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ERRA TUM.
In an introductory note it is stated that a paper has been presented
for publication entitled ' Effect of 5-hydroxytryptamine, noradrenaline
and dopamine on red nucleus neurones ', The correct title is ' The
action of 5-hydroxytryptamine and noradrenaline on red nucleus neurones ',
This paper is to be presented to the 7th meeting of the Australian

Physiological Society, February 1945,



NOTE

A portion of the results included in this thesis have been
presented for publication as a preliminary report to the editors of
'Experieﬁtia‘; Basell. '

It is intended to present the results, in their entirety,
to another journal, 'px;obably the Journal of Neurophysiology, at

a later date.

1. 1Effect of 5-hydroxytryptamine, noradrenaline and dopamine
on red nucleus neurones’!. R. Davis, P.C. Vaughan

and M.J. Rowe,
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(i)

General Introduction

The red nucleus is a part of the so-called *extrapyramidal
system"(Brodal, 1963) and to lesions of this n.ucléus have been aftributed
dyskinetié phenomena clinically observed in man (see Carpenter, 1961). |

Catecholamines, especially norédrenaline, have been found in
grey matter of the brainstem, while dopaxﬁine is strongly localized fo
the basal ganglia and structures relatéd to them anatomically and in their
control of motor funétion. The basal gé.nglia, comprised of the éaudate
nucleus, putamen, globus pallidus, internal capsule and élaustrum ére
a part of the Yextrapyramidal sjstem"and evidence of disordered dopa-
mine metabolism in basgal ganglia diseasé (Bafbeau and Sourkes, 1961)
implicates this compound in their fﬁnction; The obserx}ation that dopa—
mine is most prominent in the phylogenetically youngest structures
(Bertler, 1961) would also seem to contradict the possibility of the pres-
ence of this amine being atavistic.

The object of the experiments entailed in this thesis was to apply
biogenic amines and some related compounds to red nucleus cells, micro-
electrophoretically, with a view tb attempting to elucidate whether or
not those amines which are found in this nucleus are concerned in synaptic
function,

Chapters One and Two constitute a review of relevant literature.

Chapter One deais with the growth of the concept of the synapse
and some recent obseﬁaﬁons on junctional morphology, as well as an
outline of mechanisms subtending the phenomenon of synaptic trans-
mission, A knowledge of the facts discussed in this chapter is essential
before an attempt can be made to study the pharmacology of central
synaptic transmission and it éerves aé a prolegomena for the rest of

the treatise,



(ii)

As will be evident in the results, catechol- and indoleamines
are apparently more intimately related to synaptic processes in the red
nucleus than acetylcholine., A brief re;\ziew of histo~ and neurochemical
observations on catechol- and indoleamine distribution énd localization
in the central nervous system is included in Chapter Two as is a review
of the pharmacological work which has'béen carried out on the central
nervous system, using the method of microapplication of drugs immed-
iately into the environment of neurones, using the electrophoretic
technique,

As an immediate preface to the experimental section a brief
description of the anafomo-physiological context of the red nucleus is
given in order to orient the reader to the structure and function of this

part of the brainstem.



CHAPTER I

THE SYNAPTIC MECHANISM



Part I

Concepts of Chemical Transmission Studies of Transmitter

Release and Morphology of the Junctions

The development, over the last decade or so, of sophisticated
electrophysiological apparatus and the inoreasing use of the electron
microscope have heral_ded in an efa of unprecedented expansion in research
on and understanding of. biological mechanisms,‘ not the least significant
of these being the mechanism of information conduction in nerve fibres
and transmission at neuronal and neuromuscular junctions.

In 1781 Fontana (cited by Grundfest, 1957), fired by the enthu-
siasm for explanations of all ¥vital'! phenomena in terms vof telectricity?
which gripped the entire scientific world following the discovery of the
Leyden jar, postulated that muscles may in some way be caused to
contract, by some principle which, "if it not be the common electricity,
may be something, however, very analogous to it ... The nerves should
be the organs destined to conduct the fluid, and perhaps also to excite
it", After this initial interest in its possible mechanism neuromuscular
transmission was taken for granted as researchers, 1ed by du Bois~-
Reymond and Helmholtz, devoted themselves to the formulation of theories
of biological‘electrogenesis, the form of the nerve or muscle impulse
and its propagation.

The time eventually arose when histological and electrophysio-
logical experiments had provided sufficient data for the proposal of an
electrical theory of junctional fransmission. A theory that "a nerve only
throws a muscle into contraction by means of its currents of action" was
propounded (Kllhne, 1888) and met with remarkably acute criticism by du
Bois-Reyrhond, who was guafded, if not to be described as sceptical as
to the validity .of the socalled "discharge hypothesis". If was known at
that time that a muscle responded with almost no latency to direct stimuli,

whereas there was always an irreducible and appreciable latency



to indirect (nerve) stimulation: du Bois-Reymond remarked that only two
alternatives are conceivable, secretion of an excitant substance from the
nerve endings, or electrical excitation, Carl Sachs, a student of du Bois-
Reymond, succeeded in stimulating a single nerve fibre, pfobably fhe
first time this had been done, and observed the twitch of but the single
innervated muscle fibre. This was condemning to the hypothesis that
current flow from an excited end-plate (at that time still thought to be
extrinsic to the contractile fibres) led to the discharge and contraction of
surrounding muscle fibres: du Bois-Reymond was prepared to concede
that with a special orientation of the nerve to fhe muscle transmission.
by electrical means may be possible. We now know that this orientation
does not exist and that the leakage of current in the low impedance extra-
cellular space precludes the possibility of stimulation of the muscle by
an electrical coupling with the prejunctional nerve ending.

Claude Bernardls discovery of neuromuscular blockade by curare
provided the first real stumbling block to the electrical theory of trans-
mission, but adherents to the latter modified their concepts so as to
account for pharmacological observationé and it is only within recent years
that some of these theories have finally been proven untenable. As a
result of his labours, Lucas wrote in 1907 that "three excitable substances
only have been excited and the identification of these as one muscle-
substance, one nerve-substance and a substance lying about the region of
nerve endings follows easily from the experiments made on muscle fibre
alone, on. nerve trunk alone, and from the action of curare'. The next
couple of decades saw the findings of Loewi, Dale, their contemporary
greats and ardent disciples - information as was not forthcoming from
the older physiological works - which are now basic and fundamental to

students of pharmacology, but which in those days were laying the



foundations for the acceptance of the theory of chemical transmission.
As a result of these works, acetylcholine was recognized as the trans-
mitter at the neuromuscular junction (see Dale et al., 1936).

In 1952 Fatt a.nd Katz observed spontaneous electrical activity
at the motor end-plates of frog?s sartorii, consisting of a random succes-
sion of "miniature end-plate potentials", the amplitude of Whiéh were of
the ordér of one hundredth of the normal end-plate response to a motor
nerve impulse (Fatt and Katz, 1951). Consistent with the theory of
cholinergic production of post-junctional changes (see next section), these
miniature potentials (m. e.p.ps) were greatly reduced in size by a small
dose of curarine and increased in amplitude and durafion by prostigmine.
Similar findings were made at the end-plafe in mammalian muscle (Boyd
and Martin, 1956 a, b). A general observation on all neuromuscular |
junctions has been that the amplitude of the end-plate potential (e.p.p.) in
response to nerve stimulation is affected by the external calcium concen-
tration. Studies on this phenomenon have indicated that the amount of
acetylcholine liberated by a motor nerve volley is a function of the relative
amounts of calcium and magnesium ions present (del Castillo and Engbaek,
1954), these two ions being competitors for some presynaptic site
(Hubbard, 1961) involved in the Yelectrical’ release of transmitter sub-
stance, an increase in calcium concentration tending to increase trans-
mitter output. Reduction of the extracellular calcium concentration has
been observed to décrease the size of the end-plate potential in a "step-
wise" manner, involving an all-or-none blockage of a variable number
of miniature components. In amphibia (Fatt and Katz, 1952) the size
and frequency of the individual miniature potentials was not affected by
caléium lack: in the mammal however, the frequency of the m.e.p.p.

was determined by the external calcium - magnesium concentration ratio



(Boyd and Martin, 1956 b) and investigations on the isolated rat diaphragm
preparation brought conclusions (Hubbard, 1961) that in the mammal at
least, two release mechanisms may be involved. Total calcium depriv-
ation of the solution bathing the rat diaphragm preparation left a background
m, e, P.P. frequency which was unaffécted by magnesium, whereas intro-
duction of calcium to the extracellular medium brought the competitive
mechanism to light, It would thus appear that calcium-dependent and
calcium-independent mechanism may exist, the former not being readily
demonstrable in amphibia. The calcium-independent mechanism exhibits
a sensitivity to temperature and external osfnotic pressure (Fatt a.nd Katz,
1952; Hubbard, 1961) a.nd appeafs to be a random process uncoupled to
electrical events, whereas the calcium-linked component appears also
to be voltage dependent (Hubbard, 1961), Similar miniature postsynaptic
potentials occur in motoneurones and an analysis by Katz and Miledi
(1963) indicates that the mechanism here is probably similar to that at
the end-plate,

| Prompted by a discrepancy which had been observed between the
effect of hyperpolérizing currents upon the release of transmitter spon-
taneously and by nerve-impulses, Hubbard and Willis (1962) carried out
an investigation on the effects of hyperpolarization of mammalian motor
nerve terminals on the parameters of transmitter release. End-plate
potentials elicited at two to four second intervals during the passage of
hyperpolarizing currents increased progressively in amplitude to a
plateau level (see Hubbard and Willis, 1962 b, figs. 3 and 4) which was
sufficient to generate actién pétentials (see next section). This effect
was manifest after a delay from the turning on of the current, this delay
sometimes lasting several seconds and after the current was turned off,

the e.p.p. amplitude fell, at first rapidly and then more slowly, often



taking many seconds to return to control height. The amplitude of

m. e. P. ps was unaltered during hyperpolarizing currents despite concomi-
tant e, p.p. increases and although frequency increased in normal Krebs-
Ringer solution, it was unaltered when the magnesium concentration was
raised to 1lmM. Since hyperpolarization of electrically excitable tissue
(see next section) increases the 'overshoot! of an invading action potential,
due to Yactivation! of the sodlum conductance mechanism (Hodgkln and
Huxley, 1952) it was thought (del Castillo and Katz, 1954 a) that the amount
of transmitter released by a nerve volley may be related to the amount

of Yovershoot! occurring in the action potential: this would be in partial
agreement, at least, with the observation that presynaptic depolarization
reduces the amount of transmitter released by a nerve volley (Hubbard
and Willis, 1962 a) since prolonged *conditioning® depolarization 'inactivates"
the sodium conductance mechanism and spike overshoot is reduced or
abolished. However, the long latency of onset of the effect of hyperpolar-
ization on e.p.p. amplitude and the slow, progressive rise in amplitude
during the passage of current (Hubbard and Willis, 1962 b) is not entirely
accounted for by this interpretation, nor is the observed slow decline to
control level after switching the polarizing current off. An alternative,

or additive interpretation is that the availability of transmitter is depend-
ent on resting membrane potential. This has been borne out in more
recent experiments (Hubbard and Schmidt, 1963) in which extracellular
recording with microelectrodes situated very close to preterminal endings
has been employed. During and after repetitive stimulation of the nerve
fibre innervating an isolated raf diaphragm the spike potential increased,
this increase having a similer time course to the simultaneously recorded
increase of e.p.p. amplitude and the increased e.p.p. ampli’cudes were
logarithmically proportional to the simultaneously increased spike ampli-

tudes. However, after a single conditioning impulse, the e.p.p. response
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to a second impulse at a close interval was potentiated, but the amplitude
of the accompanying spike potential was decreased. The conclusions that
can be drawn from these results are (i) the nerve impulses actively invade
nerve terminals (ii) after repetitive stimulation the potentiation of e.p. p..
amplitudes is due to an increase in presynaptic spike amplitudes induced
by hyperpolarization of nerve terminals and (iii) after single iinpulses

the potentiation of e.p.ps is brought about by another mechanism, possibly
an increased availability of acetylcholine. Of course presynaptic depolar-
ization will result in the converse of these effects: this is the basis for
the explanation of "presynaptic inhibition" (see next chapter). The obser-
vation that m.e.p.p. frequency is not increased by hyperpolarization
cannot be satisfactorily explained unless it be aésumed that m.e.p.p.

frequency is not closely linked to the amount of available transmitter,

Morphology of the Junction: the Subcellular Units
It has been pointed out (Eccles, 1964) that the first published

concept of the structure of the central nervous system was by Gerlach in
1871, He pictured it as a net-like structure, or reticulum, the nerve
cells themselves being at the junctions, or nodes of the ra.mified anas-
tomosed fibres. This concept was challenged shortly afterwards by

