of the presynaptic membrane
increases the frequency of miniabture end-plate potentials i.e. the fre-
quency with which vesicles are emitted. There is some evidence té suggest
that the excitatory and inhibitory transmitter substances of the spinal
cord are also cherged. In Flg. 58 A & B EPSP's have been recorded in a
gastrocnemius motoneurone at the resting potential of =70 mV and also

when the membrane potential was hyperpolarized to -100 mV. It is evident

that hyperpolarization caused the summit of the EPSP to be earlier and
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also considefably shortened the time constant of its decay. Such changes
have been previously reported (Coombs et al., 1955c). Simultaneous
measurements showed that there was no appreciable diminution of ths
mexbrane resistance at a potential of -100 mwV, and it is unlikely that

any change would occur in the membrane capacity. Hence it appears Jjusti-
fiable to assume that the time constant of the membraﬁe was the same at
both potentials. 1In this cell the time constant of the membrane was not
directly determined, but it can be assumed to be approximately 2.8 msec,
which on the basis of other experiments, is a reasonable value for a cell
having an EPSP which decays vith a time constant of 4.6 msec at the resting
membrane potential. The TPSP's of Fig. 58 A & B have been plotted as the
continuous lines of Fig, 58 C & D respéctively, and using the assumed

value of the membrene time constant as in Pig. 48, the time courses of

the subsynaptic currents have been calculated (broken lines). Uhen the
cell was hyperpolarizecd (B & D) the current decayed much more rapidly

than normel and its sunnit was lover than Wbuld‘béféxpected for a linear
relationship to membrane potentisl (ef. Coombs ef al., 1955¢). Hence it
nay be assuned that the hyperpolafizing current vas interfering with the
time course of the excitatory transnitter action either by removing the
transmitter from the proximity of the subsynaptic membrane»or by preventing
its attachment to the subsynaptic recepbtors. It is attractive to postulate
that the transmitter is negatively charged, and hence is carried away frou
the subsynaﬁtic membranc and the synaptic cleft by the hyperpolarizing
current that is passing inwards through the cleft and penetrating the sub-
synaptic membrane., This postulate accounts not only for the deficiency

in the initial summit but also for the greatly increased rate of decay of

]
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the subsynaptic current in FPig. 58 D. It also contributes to the
explanation of the diminished size, the earlier summit and the faster

decay of an EPSP that is set up during the hyperpolarization following a
spike potential (cf. Fig. 57), for, if this hyperpolarization is set up by
the regions of the post-synaptic membrane that are invaded by the spike, it
will cause an inward current flow through the subsynaptic areas of the
motoneurone, which effectively will be the same as an extrinsically applied
hyperpolerizing current. |

As soon as the excitatory transmitter alters the perneability of
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ynaptic membrane, the current set up (ef. Pige. 56) will flow across
the subsynaptic membrane in the same direction as an extrinsic hyperpolar-
izing current. Initially this current will be of great intensity and so
nay contridvute to the initial very rapid decline of the transmitter con-
centration if the transmitter molecules carry a negative charge. Similarly
when the IPSP of a motoneurone is converted to a depolarizing response its
time course of deccoy is usually shortened (Coombs et al., 1955b). This
might be attributable to the rapid removal of the transmitter substance:
from the synaptic cleft under +the influence of subsynaptic currents but
a full analysis of the problem is not yet complete,

The findings of post-activation potentiation are of intersst
when considering the storage and release of tronsmitter substances. As
far as has been investigated (Brooks et al., 1950; Brock et al., 1951;
Eccles & Rall, 1951a & by Jefferson & Schlapp, 1953), during repetitive
monosynaptic excitation of motoneurones there is a depression of the
successive responses which parallels that of sympathetié¢ ganglia (Eccies,

19435 Tarrabee & Bronk, 1947; R.i. Bccles, 1955), and which likewise may
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be attributed to depletion of trancmitter substance. However, subsequent
to a prolonged repetitive stinulation, theré is a large and prolonged
increase in the response evoked by & monosynapbic testing volley, the
nost-activation potentiabion. This potentiation suggests that there is
an increased amount of transmitter agent available in +the terminals, but
the results of experiments using repetitive presynaptic volleys as the
testing stimulus suggest that there is not a large increase in the total
amount of available transmitter, for the potentiation falls off rapidly
with all responses subseguent to the first (Fig. 55).

It appears that there is an increased output of transmitter sub-

stance per impulse because potentiation is associated with a single testing

presynaptbic Volley, but the time course of its action is not unlike that
for single stimulus prior to the tetanus. It might be considered that
following a tetanus, the decay of the potentiated EPSP might be slover
than normal owing to the greater amount of transmitter substance released.
The time constvent of decay of an EPSD is usually evaluated by the measure-
ment of 10-20 superimposed records so that random variations of potential
due to synaptic noise are cancelled. It was.therefore hard to mcasure the
value for the single testing EPSP's used in>this study and in some cases
the decay was faster than normal (cf. Fig. 52 A & B). The actual measure-
pent is difficult and numerous errors can arise because the testing volley
is supramaximal for the group Ia afferent fibres and in most cases the
decline of the EPSP is not exponential but distorted by the post-synaptic
potentials evoked by volleys in higher thréeshold fibres. The same
difficulty arises in the accurate measurement of the time constant of

the decay of the IPSP and no significant figures have been obtained.
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In part an explanation of the potentiation is provided by
the incredsed size of the presynaptic spike that occurs during the after
hyperpolarization that follows activity (L1loya, 1941; 1952a; Eccles & 3
Rall, 1951b) for Castillo and Kotz (1954b) have sugoested recently that |
an impulse causes a greater quéntal release of transmitter frowm hyper-
rolerized nerve terminals, The phenomena is not associated with post-—
synaptic elterations in membranc potential. IHowever this explanation
does not.cover the whole duration of the potentiation (Eccles & Rall, 1951b;
Liley & North, 1955) and under some conditions a large potentiation is
agssociated with o diminiched presynaptic spike. Alterations in either
the effectiveness of mresynaptic impulses or in the relation of the
Synaptic knob Lo the subsynaptic membrane do not account for the observation
that only the first of a revetitive test series of resronses is greatly
potentiated after a tetanus.