His and Forel who both conceptualized nerve cells as being independent
units which were contiguous, but not continuous, with one another: this
was the beginning of the neurone theory. Good histological support for
the neurone theory was provided by the work of Cajal,which was done
around the turn of the century using the staining technique of Golgi, but
it was many years before the question was finally settled in favour of

this doctrine,
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Investigations with light microscopy (Bodian, see Palay, 1958)
indicated the separation of pre- and postsynaptic fibres by a thin membrane,
the synaptolemma, but the electron microscope has shown this to be sub-
divisible into two apparently bilaminar membranes interrupted by a deft
approximately 2008 wide (£ = Xngstrom unit = 10-10 metre) in the neuronal
synapse (Palay, 1958), .These membranes and the 'synaptic cleft!, which
is continuous with the extracellular space, assert the individuality of the
nerve cells and are final proof of the validity of the neurone doctrine. In
an extensive study of the morphology of synapses in several region of the
rat brain (Palay, 1958) simple nerve endings have been demonstrated as
small, circumscribed, rounded expansiéns abutting upon the surfaces of
perikarya (nerve cell bodies) and dendrites: these terminals may be so
closely packed (for example, as fhey éppear in the rat medulla) that they
may be arranged next to one another like palisades surrounding, and
almost encapsulating, the neurone. The nerve endings in the central
nervous system contain two characteristic components: a cluster of mito-
chondria, and a throng of small vesicles, which are apparently secretory
inclusions. Techniques for isolating these vesicles have been described
by several workers (e.g. de Robertis et al., 1962; de Robertis et al.,
1963; Whittaker et al., 1963; Michaelson and Whittaker, 1963; Maynert
et al,, 1964) whose results have shown the vesicles to be of remarkably
uniform size distribution and to contain compounds (e.g. acetylcholine)
which are assumed to play a role in synaptic transmission and the vesicles
are presumed to be the preterminal funits? or 'packages? of transmitter
substance prédicted from the results of Fatt and Katz (1952)., An attempt
to explain the 6rigif1 of vesicles has been made (Van Breemen et al., 1958);
after ligation of frog sciatic nerves axonal sWellings appeared, proximal
to the ligatures, consistent with theories of axoplasm flow; vésicles

accumulated in these swellings. This was accepted as evidence that the



vesicles move dpvvn the axons from the perikarya and it has been suggested
that they originate in the Golgi complex. An alternative suggestion has |
been put forward (Palay, 1958) that vesicles originate by budding from
elongated tubular profiles of the same diameter which are occasionally
seen in endings. These appear to be continuations of the endoplasmic
reticulum, which is seen in both dendrites and axons.

In electronmicrographs the presynaptic membrane appears as
a smooth, gently undulating, adielectronic line, approximately 55.8 thick.,
Iﬁ one or more places on each terminal it exhibits increased density and
irregularly increased thickness; usually the synaptic vesicles within
the terminals are aggregated against the patches of denser plasmalemma.
These focal synaptic complexes may represent the actual sites of impulse
transmission across the junction. The subsynaptic membranes at these
foci also appear to be differentiated from the general membrane (de
Robertis et al., 1963). The membrane is thickened and more dense, as
is its presynaptic counterpart, and overlies a web of filaments, or canali-
culi, of about 808 diameter which extends into the postsynaptic cytoplasm
for a varying distaﬁce; this has been called the 'sub-synaptic web'. It
is also of intefest to note that de Robertis énd his co-workers have identi—
fied what they call *intersynaptic filaments! connecting pre- and post-
synaptic membranes in synapses of the rat cortex: this was presupposed
by Held in 1905 (see Eccles, 1964) who was a proponent of the 'reticular

theory'. There is no other evidence for the existence of these filaments.

Neuromuscular Junction

As was implied in the prior reference to work on the frog

sciatic nerve, there are basic similarities between the prejunctional



components of the neuronal synapse system and the neuromuscular
junction: all terminal fibres are devoid of the myelin sheath which is
characteristic of many of the axons leading up to them and all endings
contain vesicles. However, the dissimiiarities are impoftant and I would
like to point them out here and in the next section: many of the cdnclusions
or predictions made about synaptic activity are derived by extrapolation
from results on thé neuromuscular junction and these differences in
structure and electrical properties are indicative that any direct extra-
polation from one syétem to the other could result in some quite erroneous
conclusions. .

Motor endings do not have boutons terminaux, but have thin,
non-myelinated terminal fibres which occupy "sutters", or hollows, of
varying depth in a flattened-out heap of sarcoplasm and mitochondria,
the motor end-plate. There are no 'synaptic thickenings?! of the boundary:
membranes, but fine lamellae have been observed radiating into the
sarcoplasm from the sarcoplasmic membrane lining the Tsynaptic gutters?t.
Electron microscopy (see Couteaux, 1958) has revealed that these fine
ribbon-like structures are infoldings of the sarcoplasmic membrane and
that the axoplasm surface membi*ane remains completely external. These
folds may run along the gutters or be transversely oriented, depending
on species. At the point where the two membranes are apposed a.nd form
a synaptic *compound membranelt, it is difficult to determine exactly
what belongs to each of the two membranes. However, examination of
the junctional fold in the end-plate of the chameleon lizard (Robertson,
see Couteaux, 1958) has offéred the following picture. The synaptic
membrane complex, about 500 to 700 R thick, resulting from apposition,
comprises five layers. The two very dense inner membranes which

limit axoplasm and sarcoplasm, respectively, are separated from each
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other by three other layers: a dense middle layer and two light layers.
One of these light layers obviously corresponds to the light layer of the
sarcoplasm surface membrane and the dense middle layer results probably
from a fusion of the two dense outér layérs of thé éxoplasm and sarco-
plasm membranes. | |
Histochemical studies (Couteaux, 1958) have shown that the high
cholinesterase activity of the motor end-plate is mainly located within the

subneural sarcoplasm at the level of the postsynaptic membrane itself,

Part 1T

Electrical Phenomena at Junctions

The role of the chemical transmitter at the neuronal synapse and
neuromuscular junction is to carry information from the prejunctional
member to the post-junctional, which will Yinterpret? it in one of the two
ways which may be available to it: by an excitatory or an inhibitory
response, expressed in electrical form.

Biological membranes, those of nerve and muscle being prime
examples, exhibit differential permeabilities to the ions which are present
in the intra- and extracellular environments and it is generally accepted
that these ions are maintained in asymmetric concentrations about the
membrane: this has been shoWn to be true for sodium and potassium
ions by a number of workers and there have been suggestions that in
certain tissues a chloride pump may be in operation. As a result of

these asymmetries of concentration of and inequality of permeabilities to
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these ions, a net electro-motive force is expressed through the membrane
impedance as a 'membrane potential?, which is expressed by the modi-

fied Goldman equation (Goldman, 1943; Hodgkin and Katz, 1949),

v=RT I P [K*] + P [Na+]o + P [(:1']i +

F PK[K-lji + P

Na[Na-!-]i 3 PCl[cf]o +

where V is the potential difference across the membrane (see Appendix I),
P is the permeability of the membrane to the subscripted ion and thev
other terms are standard physico-chemical notation. |
1Electrogenic! membranes are of two basic types: electrically
inexcitable, non-regenerative and electrically excitable, regenerative.
A characteristic of the latter type, which includes striated muscle
membranes and axon membranes, is the property of rectification (see
Appendix II), The end-plate of frog striated muscle does not exhibit
regenerative activity (Takeuchi and Takeuchi, 1959); the neuronal synapse
cannot be studied. It has been shown that the dendritic membrane of
motoneurones is capable of regenerative activity (Araki a.nd Terzuolo,
1962) and we must assume therefore, that the only true "receptor mem-
hrane® on the neurone 1g that typified as electronically dense, and
thickened, in the subsynaptic part of the cell. These areas are so small
that they cannot be effectively studied by electrophysiological methods,
but by extrapolation from the observations on end-plates, it is assumed
that the subsynaptic receptor is not electrically excitable.
In the resting state, in most tissues, the permeability to potass~-
ium ions is relatively much greater than to ions of a larger rad_ius (in
the hydrated gtate) particularly sodium and so the membrane appears
as a “potagsium electrode" - the membrane potential approximates to

the potassium equilibrium potential, usually about 70mV, inside negative
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with respect to outside (the potagsium potential is usually about 15mV
greater, but sodium in particular contributes, even in the resting state).

An excitatory response, in electrically excitable tissue, is typi-
ﬁed by a transient rise in sodium conductance (determined by the per-
meability of the membrane to sodium, .see Appeﬁdix I) and a consequent
reduction of the membrane polarity, which, in ceftairi caees overshoots
zero and approaches the sodium equilibrium potential (see especially
Hodgkin.and Huxley, 1952). The adequate stimulus for this regenerative
response is‘ an induced depolarization to a certain threshold level, a.nd
in the physiologicel stete, as applied to neurones and muscle fibres, is
caused by electrotonic conduction of the electrical response of the receptor
tissue ‘at the synapse or end-plate.

At these receptor ereas the excitatory transmitter substance
induces a certain conductance change, by some means, such that the
syhaptic region is passively depolarized to a new equilibrium potential,
the new value of the conductance and the potential being characteristic of
the transmitter action,. If a sufficieﬁt area of the synaptic membrane is
affected, a large enough net inward current flows, complemented by an
outward current in extrasynaptic ai-eas, to depolarize electrically excit-
able tiseue to the threshold for regenerative activity (see fig. 1).

Takeuchi (1963a) s{udied conducta.nce changes at the frogts sar-
torius end-plate in response to nerve stimulation and to the application
of acetylcholine by micro-electrophoresis and found fhe equilibrium
potential and conductance of the region to be identicel under both influences,
adding electrophysiological evidence to the phermacological that acetyl~-
choline is the neuromuscular transmitter. Of course, this same obser-
vation has been made by other workers at neuromuscular junctions of

other species., The nature of this conductance change is unknown in the
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Fig, 1: Intracellular recordings from a red nucleus neurone. Davis
and Tille, Unpublished observation. A. After the stimulus artifact
(baseline "blip!) an e.p. s.p. is seen (low amplitude response) which ig
at threshold level and gives rise to occasional acti_on potentials (large
response). B. Recofding during a period of stimulus gradation. The
e.P.S.ps are of varying sizes. Suprathreshold inputs have resulted

in spike discharges in the RN neurone, the falling and *after-hyper-
polarization¥ phases of which can be seen in the record. C. Record
as in A using higher display gain. Note the 'afte'r-hypérpolarization'
phase of the spike. D. Record with input gradation. Note varying
sizes of e.p.s.p. and single action potential. E. Two synaptic poten-
tials elicited by closely spaced stimuli. The first has not fully decayed
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at onset of second, which is potentiated, probably due to summation
of transmitter concentrations (temporal summation). F. As E; an

action potential has been triggered by the second response.

nerve cell, largely due to the difficulty of studying this system, as I
have mentioned above, but certain observations have been made at the
end-plate (Takeuchi, 1963 a,b) which may, or may not, be applicable

to fhe neurone. A theory was held that excitatory end-plate currents
may be due to a selective increase in sodium permeability, but this was
‘incompatible with the results of del Castillo and Katz (1954 b) which were
more reconcilable with a 'short-circuit'~hypothésis, based on the concept
that the end-plate region becomes 'sieve-like! under transmitter action.
However, these authors admitted at that time, that there were insuf-
ficient data available to differentiate between a selective increase in
permeability to several épecies of iohs and a short-circuit-proper, attri-
butable to a complete breakdown of a local ion barrier, Takeuchits
recent results have excluded any theories of chloride cond_uctance'changes
during ex citatory actions and have indicated that both sodium and potassium
currents are involved, the relations between the *reversal® potential and
the external concentrations of sodium or potassium suggesting that the
ratio of sodium and potassium conductances of the end-plate produced by
acetylcholine is dependent upon the external potassium concentration.
Continuation of the analysis indicated that calcium is involved, in that as
external calcium concentration was increased the slope of the reversal
(equilibrium) potential/ external—sodium-concentration relation was
reduced and the slope of the reversal potential/external-potassium-

concentration was increased and that concomitantly there was a reduction
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in the amplitude of the end—plate current and the total conductance change.
Takeuchi concluded that increasing the external calcium céncentration
reduces the sodium conductance of the end-plate membrane.produced by
acetylcholine, with little or no effect on potassium conductance: | thié
would appear to be true also of the electrically excitablé segments of
membrane, since an excitatory action on spinal cord neurons has been
observed during the application of calcium chelators; iontophoretically
(Curtis et al., 1960) which has been attributed to causing an increase in
resting sodium permeability. Furthermore the end-plate membrane may
become slightly permeable to calcium ion during acetylcholine action.
Eccles (1964) cites results which tend to suggest that the end-plate con-
ductance change might be subtended by a limited action in increasing the
permeability of the subsynaptic membrane to cations, there probably
being a size limitation with a diameter of hydrated ion no more than twice
diameter of the hydrated potassium ion.

| During thé transmitter action the conductance of the end-plate
may rise tolto 2 x 10-7 mhos, equivalent to a specific conductivity of
1 mho c:m-2 which is many times the conductance of the muscle (*regener-
ative!) membrane at the peak of the action potential. This domiﬁa.nce of
the end-plate conductance tends to 'bleed' the action potential recorded
in nearty regenerative tissue (fige 2)e This phenomenon, occurring at

all chemically operated junctions is well illustrated in the figures of the
paper of Blackman et al. (196 3) depicting the effect of preganglionic
nervous stimulation on the configuration of an antidromically fired action
potential in the post-synaptic member, at various times after its initiation.
The alternative response to fexcitation, ! finhibitionf, is most

important in the integrated function of the nervous system; the existence
of inhibitory mechanisms affords a means whereby "sophisticated’ modu-
lation of the influence of varioué inputs affecting some effector system

may be attained, One of the earliest inhibitory mechanisms observed
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Fig. 2. From P. Fatt "The Biophysics of Junctional Transmission™,

Physiol. Rev., 34, 674-710 (1954)

Tracing 'M"indicates the time course of an action potential in muscle
stimulated directly, IN® that of an action potential recorded after nerve
stimulation . As well as the peak-potential *bleeding?® referred to in
the text, the passive return of potential to the resting level at the non-

regenerative end-plate prolongs the duration of the spike falling phase.

was that of group Ia afferent fibres (from annulospiral endings on
thuclear bag! intrafusal fibres) on motoneurones supplying antagonistic
muscles (Lloyd, 1941). Subsequently a great deal of work has been done
on central inhibitory mechanisms, particularly by the Canberra school

of Eccles and he has reviewed the situation most thoroughly in several

texts (see especially Eccles, 1964).
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Inhibitory mechanisms have been accorded a great deal of interest
and speculation for many years; since long before the recognition of inhib-
itory potentials. In 1925 (Howell, 1925) several mechanisms were pro-
pounded to explain inhibition in a number of types of tissue. Some of the
premises accepted at that time have now been shown to be false or unlikely,
for example "Inhibition is determined by the nature of the ending". We
now recognize that one nerve cell may give rise to dichotomiie-d axons,
or axons with recurrent collaterals and according to Dale's principle
both endings will secrete the same transmitter substance, yet it is con-
ceivable that one ending may be excitatory to one cell and inhibitory to
another., It is the nature of the receptor, rather than of fhe transmitter,
which determines the type of response. This was, indeed, conceptual-
ized by'Howell, who in his discussion admitted "the reaction of the ter-
minel mechanism may be chemical or physicochemical. The difference
between an inhibitory termination and an excitatory termination may be
due to some difference in the physical structure or properties of the
junctional tissue, the synaptic membrane, or onthe other hand there may
be specific receptive substances each reacting to stimulation by the for-
mation of a chemical product that in one case excites to functional activity
and in the other brings abeut a state of inhibition ... it is possible that
in eny nerve cell, certain of the synapses may be excitatory and others
inhibitory"., We are accustomed to thinking in terms of an "inhibitory
transmitter substance". Undoubfedly gsome substance may characteristic-
ally occur as the transmitter at inhibitory synapses, but the point to be
made is that the inhibitory synaptic membrane responds, characteristic-
ally; to a substance which "fits its receptors': An “excitatory trans-
mitter' would probably not elicit an excitatory response at these synaptic
areas. An example of this "receptor specificity" has been demonstrated
in the nervous system of the mollusc Aplysia (Tauc and Gerschenfeld,

1962). Two types of ganglion cell have been recognized in this preparation,
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those having both excitatory and inhibitory synaptic input (designated

H neurones) and those having only excitatory input (D neurones). Acetyl-
choline application caused hyperpolarization and inhibition of the former
type and depolarization and excitation of the 1atter. Biochemical evidence
that acetylcholine may be the “inhibitory transmitter" was supported iay
the finding that conductance and equilibrium potential changes induced by
the ester were the same as those obtaining during the i.p.s.p. (inhibitory
postsynaptic potential). ‘

The postsynaptic inhibitory responses recognized to date in the
mammalian nervous system have all been manifest in a hyperoolarization
of the receptor and the areas under detectable influence according to the
cable properties of the cell. Coriconiitant with this hyperpolarization
is an increase in the conductance of the subsynaptic membrane as with
an excitatory response, but there is no propagated inhibitory impulse.

The ionic mechanism of the inhibitory potential has been studied
by numerous workers, most of them using cat motoneurones (e.g. Coombs,
Eccles and Fatt, 1953, 1955), but extension of enquiry to other neurones
which exhibit inhibitory postsynaptic potentials (i.p.s.ps) indicates that
the underlying mechanism is probably common to all, It ’has-been
observed that the equilibrium potential of the i.p.s.p. has reversed, to
a depolarizing response, during recordings in which chloride ions have
diffused out of an intracellularly placed microelectrode filled with KCI1,
in cells of the dorsal spinocerebellar tract (Curtis, Eccles and Lundberg,
1958), hippocampal pyramidal cells (Andersen, Eccles and Ldyning, 1963)
and several others which have been studied. This, of course, as inspec-
tion of the equation given previously indicates, is interpretable as indic-
ative of an increase of chloride permeability, However, in the original
investigations (Coombs et al., 1953, 1955) electrophoretic injection of

certain other anions also resulted in an alteration of the equilibrium
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potential for the i.p.s.p. These were small anions, and large anions
such as sulphate, phosphate, acetate and bicarbonate haci no such effect.
All ions causing changes in the i.p. 8. D. il pu with equai effectiveness -
there was no "grading” of the effect; it ié feasonable to assume that the
effect of the transmitter on inhibitory receptors is to open a "channel"
of precisely standardized gize., This is supported by more recent experi-
ments (Araki, Ito and Oscarsson, 1961) in which the anion permeability
of the inhibitor-activated synapses of biceps and semitendinosus moto-
neurones induced by activation of quadriceps Ia 'afferents,‘ and of certain
unidentified inotoneurones activated by polysynaptic pathways -or by Ren-
shaiv inhibition evoked by supramaximal stimuli in L7 ventral root was
studied. The same résults were obtained for each of these differently
induced i, p.s.ps. The results of these pér'l:icular experimeﬁts indicated
thzit thé permeabilities to these anions is not increased during €, P S. PS
or action potentials: any changes observed in these phenomena were
explainable by changes in the resting potenﬁal.

Normally, chloride is the only anion present in sufficient concen~-
tration to contribute to the vinhibitory current, Measurements in the squid
axon (Keynes, 1962) indicate that the chloride distribution is such that |
the equilibrium poténtiél for chloride is aboﬁt 39mV, inside negative,
whichis less than the resting potentiél. In other words the internal con~
centration is too high to be in elect rochemical equilibrium and by the
use of radiometric estimation of Cl36 fluxes with a.nd without nﬁetabolic
inhibitor (dinitrophenol) Keynes has established that there is an inwardly
directed chioride fpump?, If these data are appiicable to mammalian
néurones, the hjpérpolarizing LB s;p. cannot be attributed solely to an
increase in anion permeability. Recent work (Eccles, Eccles and Ito,
1964, reported in summary by Eccles, 1964) supports the theory that an
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increased potassium conductance (EK is probably 20mV or more, greater
than the resting potential in the motoneurone) may play a role in i, p.s.p.
generation, '

In this discussion of electrical phenomena at junctions the con-
cept of chemical transmission has been assumed and indeed the results
are compatible with and supportive of such a concepii. Results obtained
from the ciliary ganglion of the chick (Martin and Pilar, 1963 a, b) are |
useful in pointing out the salient differences between electrical and chem-~
ical transmission, since this organ exhibits both phenomena.,

An unusual morphological feature found in this ganglion is a calici-
form termination of the presynaptic fibre on the' ganglion cell, These
components are sufficiently large to allow the introduction of microelec-
trodes and recordings have been obtained from pre-. and postsynaptic
sites during ortho- and antidromically initiated activity; During the
recording of activity in some of the ganglion cells, following orthodromic
activation, hyperpolarizing currents of increasing amplitude were passed
into the cell until the action potential failed, During the phase of increas;
ing the current, a hump appeared after the- action potential, which even-
tually failed, leaving the hump, vi/hich was identified as an €.pP.S.P., as
described below. In some of the cells this te.p.s.p.? was preceded by
a more rapid depolarization, which at resting potential gave rise'to the
spike. As the hyperpolarization was progressively increased, initiation:
of the spike was first transferred to the later "hump" and subsequently
failed. This primary depolarization preceded the "hump" by 1.8 msec,
consistent with expected synaptic delay at room temperature. With increas
ing hyperpolarization the "hump" became larger, appearing to have an
equilibrium potential, whereas the primary depolarization was unchanged
and obviously had no equilibrium potential. These observations were

consistent with the interpretation that the primary depolarization was due
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to electrical coupling with the presynaptic terminals, that the "hump’

Was an €.Pe.SePo,s and that the cell membrane within the calyx is non-
rectifying, at least with hyperpolarizing currents. A minute quantity
of D-tubocurarine added to the bath blocked the e. p.s.p. but not the
coupling potential and did not prevent the initiation of an action potential
by the latter. Antidromic activation of the post-ganglionic (ciliary nerve)
fibres resulted in trans-synaptic invasion of the preganglionic fibre
(oculomotor nerve) indicating a bi-directional coupling: the action potential
in the preterminal _fibx;e following aﬁtidromic stimulation was frequently
observed to elicit an excitatory respoﬁse in the ganglion cell due to trans-
mitter rélease. |

Eccles (1961) has stated that efficient electrical coupling requires
a relatively high cleft resistancé in order to prevent the coupling current
from escaping through the deft, whereas chemical transmission requires
a low cleft resistance so that the flow of current through the subsynaptic
membrane is not impeded. The authors (Martin and Pilar, 1963a) pointed
out that while the width' of the synaptic cleft may be greater than would be‘
expected for electricélly coupled synapses (Robertson, 1955), the area
of the génglion cell covered by the calyx is large, providing a reasonable
cleft resistance in spite of éleft width. Even with a large calyx the resis-
tance of the membranes on either side of the junction may be several
hundred times the effective cleft resistance, but the capacitative imped-
ance seén by the coupling current may approach within an order of magni-
tude of the cleft resistance, depending on the rate of rise of the presynaptic
spike, so that conditions favoﬁrablé for electrical and chemical trans-
mission may not necessarily be incompatible.

One more junctional phenomenon remains to be described: pre-
synaptic inhibition. The history of this effect has origins in about 1933,

in which year Gasser and Graham found that dorsal root volleys produced
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slow positive potentials ( Piwaves ) of the cord dorsum and that the time
courses of these waves ciorresponded approximately to that }of the inhibition
of flexor reflexes when one dorsal root volley was employed to condition
the flexor reflex evoked by another volley. Recently (since -1961) thé
Canberra school has extensively studied central nervous mechanisms
involving presynapfic inhibition (see Eccles, 1964) and it is interesting to
see that, as Eccles points out, all examples studied héve been effected

on the synapses of the primary afferent fibres with fhe exception of thé
presynaptic inhibition of the secondary afferent fibres from the cuneate
nucleus that relay in the thalamus (Andersen et al., 1963).

Presynaptic inhibition, as its .title indicates, is not due to any
action on the postsynaptic membrane which invériably occurs; as manifest
in conducta.nce changes, in postsynaptic inhibition. Recognition of the
mechanism of the phenomenon is dependent upon data discussed in the
previous section, that the amount 6f trahsmitter feleaéed by a nerve
impulse is dependent upon the "availability" of transmitter and upon the
height of the action potential invading the presynaptic terminals. In pre-
synaptically inhibited junctions the e.p.s.p. is markedly reduced, pre-
sumably due to a reduction in transmitter release whiéh is bfought about
by depolarization of the preterminals by the transmitter of other terminals
whiéh synapse onto them. Gray (1962) has presented electronmicrographs
(see also Eccles, 1964, fig. 5A) of presumed presynaptic inhibitory
synapses found in the upper lumbar region of the spinal cord of the cat.
The salient features of the micrographs are (i) an apparently somatic or
dendritic profile being synapsed onto at three sites by (ii) a structure
v‘./ith. typical terminal inclusions - mitochondria and vesicles - in turn
synapsed onto by (iii) two smaller structures of similar morphology.
Eccles (1964) does not think it likely that presynaptic inhibition is signif-

icant "at stages of the afferent pathway after the primary afferent relay,
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and a thorough examination of the cerebral cortex has disclosed no sign

of synaptic structures ... that would subserve presynaptic inhibition".