At the neuromuscular junction it has been demonstrated +that
activation of the presynaptic terminals is followed by an increase in the

frequency of the miniature end-plate potentials (Liley, 1956a). This

votentiation, unlike +that secen for the end-plate notentinl in curarized

muscles is largest immediately after the end of the conditioning tetanus
and thereafter declines with the same time course as does the potentiation
of the end-pletc potential. It can thercfore Dbe nostulated that a tetanus
of presynavtic inpulses “crowds" the synaontic vesicles in the lkuob towards
the cleft so that not only will a further impulse release more transmitter,
but also there will be an increase in ihe spontancous emission. The delayed
development of post-activation wnotentiation indicates that the presynaptic

inpulse is not immediately effective in operating the release mechanism Tor

the transmitter, The fact that there is a rapid decline in the potentiation
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during & repetitive series of testing impulses suggests that Tollowing
the depletion of the reserve supply of chemical transmitter by the tetanus,

there is not en cicessive replenishment of available transmitter. Thus

m

-

post-activation potentiation seems 4o be attributable to two events
localized to the immediate region of thé presynaptic membrane, & mobiliz-
ation there of & relatively small number of synaptic vesicles, and an
increased size of the presynapitic spike.

The small amount or even absence of post-activation potentiation
of "direct" inhibition would be expected from an understanding of the
apatomical pathway concerncd. If "direct" inhibition was monosynaptic
it might be expected that the IPSP should be po%entiated in the same
fashion as the EPSP. However, the impulses in the group Ia muscle
afferent fibres of a muscle do not impinge directly upon the motoneurones
of en antagonist nuscle but are rclayed by an interneurone which normally
fires once or twice only to each volley. These cells are capable of follow-
ing high frequencies for short pericds, but are probably not efficient in
transnitting a high and prolonged frequency to the presynaptic terminals
that release the inhibitory transmitter substance. In an investigation

1

of this pathwey, Eccles, Fatt & Lendgren (1956) Found no Significaﬁt post—
tetanic potentiation of the responses of the group Ia intermediate neurones. |
The technique used did not allow of refined measuremeuts, and it is
evident from graphs such as Fig. 51 that there is a small potentiatioﬂ
which conforms with the observations of Lloyd (1949). This potentiation.

could occur either at the relay in the intermediate nucleus or there

could be a potentiation of the synaptic mechenism for generating the IPSP,

Both Lloyd (1949) and YWileon (1955) have found that there is minimal
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post-tetanic potentiation of polysynaptic pathways, and this can be
accounted for in the same fashion. After a conditioning tetanus there |

i

[6]
6]

possibly a potentiation of the firing of the first one or two cells

=
P

in the pathway but in the absence of a high level of frequency transmission,

potentiation goes no further towards the final motoneurone.
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CONCLUSIONS AND SUMMARY

The researches reported in this thesis have been presented in three
sections. The investigations of Section I demonstrate that among the
pharmacological agents with known specific actions at peripheral junctional
regions, acetylcholine is the only one that has been shown to have an
action upon cells within the spiﬁal corq. The effects of intra-arterially
injected acetylcholine (and of nicotine) upon both monosynaptic and poly-
synaptic reflexes (Section I E) are those that would be expected from the
activation of the cholinergically excited Renshaw cells (cf. Section I D).
There is no evidence that acetylcholine acts either as an excitatory or

an inhibitory transmitter at synapses upon motoneuromes. The relatively
slight action of intravenous tubocurarine and prostigmine on the cholinergic

Junctions of axon~-collaterals upon Renshaw cells can be explained by the

yresence both of the blood-brain barrier and of diffusionel barriers more

intimately related to the synaptic junctions. Although Renshaw cells can
be activated by volleys in the slow muscle afferent fibres and this
. activation appears pharmacologically similar to that resulting from volleys
in the collaterals of the motor axon, ‘there is insufficient evidence as
vet to give support to the third postulate of the generasl introduction to
this thesis in which it was suggested that cells react to one type of
excitatory synaptic transmitter only.

Other possible central transmitter agents are discussed and the
available evidence, together with the findings of Section I F and G,
suggests that adrenaline, nor-adrenaline, 5-hydroxy-tryptamine, ATP and

histamine have no such function in the spinal cord of the cat. However

the reported findings concerning the distribution of substance P
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(Section I G (ii)) suggest that this polypeptide has a central function
but difficulties in the production of a pure sample have so far prevented
adequate testing.

The preliminary results Qf attempts to extract transmitter
substances from central nervous tissue have not been encouraging. The
chemical methods uséd may not have distiﬂguished between the excitatory |
and the inhibitory substances and also between thege and the other known
constituents of brain tissue such-as acetylcholine, adrenaline, nor-
adrenaline, 5 HT and substance P, Because of this difficulty, methods of
extraction and consequent separation using paper chromatography aré being
developed. The problem of the non-penetration of the blood-brain barrier
when testing extracts might be overcome by using the isolated, oxygenated
spinal cord of the frog (Eccles, 1947). This preparation, divided by a
medial longitudinal incision, could be soaked in solutionsof extracts.
Since strychnine has the same effect on its reflex activity as it has on
that of the spinal cat, it can be presumed that the inhibitory transmitter
of the two preparations is similar. Consequently any extract found to
inhibit the reflexes of the frog!s spinal cord would be worth further
testing, either by intra-arterial injection or by direct micro-injection
into the cat's spinal cord.

Both strychnine and tetanus toxin have been shown in Section II
to diminish central inhibition although the mode of action may be different
for these two agents. Strychnine is virtually without effect on the
excitation of motoneurones (Section I C (1)), but diminishes all five
types of inhibition investigated (Sectiom II C (2)): the “direct"

inhibition of motoneurones by impulses in the group Ia afferent fibres
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of antagonistic muscles; the inhibition by impulses in the group Ib
afferent fibres of synergistic muscles; the inhibition of extensor
motoneurones by impulses in the group II and III muscle afferent fibres
and in cutaneous afferent fibres; the inhibition of motoneurones followe
ing activation of Renshaw cells by volleys in axon collaterals.