CHAPTER II

PHARMACOLOGICAL STUDIES ON BRAIN MECHANISMS
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At the present time, pharmacological studies have not been
successful in characterizing transmitters at brain synapses, due almost
entirely to the complexity of the system and to the difficulty of perform-
ing any definitive studies on it. The synapse of the axon collaterals of
alpha motoneurones onto Renshaw cells in the spinal cord is the only
junction in the mammalian central nervous system for which it can be
claimed with any certainty that the transmitter substance has been eluci-
dated (Eccles, 1962),

The development of the method of direct extracellular applications
of drugs has iricreased the probability of mere transmitters being dis-
covered, although the i:ask is still not an easy one. Prior to the infro-
duction .of electrophoretic administration from micropipettes (Nastuk,
1953) drugs were usually adlilinistered intravenously, intra-arterially
or intrathecally. In some eases topical application or interstitial injec-
tion of potentially active material was also attempted. These techniques
may be of use in psychopharmacology, but afford no means of studying
the effects of drugs on single neurones or discrei:e neurone systencis.

As Curtis (1962) points out, if the behaviour of a single cell is observed
with a microelectrode and a drug is administered systemically or applieci
topically to the tissue, two major factors may complicate the interpret-
ation of the observations. Firstly, there may be physical and chemical
barriers restricting the access of the administered compound to an
active site on the neurone. The former may be exemplified by the so-
called "blood-brain" and ""blood-cerebrospinal fluid" barriers. These
Bmdand® e presuma’bly spiitied by siiensipes of varying chemical
nature in which drugs will have greater or lesser diffusion coefficients
and in consequence will enter the neuronal environment more or less
readily when compared with one another. The "blood-brain barrier"

is virtually absolute for some substances (Cf. Curtis and Eccles, 1958b)
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and is remarkably "discriminating"”, the amine precursors dihydroxy-
phenylalanine (DOPA) and 5-hydroxytryptophan (5-HTP) ente‘ring.the
cerebral tissue rapidly from the bloodstream, whilst the products of
their metabolism, dopamine, noradrenaline and 5-hydroxytry‘btamine
are impermeant. Rightly or wrongly, and certéin.ly héving no real
evidence, Curtis and Eccles (1958b) apmutned thas ik is highly probable
that the blood-brain barrier is associated wifh the capillaries and their
covering sheaths"., Enzymic systems may metabolize a compouna
before it reaches a proposed site of action destroying its activity 61’
converting to another compoﬁnd with a specific biological activity of
its own, There is a further difficulty: the exact time of arrival at
reactive receptors cannot be directly determined since the interval
from time of administration 1:6 time of .response is quite long in compar-
ison to the time required for the transmission of information within the
nervous system. As a résult it is difficult to establish that the observed
effect was caused by action of the dfug on the neural structure under |
immediate investigation, rather thén indirectly through action of the
drug oﬁ peripheral structures or at othei' central sites, or even as an
épiphenomenon of concomitant cardiovascular, respiratory or metabolic
alterations. |

Attempting to circumvent these difficulties Eccles (1947) tried
to investigate the status of acetylcholine as a transmitter in the spinal
cord of the frog by abolishing cholinesterase activity with prostigmine
and then soaking the isolated oxygenated cord in strong acetylcholine
solﬁtions, his rationale bein;gr that if acetylcholine is a synaptic trans-
mitter setting up a synaptic potential and hence a discharge of impulses
from nerve cells, then it would be pred_ic’ced that this transmission is

depressed when a steady background concentration of acetylcholine
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exists at the synapses and that the synaptic potential is virtually abolished
by further increase in this concentration. However, he was unable to |
demonstrate such depression and concluded that acetylcholine does not
mediate synaptic transmission in the frog's spinal cord. More recently
results have been obtained indicating the probable presence of cholinergic
transmission in the frog cord (Mitchell and Phillis, 1962).

Recently more refined techniques, especially that of micro-
electrophoresis, have been developed to facilitate the testing of sub-
stances upon single nerve cells by applying them directly into the extra-
cellular environment. This technique relies on the use of near—saturated
solutions of drugs, in an ionized form, of sufficiently high conductance
to pass current without boiling. In adjustlng the pH of solutions to
obtain optimal conductivity a lower limit of 3, or even higher, is adhered
to due to the excitatory action of hydrogen ions themselves on neurones
(Curtis, Phillis and Watkins, 1961).

Certain criteria have been tabulated which must be satisfied
before any confidence can be placed in results which would classify a
substance as a synaptic transmitter (Paton, 1958). The substance must
exist in sufficient quantities in the presynaptic terminals which must
also contain a synthesizing enzyme system; stimulation of the presynaptic
nerves must release the substance in adequate quantities from the pre-
synaptic terminals; the action of the substance on the postsynaptic cell
must be identical with that of the synaptic action, particularly when
applied by' microelectrophoretic techniques; when the action of drugs
is tested by microelectrophoretic injection the pharmacology of the
synaptic transmigsion and of the postsynaptic action of the substance
must be similar. Itis this latter criterion that may be most easily
satisfied: in fact the evidence that Renshaw cells are synaptically acti-
vated byv acetylcholine is entirely pharmacological (Eccles, Eccles and
Fatt,. 1956). It should be noted here that there is further evidence
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(Curtis, Phillis a.nd Watkins, 1961b) pointing to the existence of an addi-
tional noncholinergic transmitter which is released upon these cells féllow-
ing excitation of dorsal root afferent fibres. |

Pharmacological studies on Renshaw cells (Curtis and Eccles,
1958 a, b) i.rldicate that the acetylcholine receptors of these cellé are pre-
dominantly nicotinic in character. This could be interpreted in such a
way as to extend the scope of Dale's principle. It is reasonéble to assume
that nerve cells of any particular type act at all of their synapses by
liberating the same chemical transmitter ("Dale’s Principle", Eccles,
1962). This principle may plausibly be related to the metabolic unity of
a single cell, which is believed to extend éven ’to the most remote branches.
Alpha motoneurones exert their excitant influence on their terminal
effector-organ (skeletal muscles) by means of a cholinergic mechanism
(the neuromuscular junction): this same mechanism obtains at the junc-
tion of the axon collateral from these cells and the Renshaw cell. If the
pharmacological nature of these two junctions is 'nicotinic?, this could
also be significant. After denervation of the frog sartorius muscle, the
area sensitive to acetylcholine increases and in completely denervated
fibres, ten weeks after nerve section, involves the whole fibfe surface
(Miledi, 1960). Acetylcholine applied for five days to denervated, isolated
musclés does not abolish their superéensitivity. Functionally, the dener-
vated end;plate is no different from the innervated tissue, with respect
to miniatﬁre potential parameters and the author concluded that the motor
nerve exerts a direct restraining influence on the chemo=-sensitivity of
the muscle. Suéh an influence is probably not mediated by acetylcholine,
After denervation it is not the muscular inactivity, but the removal of
this neﬁral influence which causes super-sensitivity. If this influence
were also responsible for determining the chemical conformation of

Yreceptors?, one would expect to find nicotinic receptors on the Renshaw

cell,
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Acetylcholine will diffuse away from a structure as small as an
end-bulb S0 rapidly that its concentration will be negligible in one second
after its liberation. However, on the surface of Renshaw cells, when |
the cholinesterase has been inactivated, the acetylcholine transmitter
action declines at a rate that is thousaﬁds of times slower than the cal~
culated time_considering the firee diffusibn rate, a single volley in the
motoneurone axon collaterals giving rise to a repetitive high frequency
discharge of a single Renshaw cell which may persist for at least 50
milliseconds (Eccles et al., 1956), This observation has been interpreted
as indicating that there is some barrier in or around the synaptic cleft |
which prevents the free diffusion of the acetylcholiné and this in turn has
been used to explain the élowness in onset of effect of drﬁgs affecting
cholinergic mechanisms when applied electrophoreticaily (Curtis and
Eccles, 1958 a, b). This concept haé not been substantiated in any eiectrnn-
microscope examinations: all synaptic clefts open directly into the
extracellular spaces. However, there is no reason vto expect that the
shape of the cleft remains constant (Palay, 1958); during discharge the
terminal may alter in size and shape and may even épproaéh the post-
synaptic membrane more closély: this véfould explain the prolongation
of transmitter action (Eccles et al., 1956) if ihe discharged transmitter
were effectively sealed off in the synaptic cleft, This could not explain
the results of Curtis and Eccles (1958 a, b) unless such changes in cleft
morphology were caused by transmitter substance, . or its analogues,
applied from without, as well as within, the synapse.

| In the decerebrate, unanaesthetized cat spontaneously active
units have been bbserved in the caudate nucleus which respond to ionto-
phoretic applications of écetylcholine with increased rates of discharge
(Bloom et al., 1964), It is significant that the caudate nucleus exhibits
intense staining for specific acetylcholine-esterase activity (Koelle, 1954),
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a high synthetic potential for acetylcholine (Feldberg and Vogt, 1948) and
that the basal ganglia as a whole exhibit a very high concéntration of |
tissue acetylcholine (MacIntosh, 1941). Supporting this evidence and
offering what would appear to be final proof of the existencé of cholinergic
synapses in the caﬁda’ce is the isolation of acetylcholine-~containing
"synaptosomes" or pinched-off nerve ending particles (NEPs) separated
from homogenates of the nﬁclei from dogé (Laverty et al., 1963) by
differential centrifugation. The great difflculty here, as in other centres
of the brainstem and its agsociated structures, is to determme which
tracts passing by way of the anatomically and functionally compllcated
nuclei contain the synaptic transmission systém which has been virtually
proven to exist.

The cerebral cortex is well provided with the enzymes required
for the synthesis and destruction of acetylchoiine (Hebb, 1957) and it |
can be shown that lafgé quantities, which are apparently related tb the
functional state of the brain as indicated by the electrocorticogrém, can
be liberated in it continuously if pfecaufions are taken to inactivate
cerebral chblinesterases (Mitchell, 1963). Iontophoretic application of
acetylcholine (Krnjevié and Phillis, 1963a) to the cerebral cortex of cats,
rabbits and monkeys excitéd an average of 15% of the cells to which
these appliéations were made. The majority of these cells were found
in or near the primary sensory areas, at a depth of 0.8-1.3 mm and
characteristically occurred in groups. Many of these cells can be
excited by direct afferent aétivity from the thalamus, by transcallosal
voﬂeyé, or by stimulation of medial thalamic nuclei, but do not appear
to be specifically associated with' any of these pathways: tinis again
is an indication of the difficﬁlty of anatomical and functional location of
the synai)se. Betz cellé in the pericruciate region appear very sensi-

tive to acetylcholine and in certain respects, such as their distribution
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in depth and their behaviour, they are typical of cortical cholinoceptive
cells in general. Further pharmacological studies (Krnjevié and Phillis,
1963 b) made it evident that cortical acetylcholirle receptors have‘ a
strongly muscarinic character. Cholinoceptive cells are not markedly
different from other cortical neurones with respect ta the excitatory 'and
inhibitory actions of various amino acids and catechol and indole amines.
Studies in other areas, particularly the thalamus, heve yielded
results suggestive of the presence of cholinergic excitatory synapses,‘ |
but here again the evidence is inconclusive and if such synapses are
present, the pathways in which they may be in\}olved cannot yet be
decided. Curtis and Davis (1963) applied a series of choline esters to
cells of the lateral geniculate nucleus, identified by synaptic responses
to volleys in the low- or high-threshold contralateral optic nerve fibres
or to light-evoked impulses from the ibsilateral eye. These agents,with
the exception of carbachol, failed to activate quiescent cells, but facili-
tated *background® discharge and‘synaptic activity. The features of
this excitant acti\}ity made it unlikely that there is a similarity between
these compounds and_ the excitatory transmitter which is released by
optic nerve terminals. Firstly, synaptic activation was suppressed by
4- and 5-HT, but the excitatory effect of acetylcholine was unaffected by
the indolealkylamines. If the site of action of these tryptamine derivatives
is posfsynaptic, preventing the access of excitatory transmitter to specific
receptor sites (Cf. Curtis and Davis, 1962), this observation contra-
indicates either an interactiou between quaternary ammonium compounds
and these specific sites, or the release of transmitter as a consequence
of a direct action of ‘rhe excitants upon the presynaptic terminals. Of
course, if the action of 4- and 5-HT were purely presynaptic, blocking
the release of transmitter, acetylcholine could well be the transmitter,

its action at the postsynaptic receptor after iontophoretic application
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being unimpeded. However, dihydro-B-erythroidine failed to block the
action of acetylcholine; this evidence would itself precludé acetylcholine's
being an optic-geniculate transmitter as it constitutes a féilure to meet
one of the definitive criteria. It should also be noted that there is very
little choline acetylase in the lateral géniculate regidn (Hebb, 1957) and
although choline esterases are present (Burgen and Chipman, 1951) the‘
comparatively prolonged effect of acetylcholine on geniculate neurones
indicat-es the relative lack of importance of these enzymes in its removal
after application, I

The ventrobasal (Andersen and Curtis, 1964 a, b) and ventro-
lateral (Davis, Rowe, Kelly, 1964) thalamic nuclei have both 1'l:'eq:-zzn found
to contain cells excitable by acetylcholine. The acetylcholine receptors
in ventrobasal thalamus have been described as intermediate in type
between the muscarinic cor'ti;:al receptors and the nicotinic Renshaw
cell receptors and are similar to those in lateral geniculate and in the
medullary reticular formation (Salmoiraghi and Steiner, 1963). Andersen
and .Curtis found that acetylcholine fired most fentrobasal relay neurones
(idéntifiable by firing antidromically frdm the primary sensory cortex)
whereas the depolarizatioﬁ of thalamic interneurones remained sub-
threshold. Uhable to identify the actual pathway which may have a
cholinergically mediated synaptic mechanism, Andersen and Curtis
pointed out that the action of acetylcholine upon a particular neurone
will debend upon the number of appropriately sensitive synapses and
reviséd thé conclusion drawn on lateral geniculate results (Curtis and
Davis, ‘196 3). It was, af that time,suggested that the acetylcholine
sensitivity may have been associated with the presence of non-optic
synapses and this was discounted due to the apparent inability of the

fibres within the nucleus to meet the neurochemical criteria necessary
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to be satisfied, by convention, before a substance can be considered to
play a role as synaptic transmitter: the pharmacological differénceé
between geniculate and Renshaw cells also prompted this cénclusion.

It is now thought (Andersen and Curtis, 1964b) that fhis conclusion was
unwarranted and that the relatiﬁely weak action of acetylcholine on
geniculate cells is explainable by assuming that cholinergically mediated
synapses may be present in sparse population; it is even suggested

that such synapses may have a common origin to those upon ventrobasal -
neurones. A characteristic of both ventrobasal and ventrolateral thalamic
activity is "spindle" discharges: this spindle activity is unaffected by
acetylcholine and compounds affecting cholinergic mechanisms., ]javis
et al. (1964) found the postsynaptic activity in ventrolateral thalamus
evoked by brachium conjunctivum volleys to be unaffected by the cholin-
ergic blocking compound dihydro-B-erhy‘throidine, although this drug
blocked the increase in 'spontaneous! background discharge evoked by
applicaﬁon of acetylcholine.

Cells responsive to the application of acetylcholine with an in-
crease in their firing rate have been found in the hypothalamic area,
mainly in the paraventricular and ventral-median nuclei (Bloom et al.,
1963). Neurochemical evidence (Hebb and Silver, 1956) is supportive
of the possibility of the amine playing a role in synapses here, although
' Bloom et al. are mindful of the amine!s having a non-synaptic chemical
function, i

Excitatory responses to acetylcholine have been reported in
other areas, in which the likelihood of the amine having a normal
function at the synapse is very small. A study of the superior and
inferior colliculi and mesencephalic and medullary reticular formations
(Curtis and Koizumi, 1961) yielded sensitive cells only in the inferior

colliculus, most of these cells responding to auditory stimuli, From
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Hebb's (1957) results cholinergically mediated synaptic activity is not
expected in the colliculi: apart from responding to sound, no further
identification of cells was made. The action .of acetylchoiine on colli-
cular cells was not blocked byv dihydro-B-erythroidine and it is unfor-
tunate that a comparative test was not made on a synaptic ‘mechanism:
cells to which DHBE was applied failed to respond to orthodromic stimu~-
lation, when no drug was present. Since at most 6ther knoWn, or
assumed, cholinergic junctions this compound blocks the action of applied
acetylcholine to some extent, it appears unlikely that the iontophoretic-
ally applied ester was interacting with cholinergic synaptic receptors
upon the neﬁrones: however, the question of whether or not acetyl-
choline is a transmitter in this region must be left open.

An inhibitory response elicited by acetylcholine has also been
observed in hypothalamic neurones (Blobm et al., 1963) olfactory bulb
cells of three histological types (tufted, mitral and granule) (von Baum-
garten et al., 1963) and medullary neufones (Salméiraghi and Steiner,
1963; Bradley and Wolétencfoft, 1962), This duality of response may
be related fo basié differences in the chemical -receptor membranes
(see previous chaptér) or to mediation of effects through a neighbouring
interneurone, or through axon términals. The inability to record intra-
cellularly during the application of drugs to these cells has not enabled
an analysis' of membrane phenomena to be carried out and consequently
a concept that acetylcholine may normally operaté as an inhibitory |

transmitter in the central nervous system cannot be substantiated.

Inhibition ¢

The nature of the chemical transmitter substances for both

pre- and postsynaptic inhibition remains unknown, although attempts

have been made to isolate transmitters from central nervous tissue.
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As indicated previously, postsynaptic inhibition in the mammal-
ian central nervous system, as it so far has been recognized has been
marked by a hyperpolarization of the receptor cell with apparent increases
in the potassium and chloride conductances at the subsynaptic membrane.
Presynaptic inhibitién is a phenomenon apparently due to a slow, sus-
tained depolarization of the terminal fibres which results in a failure
of the'b-outons to release excitatory transmitter, due to reduction in the
overshoot of the invading action potential,

The requirements to be met before a substance can be classi-
fied as an inhibitory transmitter have been tabulated (Curtis, 1961) and
are’ essentially the same as those set up for the recognition of an excit-
atory transmitter.

Factor I, which has been extracted from ammalian brain (Florey
and McLennan, 1955 a; Elliott and Florey, 1956) mainly the grey matter
of the "extrapyramidal system" (Florey and Florey, 1958), depresses
spinal monosynaptic reflexes when applied fopically to the cdrd (Florey
and McLennan, 1955 b; Honour and McLehnan, 1960). This debression
is transient and may be followed by potentiations polySynaptié reflexes
are increased in magnitude. It has been reported that topical application
of factor I to the spinal cord hyperpolarizes motoﬁeurones, reduces
the magnitude of i. p.s.ps ahd e.p. s.ps and blocks orthodromié spike
production (McLennan, 1961) and in conseqﬁence it is not impossible
that factor I is an inhibitory traﬁsmitter acting upon spinal motoneurones.

-amino-n-butyric acid (GABA) is sometimes present in
extracts of factor I (Cf. McLennén, 1961). This amino acid has been
shown to have a potent blocking action on the crayfish stretch receptor
neurone and to depress spike potentials of motoneurones, dorsal horn
cells and Renshaw cells, the postsynaptic potentials both excitatory and

inhibitory and to decrease membrane electrical excitability without
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altering resting potentials (Curtis et al., 1959). This andother evidence
indicates that GABA has a "non-specific'" depressant actién upon the
whole surface membrane of neurones, St chemically activated sub-
synaptic regions and the remaining electrically excited postsynaptié
membrane. Curtis (1963) considers it therefore unlikeiy that GABA

(or the related compound )—amiﬁo-—B—hydroxy-butyric acid, GABOB)

are transmitters for postsynaptic inhibition within the mammalian spinal
cord, although he does not discount the possibility that it might be
functional in presynaptic inhibition.

Pharmacological studies on neurones, in which indole and
catechol amines have been applied by the electrophoretic teéhniqué have
revealed a depressant effect which may or may not be indicative of a
role in synaptic or presynaptic inhibition. |

Neurochemical studies, indicating that the DOPA-5HTP decar-
boxylase activity is extremely low ih the lateral geniculate nucleué and
other parts of the visual pathway (Kuntzman et al., 1961) except the |
superior colliculus make it unlikely that catechol or indole amines sub-
serve any synaptic function in the lateral geniculate, in‘spite of the
observation that intracarotid and intravenous injection of lysergic acid
diethylamide reduced postsyhaptic responses of neurones in the lateral
géniculate ﬁucleﬁs ofvthe cat, produced by optic nerve impulses (Bishop,
Burke and Hayhow, 1959). The coi:npoﬁnd failed to affect the spike
potentials‘of presynaptic fibres, but it inéreased synaptic delay. Repet-
itive stimulation of the optic nerve overcame the block, indicating a
probable interference with the attachment of the natural exéitatory trans-
mitter to its appropriate subsynaptic receptors. The known antagonism
of lysergic acid diethylamide (LSD) towards the action of 5-hydroxy-
tryptamine on smooth muscle (Gaddum, 1958) was suggestive that this

amine, or some closely related oompound, could be the transmitter.
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application of 5-hydrOthryptamine to the extracellular environment
of geniculate neurones (Curtis and Davis, 1962) blocked the transmigsion
of optic nerve impulses to the geniculate cells, although it did not affect
the antidromic activation of the latter, and was ineffective in depressing
the activity evoked by the application of glntamate ions which, -like other
mono-amino dicarboxylic acids, depolarize and cause repetitive dis-
charges of neurones (Cf. Curtis, Phillis and Watking, 1960), Catechol-
amine and related phenylethylamine derivati%res were also found to block
or’chodromic activation of geniculate neurones: the authors did not report
any findings on the amino acid-evoked dj.scharge. It is interesfing to
note that the geniculate synapse was the first central neuronal junction
for which a specific blocking agent was found; the tryptamine derivatives
and noradrenaline failed to block the activation of spinal neurones
(Curtis and Davis, 19625 and brainstem cells (Curtis and Koizumi, 1961).
The caudate nucleus is a rich source of the endogenous amines
acetylcholine (see previous section), dopamine (Bertler and Rosengren,
1989) and possibly 5-hydroxytryptamine (Kuntzman et al., 1961). Ionto-
phoretic Vapplica‘l:ion of noradrenaline and dopamine to spontaneously
active caudate neurones resulted in depression of the discharge rate
with noradrenaline and an equal increase and decreasewith dopamine
(Bloom et -al., 1964)., While the apparent duality of action of dopamine
and not of noradrenaline may be due to a sampling bias, the result for
dopamine itself .is interesting. I,n view of its implication in basal ganglia
disease (see General Introduction) it is difficult to assume that its
p.resence" in the caudate nueleus in high concentration is atavistic, espec-
ially since this nucleus is a phylogenetically recent structure and a dual
mode of action Would appear unlikely, unless the cells which were
depressed and those which were exc1ted were of a dlfferent histological

and functional type. Thus the question of the function of catecholamines
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in caudate, whether they have some synaptic function as inhibitory
transmitters, or as excitants, or whether they (especially dopamine)
fulfil some other, non-synaptic role, remains open. |

The electrophoretic administration of noradrenaline and 5-
hydroxyl:ryptamine to hypothalamic neurones (Bloomr et al., 1963)
resulted in a decrease in spontaneous discharge of cells diffusely dis-
tributed throughout the hypothalamus: fhe results are of éourse coin-
patible with a possible functional role for these endogenous amines in
this structure which is particularly rich in both cofnpounds.

In spite of these numerous studies, possibly the only sites where
a role for catechol- or indole- amines aé synaptic inhibitors have pos-
sibly been located are in the olfactory bulb of the rabbit and in the spinal
cord of the cat. After the original studies on olfactory bulB (von Baum-
garten et al., 1963) in which endogenoué amines were found to depress
the spontaneous firing of all three cell types present (tufted, mitral and
granule), further investigation (Bloom et al., 1964; Salmoiraghi et al. ,.
1964) has indicated that noradrenaline may be the transmitter responsible
for inhibition of mitral cells by stimulation of the lateral olfactory tract
(lateral olfactory tract inhibitory response, LIR). By means of ionto-
phoretic administration of amine antagonists and drugs that deplete mono-
amine storés, a close functional relationship betwéen noradrénaline and
LIR was made: dibenamine iontophoresis sufficient to block neuronal
inhibition by lnora.drenaline also caused significant shortening of LIR.
Blockade of the acétylcholine effect by }its antagonists was achieved, but
they had no effect on LIR, and LSD and BOL, antagonists of 5-HT were
more effective in blocking the- noradreﬁaline effect than that of the
indole compound. Drug-induced nofadrenaline depletion also caused
Significant shorfening of LIR. Intravenous injection of dihydroxyphenyl-
alanine (DOPA) or 5-hydroxytryptophan (5-HTP) into acute spinal cats

inhibited transmission from the flexor reflex afferents (FRA) to primary
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afferents, motoneurones and ascending pathwbays (Andén, Lundberg,
Rosengren and Vyklicky, 1963). Further studies (Andén, Jukee and
Lundberg, 1964) indicated that DOPA probably acts thfough the forrnation
and liberation of nofadrenaline, not of dopamine, since the action of
DOPA . was blocked by fhe prior adminisfration of reserpine. Tests with
monoamine oxidase and decarboxyiase inhibitors on the effect of 5-HTP
indicated that ite action on motoneuronal excitability is caused entirely
by monoamine (5-HT) liberation. It was postulated that the setion of
DOPA and at least part of the action of 5-HTP depends on monoaminergic
nerve terrninals into which these precursor subetances enter and cause
increased synthesis and overflow of monoamines. A more detaiied
electrophysiological investigation (Andén, Jukes, Lundberg and Vyklicky,
1964) led to the postulation of the existence of an inhibitory mechanism,
probably mediated by noradrenaline, suppressing short latency flexor
reflex afferenis actions and v"releasing"delayed flexor reflex afferents
effects, The reason for the appearance of the delayed flexor reflex
afferents actions was probably the depressed transmission in the short
latency paths from the flexor reﬂex' afferente, the inhibition releasing
neuronal paths that are normally concea.led in the spinal state by inhib-
ition from the short latency reflex paths. The authors pointed out that
there may be similar reflexes that are normally concealed in the acute
spinal preparation and where release depends on a particular descending

control system.
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Catecholamine and Indole-amine Distribution and Localization in CNS

Although the evidence in support of the concept is not unequivocal,
there ig a strong general contention that certain biogenic amines may
subserve a role as neurohumoral transmitters in synapses of the central
nervous system; as has been pointed out in the General Introduction,
dopamine has been biochemically imnlicated in the function of }the bagal
ganglia,

In 1954 Vogt carried out the first major investigation on the dis-
tribution of central noradrenaline, using the brains of dogs and cats |
kﬂled by rapid exsanguination following chloroform anaésthesia, finding
highest concentrations in the hypothalamus and the lowest in areas snch
as the visual and acoustic cortices (5% the hypnthalamic content) and the
posterior roots, with only 1%. |

Subsequent to the discovery that the noradrenaline precursor,
dopamine is also present in high concentrations in certain areas of the
central nervous system several re-assessments of amine distribution
have been made. After some preliminary reports Bertler and Rosengren
(1959) publishéd their find_ings from several species. In all the mammmalian
brains investigé.ted noradrenaline and dopamine were present in about
the same amounts. Noradrenaline was‘found localized mainly to the
brainstem while, as stated in the General hlfroduction; dopamine was
concentrated in the corpusl striatum. A particularly thofough investi-
gation of the' human brain (Bertler, 1961) revealed concentrations very
similar to those in other animals, the values for noradrenaline and dopa-
mine in the red nucleus being almost equal (0.22 and 0;19 ug/g) and
very close to the values for whole mesencephalon in other species.