The effect of tetanus toxin, either injected peripherally into
a2 motor nerve or directly into the spinal cord, is similar on all these
types of inhibition, but the reversibility is much slower. In several
instances some recovery has been observed following the injection of
-very small doses of tetanus toxin directly into the spinal cord, but as
yet the results cannot be regarded as being conclusive and further investi-
gation is desirable. However, recovery in man, following purely local
tetanus, often takes weeks (Courtois-Suffit & Giroux, 1918) and would not
be readily observable in the experimental preparations used in this invest-
igation.

As it has been shown that the ionic movements repsonsible for
the inhibitory post-synaptic éotentials for these different types of
spinal inhibition are similar (Coombs et al., 1955b), it can be postulated
that a common inhibitory transmitter substance is involved. This postulate
is strengthened by the finding that the effects of both strychnine and
tetanus toxin are similar on @ll these inhibitions. The evidence is
presented (Section II D) that strychnine has little effect upon the inhibie
tion of motoneurones mediated from higher cemtres by descending tracts.
However the experimental studies are incomplete and are considered to
present no clear evidence that more than ome inhibitory transmitter is

involved in the spinal cord.

It is shown that both strychnine and tetanus toxin exert theip
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effects near the synaptic junctioﬁs between the specific inhibitory inter—
neurone and the motoneurone. Both for "direct" inhibition (Section II C
2(a)) and for "antidromic" inhibition (Section II C 2 (e)) it has been
pfoved that these agents have no effect on the inhibitory interneurone.

In the discussion it has been suggested that these two agents may have
different modes of action,

It has been suggested (Section II C (3)) that the convulsant
action of some drugs, in particular NP 13, cannot be explained by their
effects on either the excitatory or the imhibitory processes of the spinal
cords It is possible that they are convulsants by virtue of their action
upon cells in higher centres, but as the investigations are far from com-
plete a possible alternative suggestion is that these drugs cause a mild
intensification of excitatory synaptic activity, just as some anaesthetics
have a mild derressant activity upon the same processes. This mild intensi-
fication would produce a very small effect when assessed by the increase
in 2 monosynaptic reflex, but would become moie cunulatively amplified
when it occurred at every symaptic relay along a polysynaptic pathway.

It is argued in Sections I H and II D that the effects of drugs
such as stryclmine, tetanus toxin and myaneéin on polysynaptic and mono-
synaptic reflexes can be accounted for by the different anatomicel structure
of these two types of reflex, in particular the number of syhaptic relays
involved. There is therefore little evidence of more than one inhibitory
and one excitatory substance (apart from acetylcholine) in the spinal corde

The direct measurement of the properties of the motoneuronal
membrane in Section III C (1) shows that it has a shorter time constant

then had been considered rreviously. The calculation of the time courses

of action of the inhibitory and of the €Xcitatory transmitter substances
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gives a more satisfactory explanation of the interaction both_between the
EPSP and the IPSP and between the EPSP and an antidromic spike potential
of the motoneurone.

Observations upon the post-activation potentiation of post- .

synaptic potentials recorded intracellularly from motoneurones (Section

III C (3)) show differences between the potentiation of the EPSP and IPSP

which are explainable by the nature of the énaxomical pathways concerned
and by the known properties of the relay interneurone on the direct inhibi-
tory pathway. The evidence has been collected (Section III D) for the
presence in.the synaptié‘terminals of vesicles which can release quanta
of charged transmitter material into the synaptic cleft. The discharge
of these vesicles possibly accounts for'éome forms of synaptic noise and
forms the basis of a reasonable explanation of post-activation potentiation.
Apart from the suggestion that the monosynaptic execitatory trans-
mitter substance is negatively charged, there is no evidence as to the
nature of the excitatory and inhibitory transmitter substances of the
spinal cord. However there are findings to suggest the occurrence of
common transmitter agents at several sites in the cord. It has been
suggested (Section II D) that the same inhibitory trensmitter substance
is released by impulses reaching motoneurones over at least five different
pathvays,
According to Dale's principle (see General Introduction) the
same excitatory transmitter is involved at the three sites of termination
of the group Ia afferent fibres from muscle. These fibres pass directly
to the motoneurones of the muscle and branch extensively so that any one

rresynaptic fibre can secure a large area of synaptic contact on the same




115.

neurone (Cajal, 1909, 1934; Lorente de No, 1938; Bodian, 1942; Chang, 1952).
The synaptic knobs are about 2t in diameter and the release of the synaptic
transmitters has been shown to bé brief and in the case of excitation,
the post-synaptic potential can generate the discharge of only one post-
synaptic spike; For monosynaptic excitatory action to fire a motoneurone
considerable summation’of excitatory impulses is necessary and the moto-
neurone will not follow effectively frequencies of stimulation greater i
than about 40/sec. f
Primary afferent impulses in the group Ia fibres synaptically
excite interneurones of the intermediate nucleus of Cajal (Eccles, Fatt &
Landgren, 1956). These cells_respond to high freqpenciés of synaptic
stimulation, often respond repetitively to a single afferent volley and
may aiso be excited by impulses in group III muscle afferent fibres and
by cutaneous impulses. Intracellular records from these cells show, that

as a consequence of the impingement of impulses upon them, graded EPSP's

are set up and one or more impulses are generated if the EPSP is sufficient-;
1y large. Similarly the group Ia afferent fibres of muscle synaptically |
excite the cells of Clarke's column (Grundfest & Campbell, 1942; ILloyd &
McIntyre, 1950; Laporte, Lundberg & Oscarsson, 1956). There is general
agreement that these cells are excited to discharge impulses by a very
few afferent fibres, but again the discharge may be repetitive.

Although the nature of the ionic movements responsible for the
EPSP of the motoneurone is known (Coombs et al., 1955¢), nothing is knowm
about the ionic mechanisms responsible for the EPSP's both of group Ia

intermediate cells and of Clarke's cells. However the differences

between the excitatory processes presumably are explainable by an
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understanding of the different types of synaptic endings, the properties
of the subsynaptic membrane and the different properties of the whole
neurone including its after-hyperpolarization.