An investigation of decarboxylase activity and distribution of
5-hydroxytryptamine and noradrenaline in various parts of the cat brain

(Kuntzman et al,, 1961) resulted in the findings that DOPA-5HTP-

decarboxylases (assumed by some workers to be the same enzyme) are



present in high activity in the brainstem, the reticular formation, the
hypothalamus, the basal and intralaminar portions of the thalamus: in
general, those areas which are mainly involved in co-ordination of behav-
ioural, autonomic and somatic activity and that the "high;concentration
areas" for 5-HT overlap those for dopamiﬁe and noradrenaline.

Vogt stated in 1957 that in apite of the avidence which she and
others had accumulated regarding the distribution af brain "sympathiﬁ"
the question of whether the amines are Apresent in neurones or in other
cells, for example the glia, remained unanswered. That the latter
cellular system may form part of the "blood-braia barrier" is widely
recognized and in parts of the brain where the arterioles are richiy inner-
vated with adrenergic vagsomotor fibres we might expect to find some
aminas in the glia, but recent evidence shows clearly that the amines
themselves contain the greater paft of, if not all, the catecholamines
(Carlsson et al., 1962).

That brain catecholamines may be taken up from the circulation
is largely precluded by the findings reported by Weil-Malherbe (1960)
that the hypothalainus is the oniy part of the .brain which takes up a sig-
nificant amount of noradrenaline, even two hours after infusion into the
general circulation. |

Teams of investigators in Sweden have been very active in
studying all aspects of catecholamine metabolism and localization in
the adrenal medulla and "adrenergic" neurones. In 1956 von Euler a.nd
Hinafp concludéd, as a. resﬁlt of their observations that adrenergic
axons, which contain "catecholamine granules" as do ad_reﬁal medullary
cells, are in certain respects analogous to the latter. This opinion has
been confirmed following many investigations and the realizations of this
duplicity has ﬁade biochemical studies on the mechanisms of drug

action, etcetera, simpler than if there were two discrete systems to
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be analysed. A fluorescence higstochemical method has been developed
(Falck, 1962; Falck et al., 1962) with which catecﬁolamine and indole-
amine localization at the cellular level can be achieved. The rﬁethod
involves the removal of the brain from an animal immediately after cleath
and the excision and freezing in liquid-nitrogen cooled pfopa.ne of the-
areas selected for study. The specixﬁens are freeze-dried at -35°C for
8-10 days and treated with formaldehyde at +80° C for one hour. During
this treatment the catecholamines and S-hydroxytryptamine are pre-
vented from diffusing through the tissue and condense with the formal-
dehyde, forming intensely fluorescent compiexeé which are not extracted
by hot paraffin or xylene. Preparations are then infiltrated with paraffhi
in vacuo at +60° for ten minutes and sections are mounted in Entellan
(Merck). The fluorescence is preserved quite well for uﬁ to two days

in this medium. After fluorescence exarhination, the fluorescent inaterial
in the secﬁons can be localized by staining with gallocyanin-chromalum
or toluidin blue.

.Carlsson et al. (1962) observed varicose fibres containing
catecholamines, which exhibit green to yellow-green fluorescence with
the method described above, in four circumscribed and bilaterally sym-
metrical afeas within the hypothalamus:

1. A large area just below (and sometimes extending slightly

above) the lateral part of the anterior commissures ‘
2. The supraoptic nuclei
3. The paraventricular nuclei
4, An area in the wall§ of the third ventricle (periventricular
nuclei) within the anterior hypothalamus
These findings, inzcidenta]ly, are in keeping with Carlsson's et
al. earlier (1960) observation that the majority of the hypothalamus®

noradrenaline is in the anterior two thirds.
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Fluorescent products were localized in fine fibres runhing between
and enclosing the nerve cells which themselves - like the glia cells -
show no fluorescence. These fibres were very fine and did not show up
well in photomicrographs; they were widely scattered in the hypothalamus
but were scarce in the posterior region and were entirely absent in the
suprachiasmatic nuclei and in the optic nerves, chiasma and tracts.

They were quite dense in the preoptic region and in a large area just
posterior to the paraventricular nuclei. Carlsson et al. (1962) had_ earlier
made the observation that these fibres have the same characteristic
appearance as the adrenergic nerve terminals in peripheral tissues with
small, intensely fluorescent enlargements dispersed at irregular intervals.
The fluorescent material appeared to be localized within the fibre and was
not present down its full length, which was only rarely more than 0.1 .mm.
The thickness of the varicosities was usually 0.3-0.8u and seldom more
than lu; the fibres themselves were only seen, in many céses, 'because

of the fluorescence, although some thicker ones were found in the anterior
hypothalamus. The fibres were not ordinary adrenergic nérves to blood
vessels, since bilateral cervical sympathectomy did_ not cause them to
disappear; furthermore, no adrenergic nerve supply to vessels within

the hypothalamus of the mouse or rat has been observed, whereas such
nerves are constantly and easily detectable in the vessels at the base

of the brain.

The fibres seemed to run to and partly enclose nerve cells on
which the termination appeared to be with a small knob; in nuclei with
dense fibre accumulations the fibres appeared to form real "vagkets"
éround the nerve cells, From observations of the less dense areas it
appeared that a fibre approaches a cell and then becomes d_irectly super-
imposed and terminates on the perikaryon. It was immediately obvious
that the fluorescent fibres represent terminal parts of axons forming

synaptic contact with nerve cells. In all respects hypothalamic and

peripheral 'adrenergic! terminals showed the same characteristics.
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Median Eminence:

Fluorescence here was not confined to discrete fibres but existed
as a dense accumulation, forming a continuous and distinct zone, which '
was localized to the superficial part of the nervoue tissue where the
primary plexus of the hypophyseal portal system arises. It began in
the rostral part of the median eminence and continued down into the hypo-
physeal stalk. The outer borderline was indented by the portal vessels
and coincided with the external surface of the neﬁous tissue. The fluor-
escence faded diffusely towards the interior parts of the brain; irregular,
faintly fluorescent stripes radiated towards the infundibular recess of
the third ventricle, in the lateral walls of .Which, abotre themedian
eminence (arcuate nuclei) is a group of small nerve cells which. exhibited
a fairly weak green fluorescence. Big nerve cells forming a large but |
scattered group in the posterior hypothalamus and pons exhibited a strong
green to yellow-green fluorescence. Green-yellotv to yellow ﬂuorescence,
indicative of tryptamines was observed in very fine smooth fibres located
in several circumscribed areas, such as regions surrounding the pre- |
optic area anteriorly, laterally and dorsally, and in the medial part of
the amygdala. |

Fuxe (1963) using the technique of Falck, has obtained similar
results from a study of the cat and guinea pig.

The fluorescent varicose fibres in the hypothalamus have the
same characteristic appearance and must - as judged from the fluores-
cence intensity - accumulate and store similar very high concentrations
of noradrenaline i@ the lterm:i.na'ls"in peripheral tissues. Besides the
morphoiogic evidence there is biochemical evidence for the view that
the fluorescent fibres represent the terminal parts of the axons. The
very high accumulation of noradrenaline in these terminal parts is just

what would be expected if they were terminals belonging to adrenergic

neurones in the brain.
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Caudate Nucleus:.

No distinct fluorescent fibres or nerve cells have been found in
the caudate nucleus of the rat and the mouse, but the nucleus as a whole
developed a marked yellow-green to green fluorescence which stood out
well against the dark brain regions surrounding it; the ﬂuorescence was
diffuse and somewhat uneven. Small, irregular areas with quite high
intensity were present everywhere whilst in contrast to this the nerve
cell bodies and fibre bundles ﬂuoresced very faintly or not at all.

Monoamines have also been localized in fibres in the spinal cord
of the mouse and rat (Carlsson et al., 1964) ueing the histochemical |
method of Falck. The highest accumulation of fluorescent fibres was
present in the sympathetic intermedio-lateral column, most, if not all,
of the nerve cells here being surrounded by terminals. The fibres have
the same characteristic appearance as the noradrenergic nerve terminals
in peripheral tissues and the synaptic terminals containing noradrenaline
in the hypothalamus. In .the mouse terminals containing 5-hydroxytrypta-
mine seemed to occur most frequently, whereas there was a preponderance
of noradrenaline-containing fibres in the rat. It is not known, however,
Whether'the two kinds of fibres terminated on the same nerve cells or
on different ones.

| In the ventral horn many fibres with both green (noradrenaline)
and yellow (5-hydroxytryptamine) fluorescence were present, being most
abundant in the ventral and ventro-lateral part, especially in the cervical
and lnmbar enlargements. Some of them seemed to make intimate con-
tacts with and to terminate on dendrites and cell bodies of large moto-
neurones. Some fibres of both vkin’ds appeared also to terminate on nerve
cells in the ventral part of the posterior (dorsal) horn; the vessels in
the spinal cord, like those within the brain, d1d not usually contain adren-

ergic nerves.
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Studies on rat brain homogenates (de Robertis et al., 1962) in
which the subcellular localization of acetylcholi,ne and acetylcholinesterase
was examined, revealed that non-cholinergic endings,' differentiable from
cholinergic by density gradient centrifugation és Well. as by histochem-
ical examination, had about dbuble the protein-content of the acetylcholine-
containing fraction. This was in agreement with the general concept
that there are more non-cholinergic endings in the brain than cholinergic.

At about the same time as de Robertis and his colleagues* work
was being done, an attempt was being made to différentiate 5-HT-contain-
ing fractions from acetylcholine-fractions ‘of guinea pig brain homogenates
(Michaelson and Whittaker, 1962), Although the peak activities of Ach
and 5-HT were found in two different density layers after differential
ceﬁtrifugation, theré was a complete éverlap, the fractionétion not result-
ing in a sharp separation of particles into two chemically or morpholog-
ically distinct types. Endings were present which apparently contained
neither.Ach nor 5-HT. Shortly afterwards Ryall (1962), using the centfi-
fugation technique of de Robertis et al. (1962), obtained results suggésting
that the particles Which contain 5-HT may be different from those which
contain Ach, Michaelson and Whittaker (1963) lreaffirmed_ these earlier
findings, that 5-HT is princibally found in a particulate fraction free of
myélin and mitochondria and identifiabie as consisting largely of pinched-
off nerve endings. The forces binding 5-HT to its "storage sites" were
found to be qﬁite labile relative to fhose binding acetylcholine: the mono-
ami\né oxidase inhibitor iso~-propyl-nicotinic acid hydrazide did not alter
the Subceliular digtribution of 5-HT, even though the level that could be
extracted was inéreased. The results at this stage, while not proving
that 5-HT is a transmitfer, were congistent with such a function and
strongly suggested a localization of bound amine in the nerve end_ings.