The structure of the synaptic knod and of the symaptic cleft of
the motoneurone has now been described in detail, and the transmitter time
of action, derived from a knowledge of the post-synaptic membrane, explains %
the observable phenomena at the junction. ILittle is known concerning the
synaptic terminals of the group Ia afferent fibres upon the intermediate
relay cells and until the actual charécteristics of these comparatively
small cells can be measured, the action time of the transmitter remains
unknown. However, either the post-synaptic membrane or the actual»amount
and time course of the action of the tremsmitter must differ from the
values at the synapses on the motoneurones because these intermediate
cells may fire repetitively to single presynaptic volleys. This property
of repetitive response is presumably due to the small or absent after-
hyperpolarization following a spike discharge.

The histological correlate of the powerful synaptic excitatory
action of single impulses in group Ia afferent fibres upon Clarke's cells
is provided by the "giant synapses" in which synaptic contact apparently
is made for several hundred microns along the dendrites‘by the giant
terminal end bulbs of the presynaptic f£ibres, so giving areas of contact
of many hundreds of square microns {Szentagothai & Albert, 1955). Such
synaptic contacts are very many times larger than any made by the branched
egdings of a single presynaptic fibre on a motoneurome. The actual size

of the synaptic cleft and also the characteristics of the subsynaptic

membrane are unknown, but it is apparent from the repetitive responses of
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the relay cell that the time course of the transmitter and the character-
istics of the neuronal membrane differ from those occurring at‘theAmoto-
neurone.,

It is apparent therefore that the same transmitter substance,
released from the terminals of the group Ia fibres, can, depending on
the nature of the synapsé~and the cell involved, activate different cells
in a slightly different fashion aithough the basic ionic redistributions
involved could be similar., It is probable that the same transmitter sub-
sténce and ionic movements are responsible for the EPSP's of motoneurones
set up by impulses relayed by intermediate and dorsal horn cells but
definite proof is lackinge.

It therefore can be postulated (cf. General Introduction) that,
besides acetylcholine as an exciter of Renshaw cells, there is only one
excitatory substance existing in the spinai cord. However a difficulty
in the acceptance of this arises from a consideration of the specificity
of synaptic action on neurones that have overlapping dendritic fields.
The reflex pattern of the hind limb is now reasonably clear, but the
specificity of operation is not readily understandable on anatomical
grounds. For example, exploration with a microelectrode reveals that the
soma of a gastrocnemius motoneurone may be as close as 50 - 100 microns
to a biceps-semitendinosus motoneurone and yet these two neurones exhibit

their quite distinctive responses to afferent volleys. ZEach is mono-

'synaptically activated by the corresponding group Ia volleys and inhibited

by the group Ia volleys from muscles having antagonistic function.

Again,the small motoneurones of a muscle are interspersed within

the motor nucleus of that muscle (Eccles, 1953; Fig. 3E; Brooks & Curtis,
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personal observation), yet these small motoneurones show no trace of

the powerful monosynaptic excitatory action which is exerted on large
motoneurones by impulses in the group Ia afferent fibres of that muscle
or its synergists. However extensive investigations have shown a fairly
close parallelism between the responses of the small and large moto-
neurones of a muscle to impulses in the other groups of afferent fibres
(Hunj, 1951; Granit & Kaada, 1952; Eldred, Granit & Merton, 195%; Eldred
& Hagbarth, 1954).

In order to explain the specific action of impulses in the
afferent fibres of a muscle it might be postulated that a number of
different transmitter substances exist and that some property of the
post-synaptic membrane is responsible for the determination of specific
pathways. TFor example the small motoneurones of a muscle would not be
activated by the release of the excitatory transmitter from the terminals
of the group Ia afferent fibres of a muscle. However in view of the
complexity of some spinal reflex mechanisms, the number of different
transmitter substances necessary for this postulate becomes prohibitive.
Hence, for the present, the view must be entertained that the specific
action of afferent impulses is determined purely on anatomical groun&s.
It is clear from recent observations in this laboratory (Eccles, Eccles
& Lundberg - persdnal communication) that the reflex pattern of the hind
limb is not as clear cut as was originally thought and many aberrant mono-
syﬁaptic connections exist. It is probable that early in development,
relations of the different motor nuclei to the ingrowing fibres are more
distinétivg, and both the number of synapses and their relation to the
initial segment of the motoneurone may be important in determining the

responses of the cell to presynaptic impulses,
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It is obvious that a full investigation of the chemical sub-
étances responsible for synaptic transmission in the spinal cord must
include a knowledge of the actual structure of the different synapses.
In particular the size of the synaptic comnection, the width of the cleft
and the electrical and electrochemical characteristics of the subsynaptic
membrane are capable of determination. However ‘the nature of the trans-
- mitters, the conditions governing their release, the properties of
diffusional barrigrs and of the blood-brain barrier are problems about

which the lack of evidence precludes further speculation.
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Fig. 1. Diagrammatic representation of the abdominal aorta viewed

from the ventral side showing the branches ligated and the position

of the tip of the polythene cannula., The lumbar arteries are shown

arising from the dorsal surface of the aorta and then passing laterally.
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Fig. 2. Monosynaptic reflex spikes were evoked by a L7 dorsal root
volley at a frequency of l/sec and recorded monophasically in the L7
ventral rooti The individual spikes had a duration of about 1 msec
but the brief gaps between them represent 1 second. In the upper

series the arrow 81gnals the intra-arterial inaectlon of 100 pg of

acetylcholine which results in a depression of the reflex for about

10 seconds. In the lower series 25 g of nicotine produced a larger
depression of greater duration. The first fifteen reflexes after this
injection were recorded and then groups of three at the times shown.e
The horizontal line formed by the other beam of the oscilloscope was

adjusted at the mean summit heights for a long series of reflex spikes

immediately before the injection.
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Fige 3+ Graphs plotting the size of the reflexes of Fig. 2. The
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represents a single reflex response,
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From the same experiment as Pig. 2 and 3 but different doses

of nicotine and acetylcholine were injected intra-arterially.
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As for Fige. 3 but from another experiment showing the small

effect of 200 |Lg of acetylcholine compared with that of 25 g of

nicotine following intra-arterial injection.
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15 MIN. [ ]
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ST