The alternative poésibility existed that particulate 5-HT is 1ocated in
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storage organoids distinct from nerve endings, but similar in sedimen-
tation and density characteristics, even in complex gradients, sueh a
possibility being difficult to disprove. Michaelson et al; (1963) carried
out some experiments which clarified the picture a little more, conﬁrrning
that 5-HT and noradrenaline are differently located to Ach, but could not
distinguish between, nor define the sites of localizetion of these two |
amines. The coup de grace has been delivered by de Lorenzo's group
(Maynert et al., 1964) who isolated a vesicular fracfion containing nor-
adrenaline and 5-hydroxytryptamine from disrupted nerve-ending particles
from rat brain -stem. During their experiments they investigated a wide
range of conditions of hypotonicity and sonification to disrupt the NEPS. |
Under optimai conditions the vesicular fractions obtained by ultrasonic

or hypotonic disruption contained about 25% of the noradrenaline, 20%

of the 5-HT and 10% of the protein in the crude NEP-preparation. Electron-
microscopic exemination revealed that the vesicillar fractions from both
ultrasonic and hypotonic disruption were composed almost entirely of
vesicles of abeut the same size and appearance as .those seen at synaptic
junctions. In fixed and sectioned rnaterial the dense-core vesicles often
associated with adrenergic nerve endings (for reference's see Maynert

et al., 196.4) were. exceedingly rare. At least three morphologically dis—
tinct kinds of vesicle could be observed in negatively stained preparations.,
They were differentiated ‘primarily on fhe basis of the thickness of their
walls, although one type. was distinguishable by a matrix containing many
small granules. Vesicles extruding a granular material were observed
rather frequently. The vesicles of this study were different from the
noradrenalme -containing particles prepared from splenic nerves by von
Euler (1958), in terms of their sedimentation characteristics and by the
same criterion, from 5-HT granules of the dog's duodenal mucosa, which
sedimented with mitochondria (Baker, 1958) and from those of blood
platelets (Buckingham and Maynert, 1964). Electronmicroscopic exam-
ination of the heavy ('debris‘) sediment failed to reveal granules of the
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expected appearance, but because of the morphological complexity of this
fraction the authors admitted that their presence could not be unequivoc-
ally denied. As noted above, one of the vesicle types (designated *type 3'
in their paper) appeared to contain several small granuies: moréover,
vesicles apparently extfuding a granular material were observed rather
frequently in negatively stained preparations and Maynert et al. (1964)
admit that "if these are valid interpretations of the micrographs, a new
dimension is added to the problem of the tissue storage of chemicals like
acetylcholine, noradrenaline a.nd 5-HT. It is possible that the tiny
granules rather than the vesicles themselves may be the ultimate bound
forms of certain chemical mediators". ‘

On the basis of this admission it is not impossible that the brain
granules are chemically and pnysically similar to the large granules
isolated from peripheral adfenergic nerve fibres and adrenal medulla.
Those still within their vesicles would not sediment nvith the heavier
fractions because of the Vesicles'ichafacterisfics and those which had
been liberated by disruption, leaving vesicle 'ghosts"'could‘ well have been
indistinguishable among the heavier debris pellet contents, as suggestedv
bynthe authors. |

It is interesting that de Robertis and Vaz Ferreyra (1957, see
de Robertis, 1961) have observéd that when adrenal medulla cells are
stimulated through the splanchnic nerve the granules pass toward_s the
cell memnrane and one finds them in greater numbers in the region of
the membrane. Tne granuie membrane (von Euler and Hillarp, 1956)
then seems to coalesce tangentially with the cell membrane which appears
to rupture at the point of contact so that the granule contents are dis-

charged.
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The Anatomo-Physiological Context

The red nucleus is an ovoid mass of grey matter which, largely
due to its considerable vascularity, ‘appears pinkish in fresh brain. In
transverse sections this nucleus presents a circular outline and can be
followed from the level of the inferior border of the superor coliiculus
to the hypothalamus. Afferent fibres projéct to the red nucleus chiefly
from the deep cerebellar nuclei and from the cortex of .the frontal lobe
of the cerebral hemigpheres. These fibres, most abundant on the medial
surface of the nucleus, tend to encapsulate it. Postsynéptic (*rubral?)
fibres project deep in the spinal cord, to brainstem nuclei, the cerebellum
and the diencephalon (see Fig. 3). |

The deep cerebellar nuclei are usually considered as three units:
the fastigial nucleus (closest to the mid_line); the interposed nucleus (a
collective of the globose and emboliform nuclei)-and the denfate nucleus
(lying most lateral to the midline). Studies in several species (see
especially Carpenter and Ste\}ens, 1957; | Carpenter, 1959; Cohen,
Chambers and Sprague, 1958; Carpenter, Brittin and Pines, 1958;

Foltze and Mafzke, 1960; Jansen and Jansen, 1956; McMasters and
Russell, 1958) indicate close interspécial similarities with regard to
sources, projections and relations of cerebello-efferent fibres.

Functional cerebellar c'oxftico-nuclear relations are indicated
by clearly defined patterns of projection of Purkinje cells from the cortex
onto the subjacenf deep nuclei (Eager, 1963). The major tract in which
cerebello-efferent fibres project from the cerebellum to its brainstem
relations is the brachium conjunctivum, a fibre bundle composed of the
axons of cells in the deep cerebellar nuclei. Contrary to ‘the findings of
Carpenter, Brittin and Pines (1958), Cohen, Chambers and Sprague (1958),
using the Nauta techni(iue to study r'etrograde changes following lesions
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of the deep cerebellar nuclei, found that all cerebellar nuclei contribute
fibres to the brachium. Fastigial efferents also leave the cerebellum in
a tract known as the uncinate fasciculus (Carpenter et al., 1958) and
descend to medullar and pontine nuclei ipsi~ and contralateral to the fas-
tigial origins. The projections and connections .of the fastigial nuclel
are very complex, extending in the.brainstem from the medulla to the
rostral thalamus, and a great deal of confusion is evident in the literature.
Consequently, fastigio—efferentﬁbres are not shown in figure 3.

Rinvik and Walberg (1963) have demonstrated a significant pro-
jection from cerebral cortical areas to the red nuclelis, pointing out
that it is somatotopically organized and discuss the likelihood that cerebral
influences on motor performance may be transmitted by a cortico—rubro—
spinal pathway as well as by direct cortico-spinal projections.

In an extensive series of degeneration experiments in the cat
Hinman and Carpenter (1959) mapped the projections of the red nucleus
in the brainstem and spinal cord and the reader is referred to their paper
for detailed descriptions. Theyl demonstrated descending fibres termin-
ating at medullary levels, some crossed fibres (probably collaterals
from the rubrospinal tract) terminating in the "supraspinal part" of the
lateral reticular nucleus and some uncrossed fibres ("rubrobulbar tract™)
terminating in the "supraspinal part" constituted largely by the dorsal
lamellae, of the inferior olivary complex. These findings confirmed
those of earlier workers. The rubrospinal tract descends right to sacral
segments and its fibres appear to terminate on cells in the anterior horn,
down the whole length of the cord No rubrofugal fibres have been
reported terminating in motor nuclei of the cranial nerves.

The lateral reticular nucleus, according to Walberg (1958)
receives fibres only from the red nucleus, although Cohen et al. (1958) _

found it to receive a fastigial projection. This nucleus sends fibres
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to the ﬂocculo-nodular lobe and the hemispheres of the cerebellum,
these reticulo-cerebellar projections being ipsilateral to the red nucleus
origins, The inferior olive, on the other hand, receives a mixéd supra-
spinal input, thereby probably subserving somé integrative function
(Walberg, 1956, 1958) and sends fibres to crus I of the cerebellar hemi-
spheres. Decussating fibres ffom the red nucleus also ascend the
superior cerebellar peduncle in close appésition to the effereni: brachial
fibres and project to thé deep cerebellar nuclei, particularly the dentate,
in which the brachium fibfes originate (Carpenter, 1957). Thus the red
nucleus is equipped to feed information back to the cerebellum by three
different paths, the fibres projecting to quite dj.fferent terminations,
é system obviously subtending the integrative function of the cerebellum.
The demonstration that rubrospinal tract fibres terminate on
cells in the anterior horn of the cord, as well as its anatomical member-
ship of the 'extrapyramidal' system, immediately implicates the red
nucleus in the supraspinal control of motor function. |
Carpenter (1961) points out that the subthalamic and red nuclei
are most commonly associated with dyskinesia in man, but ﬁhat -i;n spite
of the attribution of several vafied mbtor disturbances to lesions of the
latter nucleus it is probably only tfansient 'ataxia, tremor and asynergia
and enduring hypokinetic phenomena which are subtended by rﬁbral des-
tructioh and that these effects are probably due to dysfuﬁction of the’
rubrospinal tract. These conclusions were precedéd by experiments
(Carpenter and Brittin, 1958) in the rhesus monkey J.n which discrete
brainstem lesibns were produced and the concomitant motor effects
observed. During these expérinienté transient choreoid d_yskinesias
were seen in animals with red nucleus lesions and concomitant destruc-
tion of some brachial fibres which did not form a link in the cerebello-
rubro-spinal pathway. It was concluded that these dyskinetic phenomena

resulting from lesions of the deep cerebellar nuclei or brachium
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conjunctivum are not dependeni on the integrity of the red nucleus or
rubrospinal tract, |

As is shown in fig, 3, the red nucleus projects fibres through
the subthalamic nucleus, some of which terminate (not shown) in this
cell group. Lesions of this nucleus cause persistent choreoid activity.
The subthalamic nucleus projects fibres to the globus pallidue which
must be intact for the hyperkinesis to be observed and the results are
interpreted (Carpenter, 1961) as being due to a reiease of the globus
pallidus as a consequence of the subthaiamic lesion. The discharge of
the globus pallidus is mediated via pallidofugal fibre systems to the
lateral reticular nuclear groups of the thalamus (connections not shown
in fig. 3) which in turn probably alter neural activity at the cerebro-
cortical level, Corticospinal tract fibres mostly decussate in the lower
medulla, so that the physiological disturbances are expressed in the
contralateral part of the body (Carbenter, 1961). The release.phenomena
observed with cerebellar leeions would appear to involve contralateral
diencephalic nuclei receiving crossed brachial fibres., Disordered infor-
mation projected to the cerebral cortex on that side would be relajed to
segmental levels by the cortico-spinal tract which; as described_ abofle,
decussates in the medulla, so that cerebellar lesions are na nifest in
ii)silateral dyskinesia; Lesions of the red nucleus or rubrospinal tract
ameliorate fhe hyperkinesis, but the dyskinesias are still present
(Carpenter and Brittin, 1958).

At the present stage observations of this type are useful in the
interpretation of clinical signs but do not give any insight into the physio-
logical mechanisms involved.

While still not at an *advanced! stage of development, the under—
standing of the mechanisms of rﬁbra.l control of peripheral motricity
has Mproved markedly in the last few years, following improved physio-

logical definition of the innervation of the muscle spindle and extrafusal
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muscle fibres and advances in the understanding of the function of the
spindle. |

Appelberg (1962 a, b) showed that stimulation of the red nucleus
depresses the activity of gamma motoneurones and that the static res-
‘ponSe of primary afferents is decreased whereas the Ydynamic? response
is increased. This is interpreted as indicating individual supraspinal
control of gamma1 (to *nuclear bag‘ intrafusal fibres, responsible for
the *dynamic! primary afferent response, see Appendix III)\and gamma,
(to 'nuclear chaint intrafusal fibres, responsible for !static! primary
response). motoneurones: this observation is equally important for an
understanding of muscle spindle function as of the function of the red
nucleus (see P,B.C, Matthews, 1964)., Eldred (1955, as cited by Apbel-
berg, 1962a) demonstrated gamma-motor eifects caused by stimulation
of the interposite and dentate nuclei, but Appelberg (1962a) considers
the effect he (Eldred) observed to be transmitted through bulbo-reticular
pathways, and the red nucleus to relay influences to the gamma system
from cerebral centres. Subsequent investigations (Appelberg and Kosary,
1963), in which different areas of the red nucleus were stimulated, lndl-
cate-that this nuoleus influences fusimotor neurones differently in differ-
ent areas, according to a somatotopic organization within the nucleus.
Stimulation of the dorsal part caused inhibition of gammas to both hind-
limb flexor and extensor muscles, with concomitant lowering of the
afferent ‘statici’ discharge, as described above., Stimulation of the ventral
portion of the nueleus facilitated flexor spindles, but inhibited extensors;
facilitation of alpha-motoneurones (motor to 'extrafusal fibres) in hind-
limb flexor muscles and inhibition of those to extensors was also observed.
That the rubrospinal tract conveys impulses to alpha-motoneurones from |
cerebellar origins has been strongly supported by the results of Thulin
(1963) and of Manni et al. (1964), among others. Thulin showed that
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repetitive stimulation of the red nucleus caused mixed facilitatory and
inhibitory effects on both flexor and extensor motoneurones: Manni aﬁd
his coworkers obtained both facilitatory and inhibitory hind-limb extensor
alpha effects and varying forelimb postural'changes from etimulation of
the iriterposite nﬁcleus which projects to the red nucleus; these results
are applicable to an analysis of the motor effects observed by Pompeiano
(1959). |

In review it can be said that we are aware of the red nucleus?
being a link in central circuits controlling motor function and that some
of the effects of central stimulation are explainable in terms of infor-
mation transmigsion by two independent, but functionally correlated
partners (the alpha and gamma‘ motoi' systems), both of which are et

least partially dependent on rubral integrity.
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Fige.3. Connections of the red nucleus., Fibres ascend from (1) the lateral
reticular nuc., and (2) the inferior olive to the cerebellum as described
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Methods

i) Preparations:

Two series of experiments were carrie-d out on cats.