Fig. 6. Records from the dorsolateral
surface of the L7 segment of the spinal
cord when the L7 ventral root was stimu-

lated maximally at a rate of 5/sec. Each

trace represents forty superimposed records.

t0, and the other records at the stated

times after, 20 Lg of .nicotine had been

injected intra-arterially.
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Fig. 7« TFrom an experiment where.the maximal monosynaptic reflexes
of the L7 segment vwere depressed by the intra-arterial injection of
%0 g of nicotine. This depfession.was abolished by an intravenous
injection of strychnine but ninety minutes later the reflex was again

depressed by a further intra-arterial injection of nicotine.
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Fig. 8. The effect of an intra-arterial injection of 100 pg of acetyl-
choline, before and after an intravenous injection of atropine, upon the

maximal monosynaptic reflex of the S1 segment.
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From the same experiment as Figs. 2 and 3 showing that the

depression of the monosynaptic reflex following an intra-arterial

injection of nicotine is not significantly altered by a previous

intravenous injection of eserine.
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Same experiment as Fig. 9 showing the alteration produced by

eserine in the time course of the depression

the spinal cord dug to

of acetylcholiﬁe.
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Fige 11. Two series of monosynaptic reflexes from the same experiment.
The open circles plot the demession of the reflex due to intra-arterial
injections of 200 ug of acetylcholine (upper series) and 25 g of
nicotine (lower series). The filled circles show the complete abolition
of both depressions following the intravenous injection oi‘ O.Smgm/Kgm

of dihydro-B-erythroidine (DHE).
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Pig. 12. A. The effect on the monosynaptic reflex of the 17 segment of
intra-arterial injections of acetylcholine (filled circles) and 5-hydroxy-
tryptamine (S5HT) (open circles). All dorsal roots except those of the

left L7 and S1 segments were intact.

*

were crushed. There is considerable alteration in the depressions

particularly in that following an intra-arterial injection of 5HT.
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Fig. 13. The effect of 40 ug of’ nor-;ér.én‘alin (clo‘sed ciféles) and
of adrenalin (open circles) administered intra-arterially, én the
maximum monosynaptic reflex evoked by stimulating the L7 dorsal root
and recorded from the corresponding venfral root.
% REFLEX

SIZE

100 FO—OTTO_O'O'O—OTOO\Oo-o-o—o—o
80}
60

40} O 5HT 500ve.

20f 1

| SECONDS

Fige. 14+ At the time of the arrow. 500 pg of 5HT was injected intra-
arterially, the open circles plotting the height of the maximal mono-

synaptic reflex of the L7 segment.




Fig. 15. Groups of three consecutive sweeps illustrating the responses
of a single Renshaw cell recorded extracellularlye.

A, - following the intra-arterial injection of 500 pg of S5HT.
was no increase of the firing rate above that occurring spontaneously.

B. - response to a single antidromic volley in the L7 ventral root.

D. - discharge evoked by 2 g of nicotine injected intra-arterially.

this and the subsequent record there was some movement of the electrode tip 1

in relation to the cell and the potentials are smaller than in Ay B & Ce

E. - the effect of a further 500 pg of S5HT intra-arterially injected 10

seconds after the records of D.
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Fig. 16. The effect of 200 pg of sodium - ATP injected intra-arterially
on the maximal monosynaptic reflex of the Sl segment. Injection started

at the arrove
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Fige 17. The open circles plot the size of the maximal monosynaptic
reflex of the L7 segment and at the time of the arrow 500 |1g of hista-

mine dihydrochloride vas injected intra-arterially.
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Fig. 18 The maximal monosynaptic reflex of the S1 segment, evoked
every 2 seconds,was depressed by an intra-arterial injection of 2 mgm
of an extract (filled circles), and a similar result (open circles)

obtained with a further intra-arterial injection after 0.1 mgm/kgm of
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Pig. 19. A. Monophasic records of the reflexes recorded from the L7
ventral root and evoked by stimulation of the L7 dorsal root at 2 second
intervals. Upper beam set as an indication of the size of %he monosynaptic
spike. 20 i1g of nicotine was injected intra-arterially at the time of the
arrov and both the monosynaptic and following polysynaptic reflexes are
demressed transiently.

------ Be Reflexes recorded monophasically from the L7 (upper) and S1 :
(lower) ventral roots in fesponse to stimulation of the S1 dorsal root at

2 second intervals. Not the same experiment as A. 100 ng pf acetylcholine
was injected intra-arterially at the arrow and there is a dépression.of
both the monosynaptic and the polysynaptic reflexes in these segments.

Time in msec for each individual record only. Two second intervals between

records.,
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Fig; V. Micro-injection device., This was made of perspex and clamped
in a brass block (B) which was held in the manipulator. The micro-
pipette (P) was sealed in the device by rubber seals (RS) held under
pressure. The perspex diaphragm (D), 4 x 1.0"3 inches in thickness, was
deformed by movement of & micrometer spindle (M) transmitted by a glass
rod (GR). The complete capsule was filled with saline (S) and two
hollow studs (H) were screwed into the side. One contained a platinum
wire (W) connecting the micropipette to an external cathode follower for

recording purposes and the other acted as a bleeder valve when the pipette

was being replaced. These studs were also sealed with rubber under pressure.

|
|
o
|
|

interposed in order to reduce the input capacity of the electrode system -

. |
the brass block and attached micromanipulator being at earth potential. 1



Fig. 21. Monophasic records of the maximal monosynaptic reflex, recorded
from the caudal portion of the left L7 ventral root and evoked by stimu-
lation of the biceps-semitendinosus nerve. A is the maximal control
reflex and B the same reflex inhibited by a preceding volley in the

group Ia afferent fibres of the quadriceps nerve. T & D - as for A & B
respecti&ely buf nine and a half‘hiﬁﬁtes efter the injection of 0.2 mgm
of XW toxin into the spinal cord at the junction between the L7 and S1

segments (see text). Fach record 10 superimposed traces.
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Pig. 22. A - M. Maximal monosynaptic reflexes recorded from the left

(A - F) and right (G - M) L7 ventral roots and evoked by stimulation of
the left and right biceps-semitendinosus nerves respectively. The left
hand records of each pair (A,C,E and G,J,L) are contfol refiexes while

the right hand records (B,D,F and H,K,M) show the same responses inhibited
maximally by a preceding volley in the group Ia afferent fibres of the
quadriceps nerve of the same side. The figures on the left side give

the time in hours, after 7 mgm of XV toxin had been injected into the left
sciatic nerve, at which the responses at the same horizontal level in the
figure were recorded. N & O. Potentials recorded from the dorsal surface
of the L7 segment of the spinal cord in the same experiment as A - M and
evoked by a volley in fhe group la quadriceps afferent fibres. The
arrows mark the positive notch. Records teken 24 hours after the intra-

sciatic injection of toxin. Time in msec for all records and all consist

of 2 superimposed traces.,
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Fig. 25« The lower records show polysynaptic reflexes, recorded mono-
phasically from the left L7 ventral root and evoked by stimulating the
sural nerve at an intensity equalling ten times its threshold. The
upper records show potentials recorded simultaneously from the dorsal
surface of the L7 segment. A - before and B, %8 minutes after L6l

toxin had been injected into the dorsolateral column in the same segment.
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Pige 24. Series of inhibitory curves showing the effects of a volley

in the group Ia afferent fibres in the left quadriceps nerve upon the
maximal monosynaptic reflexes recorded from the S1, lower L7 (LL7),

mid L7 (ML7), upper L7 (UL7) and 16 ventral roots and evoked by stimu-
lating the biceps semitendinosus nerve. Ordinates - percentage inhibition
(%1) equalling 100% minus the inhibited reflex size as a percentage of

the control reflex. This convention has been used in all similar graphs
of this series. Abscissae - intervals Between the inhibitofy.énd excitat-
ory volleys as recorded by an electrode on the dorsal surface of the mid
L7 segment. Every plotted percentage is the mean of ten to twenty
observations and curves have been drawn for each segmental reflex

considered.
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Fige 25. Time course of the change produced by an intravengus dose of
strychnine (see text) in the direct inhibition of biceps-semitendinosus
motoneurones due to a volley in guadriceps group Ia fibres. Ordinates -
inhibition as a percentage of the maximal control inhibition.(Ic)

ventral root. Abscissae - time in minutes after the injection. ZEach
point plots the maximum inhibition determined from an inhibitory curve

constructed as in Fig. 24.
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Fig. 26. Potentials recorded from the dorsal surface of the L7 segment

of séinal cord (upper records) and from within the ventral horn of this
segment (lower records). PFixed amplification for the surface records
(below msec timer) but amplification of records ByC & D is more than
double that of A, The potentials were evoked by volleys in the group Ia‘
fibres of quadriceps and biceps semitendinosus nerves and the positive
notch in the surface record following the quadriceps volley is marked with
an arrow. The lower beam of A records the intracellular responses of a
biceps semitendinosus motoneurone to the arriving volleyqﬁ Increased
negativity being recorded in an upward direction. The full spike potential
evoked by monosynaptic excitation is not shown in either A or C. The
electrode was then withdrawn from the cell and record B obtained - with
increased amplification. Following the intravenous injection of strychnine
(0.2 mgn/Kegm) record D was taken again extracellularly and then C when the

microelectrode had been re-inserted in the cell. The resting potential

for both A and C was =65 mV.
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Fig. 27. TFocal synaptic potentials recorded in the region of the biceps
semitendinosus motor nucleus of the L7 segment and evoked by volleys in
both the biceps semitendinosus (BST) and quadriceps (Q) nerves. Increased
negativity upwards. The intensity of stimulation for each record is

above the threshold intensity (T) of the nerve concerned. Note the

different time scale for the two series.
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Fig. 28. Potentials recorded in a similar fashion to those of Fig. 26 B
and D and evoked by volleys in quadriceps (Q) and biceps-semitendinosus
(BST) group Ia afferent fibres. A and E are from the surface of the

spinal cord (upper voltage calibration) and By C & D from the biceps

after 0.05 mgn/K of strychnine and D and E after 0.15 mgn/Kgm of

strychnine intravenously.
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Fige 29. Curves as in Fige. 24 showing the time course of the direct
inhibition of the monosynaptic reflex of biceps semitendinosus moto-
neurones of the L7 segment on the left and right sides of the spinal cord.
The symbols denote the inhibitory effects observed af the times indicated
after the injection of 7 mgm of tetanus toxin into the left sciatié nerve,
Part of this series illuétrated in Pig. 22. The word "TETANUS" in this
spinal cord into which the toxin was injected. Teft and right refer to

the side of the spinal cord from which the reflexes were recorded.



% 1

%lc

F‘O O-O\O_O/O

\
.\ °
20 ° .”//
e ¢~
40 °
e BEFORE STRYCHNINE
60 O AFTER =~

MSEC.
[|oo
ieo
60
\ -
o /
L .
._../
20
40 80 120
1 | 1 L | ]
MINS

Fige %0+ A. Inhibitory curve for the effect of volleys in the group IDb
afferent fibres of quadriceps on the monosynaptic reflex of gastrocnemius

motoneurones of the S1 segment before and'after 0.075 mgm/Kgm of strychnine.

inhibition as a percentage of the maximal value found before strychnine

was administered (cf. Fig. 25).




e LEFT-TETANUS

O RIGHT
-O O:)\Q—QO—O\ ° °
O\O (1] . ° .
| 20 \
|
40
%
60
80
I 9
1 1

Tige. %1. Inhibitory curves as in Fig. 30A for the effect of volleys in
guadriceps group Ib fibres upon the monosynaptic responses of gastroc-
nemius motoneurones. Forty hours after 5.7 mgm of Xil toxin had been
injected into the left sciatic nerve the upper and lower curves vere
obtained from the left and right sides of the spinal cord respectively.
The maximal control reflex of the gastrocnemius motoneurones was
approximately equal on the two sides at this time. The longer duration

of inhibition shown by the lower curve when pompared with that of Fig. %0A
is almost certainly due to the quadriceps volley containing impulses in

group IT fibres as well as in group Ib.




Fig. %2. Inhibitory curves before and after 0.075 mgm/Kgm of strychunine

intravenously.

quadriceps vere used to inhibit the monosynaptic responses of gastroc-
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nemius motoneurones of the L7 segment.

Fig. %%. Inhibitory curves, as for Fig. 32, from the left and right sides
of the spinal cord at the times indicated after tetanus toxin was injected
into the right side of the cord in the L7 segment.

ceps afferent fibres were used to inhibit the monosynaptic reflexes of
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Fige 74 Volleys elicited by stimulating the left and right sural nerves
maximally were used to inhibit the monosynaptic responses of quadriceps
motoneurones recorded from the L5 ventral roots of the left and right
sides respectively. Tetanus toxin had been injected into the left sciatic

nerve 24 hours prior to the first curve (same experiment as Fig. 22).
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Fig. 35. Inhibitory curves from the same experiment as Fige. 34, but
sural volleys were used to inhibit the monosynaptic responses of the
gastrocnemius motoneurones of the L7 segment. Tetanus toxin had been

injected into the left sciatic nerve 22 hours prior to the first curve

which increased progressively on the two sides. Ordinates below zero
plot percentage inhibition (%I) as in other graphs whereas above zero

the points plot the percentage increase in the size of the reflex (%E).

|
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Fig. %6. Curves as for Tig. %5 before and after strychnine had been
injected intravenously (0.075 mgm/Kgnm). Volleys in sural fibres were

used to condition the monosynaptic reflex of gastrocnemius motoneurones.



Fige 37

posterior tibial and plantaris nerves were used to inhibit the monosynaptic
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Antidromic volleys propagating from the biceps-semitendinosus,

reflex response of gastrocnemius motoneurones of the L7 segment on the

left and right sides of the spinal cord.

Twenty hours prior to the first

determination, 5 mgm of XW tetanus toxin had been injected into the left

sciatic trunk.
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Fige. 38. A. From the experiment
used in Fig. 37. The same anti-

dromic volley was used on the left

and right sides and potentials were

after the toxin administration.

B. Potentials recorded from the

dorsal surface of the L7 segment and evoked by stimulation of the L7

ventral root on the left and right sides respectively.

38 hours prior to

this, XMW toxin had been injected into the left sciatic nerve,

recorded from the dorsolateral sur- -
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Fig. 29. Inhibitor&méﬁ;Q;;uégﬁstrﬁcygd as>£;£-ﬁié.wz4 plotting the
inhibitory effect of a volley in,quadfiéeps Ia afferenf fibrés upon the
monosynaptic reflex of the biceps semitendinosus motoneurones of the L7
segment. The points + were determined before, and thoée marked e and O

3 minutes after 2 and 8 mgm/Kgm of NP 1% respectively. All points lie

reasonably on the one inhibitory curve,

P ™
° ‘i o/
= ( J
20 o °,O
" \o /
o 40 o\, /0 O BEFORE NP I3
0 "
i \o o8 o © AFTER
60 0\\0 /.
i X,/ , o
L [ 1 I
10 15 20
MSEC.

Fige 40« Inhibitory curve of the effect of volleys in all the quadriceps

afferent fibres upon the monosynaptic reflex recorded from the S1 ventral

root and evoked by stimulating the gastrocnemius nerve. The one curve fits

points taken before and after 8 mgm/Kgm of NP 13 had been administered

intravenously.
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Fig. 41. Potentials recorded from the surface of the S1 segﬁent (upper
beam) and polysynaptic reflexes (lower beam) evoked simultaneously by
stimulating sural nerve at an intensity ten times its threshold and
recorded monophasically from the S1 ventral root. The records of A

were teken before and those of B 5 minutes after 8 mgm/Kegm of NP 1%

had been injected intravenously.
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Fig. 42. Block diagram of the circuit used for the determination of the
electrical properties of motoneurone membranes. The microelectrode and
the input cathode follower valwe (CFl) were combined in a perspex probe
unit held rigidly by the micromanipulator. Five amplifiers Qere used,
three being direct éoupled (DC) and two capacitatively coupled (CC). Both
the microelectrode and the compensating network derived current pulses
were photographed by separate cameras and the meter, indicatihg resting
potential, was placed so that both it and CRT 1 could be viewed simultan—
eously. V is the voltage calibration unit. Timing pulses could be fed

to either beam of CRT 1 (see text).
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Fig. 434 The equivalent electrical circuit of a motoneurone impaled by a
single microelectrode (enclosed by dotted line) and the associated compen-
sating network. The cell is represented by a condenser of 2.5 x 10-9F,
resistance of 1 megohm and a battery of -70 mV. The total input capacity
of the cathode follower (CF 1) was 5 - 10 x 10™*% and the electrode

sides of the bridge system and the variable components of the:network
adjusted, as described in the text, until the pétentials at the output of
CF 1 and CF 3 vere equal in amplitude and time course., Stray capacities

have been drawn as a broken line.
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Fige. 44+ Similar electrical diagram to Fig. 43 but for a double micro-
electrode having a coupling resistance of 50 x lO3 ohms and 8: capacitative
coupling between the two barrels of 20 x J.O-le. Fach barrel has a resis-
tance of.lo megohms and both sides of the electrode assembly have stray

capacities to earth of approximately 5 x 10—125‘. The network components

vere adjusted as described in the text.
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Fige 45 A and B show intracellularly récorded excitatory post synaptic
potentials which were generated monosynaptically by a single volley and
recorded from a Plantaris motoneurone by means of a single microelectrode
filled with 0.6M KQSO solution. Intracellular potential chénge in a

4
positive direction is shown as an upward deflection. In C and D hyper-

polarizing and depolarizing rectangular current pulses of 8.5 x 10-9A
were applied through the same electrode and the compensating network of
Fig. A% was used to give approximate compensation for all potential changes

occurring in the system apart from those on the cell membrane. In E and

F the same current pulses were applied immediately after the electrode

.C & D but with slower time course. The relative potential changes in E &
F have to be subtracted from those in C & D respectively to determine. the
potential time course for the cell membrane. Records formed by super-
position of about forty faint traces. Note changes in time scales for

the three sets of records.
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Fig. 46. Potentials ?ecorded from a gastrocnemius motoneurone with a

double microelectrode, both barrels being filled with 0.6 M K2504 solution,}
A and B are excitatory post synaptic potentials generated monosynaptically,‘
the presynaptic volley being a little belov maximum strength in B. C

and D show potentials generated by rectangular current pulses of 12,5 x 10-_9
A,vwhich are in the hyperpolarizing and depolarizing directions respectively.
As shown in the extracellular records E and F, the compensating network
virtually eiiminated all potential changes except those within 1 msec

after the onset and cessation of the pulses. The currents in E and F

9

were 16 x 10 A in the hyperpolarizing and depolarizing directions -

respectively.
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FPige 47« Directly recorded potentials, plotted against current, from

a Plantaris métoneurone with a single K2804—filled electrode. Current
is indicated to be positive when directed out of the microelectrode.

The potential is that at the microelectrode tip withkrespect to a
digtant indifferent electrode. The points designated O were obtained
with the microelectrode in the motoneurone. The resting potential was
-00 mV and the compensating circuit of Pige. 4% was used. Following
withdraval of the electrode from the cell and without alteratidn,of the
network the points & were obtained. It is seen that straight lines fit
both sets of points quite reasonably and the difference in the gradients

of the two sets of measurements gives a membrane resistance of 1 megohm

for the cell.




Fig. 48. The continuous line is the mean of five monosynaptic EPSP's of
a biceps-semitendinosus motoneurone recorded with a single K SO4 ~f£illed
electrode. Ordinate in mV. The broken line shows the time course of the

subsynaptic current required to generate this potential change. Ordinate

in arbitrary units (see text). The time constant of the membrane is 2 msec.

'MSEC.
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Fig. 49. The continuous line is the mean of five "direct" IPSP's of the
same cell, as in Fig. 48. The broken line plots the time course of the

subsynaptic current required to generate this potential change.
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Fig. 50. The continuous line is the mean of several monosynaptic
EPSP!'s of a gastrocnemius motoneurone having a membrane time constant
of 2 msec. The time constant of decay of the EPSP is 4.2 msec and this
value has been used to determine the time course of the transmitter
shovm. by the broken line, The dotted line is the true transmitter time
course assessed using the membrane time constant in the calculation.
The initial current flow is approximately egual in both cases and the

text ).
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Fige. 51l. Curves plotting the size in mV of the EPSP and IPSP of a
BST motoneurone, For convenience EPSP and IPSP plotted in same direction.
Between arrows the respective afferent nerves stimulated for 15 sec at

a rate of 660/sec.
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Pige 52« A & B are single records of the EPSP!'s used to derive the

upper graph of Fig. 51 before (A) and after (B) tetanic stimulation of
the monosynaptic pathway. Similarly C & D are records of the IPSP before

and after the tetanus (lower graph of Fig. 51l). Increased intracellular

positivity plotted upwards.
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Fige 53, (A) Curve showing time course of the direct inhibition of
the mongsynaptic reflex of biceps-semitendinosus motoneurones, recorded
from the L7 ventral root, by a volley in the quadriceps group Ia
afferent fibres. Ordinates plot percentage of inhibition, each plotted
point being the mean of ten observations at two second intervals.
Abscissae-interval between excitatory and inhibitory volleys recorded
-at the L7 dorsal root entry. - - - - B . e
.(B) Points plot single maximally inhibited biceps semitendinosus
reflexes before and after the quadriceps nerve was stimulated at a rate
of ZOO/sec for 20 seconds (between arrows).
(C) As for (B) but the tetanus lasted %0 seconds.

The broken line is at the level of the maximal inhibition before the

tetanus., Abscissae of B and C in seconds.
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FPige 544 A and B. EPSP's recorded from a biceps-semitendinosus moto-

neurone in response to a repetitive monosynaptic excitation, six volleys

at 45/sec. The records C and D were taken 14 and 17.5 seconds respec-—

tively after a prolonged high frequency stimulation of the testing

afferent nerve, 660/sec for 15 seconds.
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Fig. 55 The three sets of curves plot thé.size in mV of three successive

repetitive EPSP's of a biceps semitendinosus cell evoked at a rate of

66 per second. Between the arrows the afferent nerve fibres were stimu-

lated maximally at a rate of 660/second for 15 seconds. Hote that before

the tetanus the EPSP's were not of equal size, the

The testing volleys were evoked every two seconds.

first being the largest.



Fig. 56. A. Combined tracing of the motoneurone action potential alone
(spi#e and after potential) and the action potential with monosynaptic
EPSP's superimposed on it at various times from its onset. Bioken line
|

is response to a presynaptic volley that would set up an EPSP beginning i
at the first arrow of Fig. 56B .

B. EPSP's set up at varioﬁs times during the action potential,
imposed action potential and the EPSP's shovwn in A.

Ce Isolated EPSP obtained in the absence of the action
potential. Note that the spike potential of A is shown by interrupted

lines extending up through B and C.




SYNAPTIC KNOB

Fige 57. Diagram showing an activated excitatory syna‘ptic knv.ob and the
post-synaptic membrane. As indicated by the scales, the synaptiAc cleft
is shown at ten times the scale for width as against length. The current
generating the EPSP passes in through the cleft and inwards across the
activated subsynaptic membrane but outwards across the remainder of the

postsynaptic membrane.
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Fig. 58. A & B are monosynaptic EPSP's of a gastrocnemius motoneurone,
A being at the resting potential of ~70 mV while with B the membrane was
hyperpolarized by about %0 mV (Fige 4; Coombs et al, 1955c) i.e. the
membrane potentiel was -100 mV. C & D. The continuous lineé plot the

EPSP!s of A & B respectively whereas the broken lines plot the time

For economy of plotting the curve of D overlaps that of C.