The first, in which 47 cells were examlned in 9 animals, used
8 animals anaesthetized with pentobarbital sodium (Sagatal May and
Baker) which was initially administered intramuscularly (30 mg/kg) and
then intravenously as required and one preparation anaesthetized with
chloralose (70 mg/kg), 9 cells. being examined in this animal,

The second series used 3 unanaesthetized animals decerebrated
by a precollicular trans-section' of the brainstem: 18 cells were exam-

ined in these preparations.

ii) Surgery:

Surgery was performed on the animals to be used in the anaes-
thetized state after an initial intramuscular injection of barbiturates
those te be decerebrated were initially anaesthetized with diethyl ether
(induction) and maintained on methoxyflurane (Penthrane, Abbott) during
surgical procedure. Gaseous anaesthegia was discontinued at least
two hours befone recording procedures were begun.

A polyethylene -cannula with Luer-lock syringe fitting was intro-
duced to the brachial vein for intravenous injection procedures and a
polyethylene endotracheal tube (T-type) was inserted to provide a short,
unobstructed aix;way and to facilitate the maintenance of decerebrate
animals witn positive-pressure respiration.

Dorsal midline incisions allowed the attachment of clamps to
the lateral faces of the iliac processes and to a mid-thoracic spinous
process by which the animals were suspended in a clogse-to-normal
posture in the Ycat-frame?®. This method of holding the cats, in contrast

to the method of supporting them in a V-trough, placed no unusual
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pressures on the abdomina.l viscera and allowed normal thoracic respir-
atory excursions. | |

After midline incision extending from approximately the level
of the third cervical vertebra, over tﬁe cranium, almost to the dorsal
margins of the eye-orbits and retraction of the skin and muscle, .parietal
and occipital craniectomies were performed to provide .entry for record-
ing and stimulating electrodes, respectively. The opén sinuses in the |
bone were packed with bone;wax and the dura mater was removed from
both exposed surfaces. Usually the pariefal craniectomy was bilé.teral
(see fig. 4): the superior sagittal sinus was sealed with the diathermy
instrument and removed and the cerebral tissue was removed by suction,
often to the def)th of the »d‘orsal surface of the colliculi (see fig. 5) so as
to reduce thé amount of tissue through which glass electrodes had to

be advanced before entering the red nucleus.

Parietal bone

/‘g ANTERIOR
R

Occipital bone

Coronal suture

Fig, 4: Dorsal aspect of cat?s skull. Cross-hatched areas mark the

positions for craniectomy.
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Decerebration was achieved by a trans-section of the brainstem
just rostral to the colliculi and when this' was successful the lightly
anaesthetized animals exhibited the postural rigidity associated with the
decerebrate state. The rigidity was suppressed with injectione of galla-
mine triethiodide (Fla.xedil, May and Baker) sufficient to keep the animals
non-rigid a.nd the animals were mainfained with a positive-pressure
respirator (see previous note).

The size of the cat's pupils was used as an index of the possible
intactness of the red nucleus. Slit-like pupile were indicative of an intact
Cr. N. III (oculomotor) nucleus, this nucleus lying dorsal and slightly
posterior to the red nucleus, and therefore probably of the red nucleus
itself.

The animalls temperature was monitored with a rectal thermo-
meter and was maintained with a heater coil held against the underside

of the body with a blanket pinned around the cat.

iii) Experimental technique:

The cat!s head was fixed in a head-frame, an integral part of
the 'cat frame? by meaﬁs of mouicled steel ear-plugs which were inserted
deep into the aural canal. The he.ad.was spatially oriented as specified
by the "Horsley-Clarke" sterectaxic co-ordinste system by lifting the
front of the head, with the ear-plugs as axee, by means of a bar pressing
against the roof ‘of the cat's mouth, until it was firmly held against two
horizontal bars, equidistant from the midline, making contact with the
malar bones of the optic orbit. |

The brachium conjunctivum fibres were subjected to bipolar
electrical stimulation by means of a bank of five electrodes inserted
through the *hole! in the occipital bone with a micro-manipulator (see
fig. 5). The electrodes consisted of straight steel sewing needles insu-
lated, except for the ﬂps, with a high-resistance lacquer (Monsanto
Chenﬁicals (Aust.) Ltd.) applied by dipping the ne'ed_les and drying in an
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oven at 90°C. The electrodes were arranged in two banks, of three
and two, in such a way that each electrode was 1 mm from its nearest
neighbour. Stimulating pulses were applied through a programmed
switching unit and a stimulus isolation unit from a 90V dry cell source.

Fig, 5: Parasagittal section of caudal portion of cat brain showing
brainstem and cerebellum, Stimulating electrodes (stim.) were
advanced into the brachium conjunctivum (BC) arising in the cerebellar
ndclei (CN). The cerebrum was removed to the depth of the superior
colliculus (SC), allowing the tip of the reeording electrode (rec.) to

be nearer to the red nucleus (RN) before entering the tissue.

RN is about 3.5 mm anterior to Horsley-Clarke zero (H.C,C. 0).

LR: Lateral reticular nucleus, adjacen’c to inferior olive, 10 mm
posterior to H.C.C. zero.

VL: Ventro-lateral nucleus of the thalamus.
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A guitable recording site in the red nucleus was found using a
Whittled monopole steel electrode (Gru.ndfesf et al., 1950; Bishop and
Collins, 1950) insulated as were the stirﬁulators, the electrode being '
inser‘ted stereotaxically, using micromanipulators, according to the
atlas of Snider and Niemer (1961). This steel electrode was replaced by
5-barrel glass micropipettes (overall diameter, 6-12ﬁ) for the phama-
cological experiments. |

Solutions of drugs in suitably ionized form were prepared in
double-distilled water and filtered through ceiluloSe filter discs (pbre
size 0.45u) (Millipore Filter Corporation) before being intrbduced to
the electrode barrels. Most of the drugs used were availablé in the
form of ionized salts and dld not reqﬁire adjuétment, but the amino
acids, in partiéular, wefe adjusted, the pH of their solutions being taken
to 8 with sodium hydroxide, so that these compounds could be applied
as anions. In no case was any solution made more acid than pH 3.5
since hydrogen ions themselves excite neurbnes (Curtié, Phillis and
Watkins, 1961b).

The glass micropipettes were received as 'blanks"and_ when
required were drawn to a fine tip in a programmed electrode fpuller®
consistihg essentially of (i) a small heating coil which softehed_ the
glags while the pipette was being drawn out by (ii) a solenoid-operated
draw-bar. The drawn pipettes had an overall tip diameter less than 2u
ahd before use this was increased to the above stated diameter by
"kﬁocking back" with a fine, flgh-apded glass rod snder 3 Eleree saleRe-
scope using a micromanipulator. Ohe .advantagel of the multibarrelled
pipette is that it affords a means of applying compounds to a region
which is approximately geometrically the same as that from which
recordings are being made, even though the two may differ in magni-

tude. However, to make the most of this feature it is essential that the
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orifices are in the same plane: it was necessary, when knocking the tips
back, to ensure that one barrel did not ¥break back? further than the others
as was prone to happen as the glass Yaged* after pulling, the fused joints
especially becoming brittle. After a recording *run’ it was neceséary to
check the integrity of the tip: if one of the drug barrels broke during an
experiment, records taken during the use of such a barrel would probably
be erroneous. | |

Once the drug solutions and micropipettes were prepared, the
solutions were introduced to the four outer barrels, 4M sodium cﬁloride
to the central recording barrel, and the tips filled by spinning the elec;
trodes in a centrifuge at 3, 500 r. p. ﬁl. (about 220O x g at the tip) for
seven to ten minutes (Curtis and Davis, 1962).

Drugs tend_ to escape from pipettes by two mechanisms:
(1) bulk flow, due to the pressure head of solution in the pipette barrel
and (ii) diffusion. In order to try and preven loss of drugs from the
barrels a *backing potential' of 1/2V Was applied acroés the tips as soon
as the electrode had entered the brain tissue. This Ybacking potential?’
also helped prévent the efflux of a drug due to electrical coupling with a

nearby barrel when this barrel was in use (see Curtis et al., 1959).

Recording Procedures

Rubral activity was monitored on a Tektronix Type 565 cathode
ray oscilloscope following amplification of the signal by an a.c. --coupled
differential preamplifier with cathode follower input stage. A d c. -line
Was used to monitor the changes in fip, contact, etcetera potentials which
had to be neutralized with Ybucking! units built into the recording circuit,
sinr:e the a. c. -coupled amplifier 'Overloaded'~with a swing of 50mV or
more: it was also necessary in monitoring intracellular recording

(experiments not reported here).
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A second oscilloscope, triggered by the first, was equipped with
similar input stages and its ancillary equipment allowed voltage and .time
calibrating pulses to be displayed and photographed, aldng with the bio-—
logical response, using a Grass Kymograph cameré. The recorded
signal was fed into a Hewlett—Packard 523 CR electronic counter,‘ the
trigger-level of which was manually set and continuously variable. Fre-
quently more than one rubral unit was discharging and these could be
discriminated by comparison of the sizes of the extraéellular resf)onses.
It was possible, by setting the triggering level of the counter at a suit-
able value, to examine the behaviour of only the cells with the largest
recorded response, the counter triggering a pulse generator, the output
of which was displayed on the CRO., When the pulses displayed corres-
ponded only to the responses to be counted, the trigger level was assumed
satisfactory. The pulse generator also fed an integrating preamplifier
which summed the voltage input in one second lots and d_isplayed the
integrals as an analogue of the firing rate on an Offner Dynograph Pen-
writer.,

A block diagram of the recording system is shown in fig. 6.
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CAM
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C.R.O

Fig. 6: Block diagram of recording system described in text. Lines
with arrows carry trigger-pulses, | |

The ancillary equipment of the second oscilloscope, for calibrating
pulses, is not shown, |

C.R.O,: cathode ray oscilloscope

Y10 Variable trigger-level counter (Hewlett-Packard)

P.G,: Pulse generator |

INT.: Integrating preamplifier

P.R.: Amplifier-penwriter (Offner Dynograph)

CAM.: Grass Camera

A.A.: Audio-amplifier
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Results:

i) Spontaneous Activity

Spontaneous neuronal discharges were recorded from fibres in
the decussatiacoh of the brachium conjunctivum (Calma, 419}52) and from
rubral neurones (Massion and Albe-Fessard, 1963) in which it Was dem-
onstrated that "under light anéesthesia with ‘nembutal (18 mg/kg) seﬁsory
stimulation does not produce any response in the magnocellular portion"1
of the red nucleus, whereas sensory stimulation provoked an increase
in the spontaneous activity already present in the chloraldse anaesthetized
cat. Rubral activity was shown to be very largely dependent upon the |
integrity of the cerebellum, and it has been assumed that.the tspontaneous?
discharge of rubral neurones is'main.ly the result of .activity in the brach-
iﬁm fibres.

In the present experiments, eighteen cells, all of which were
synaptically evoked following a brachium conjunctivum volley, were
studied in the decerebrate preparation. Fourteen cells exhibited *spon-
taneoué' firing at rates varying between 40 and 80 impulses per second_;
ten of them discharged regularly (fig. 8, Con.) while four displayed
apparently réndomd bursts of activity in which the discharge frequency
reached 120/seé. |

| Although spontaneous firing was only seen in the decerebrate,
unanaesthetized cat, some of the results obtained in the anaesthetized
animals may reflect differences in the pharmacological properties of
pentobarbitone and chioralose (see Discussion).

The use of two different preparations, the anaesthetized and the
decerebrate animal, has ‘afforded an opportunity of studying different

aspects of rubral activity and has provided circumstantial evidence that

1, A free translation from the original French
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phenylethylamines and 5-hydroxytryptamine have different actions on the
synaptic mechanigsm, |

Throughout this thesis the terms *synaptic? and !evoked! refer
to rubral response to volleys, elicited by electrical stirrlulation, in the
brachium and *spontaneous' refers to rubral response to autogenic input,

as seen in the unanaesthetized preparations.

2., Sensitivity of Rubral Cells to Amino Acids

In all experiments at least one of the four drug barrels was
filled with a concentrated solution of either L-glutaﬁlate sodium or DL-~-
homocysteate sodium so that adjacent neurones could be chemically
evoked when reqﬁired. At every site so far examined in the central
nervous system it has been found that these two aminc acids, as well as
others of the monoamine dicarboﬁ:ylic acid series (Curtis end Watkins,
1960) have excitant properties. | |

In the experiments reported here and in earlier investigations
(e.g. Curtis and Davis, 1963) these compounds have assisted evaluation
of the effect of eubstances which may alter a neuronels excitability, but
which are too weak to either block synaptically evoked firing or to cause
quiescent cells to discharge. The procedure involves the production of
a constant neuronai firing frequency (e.g. 50/sec) by the regular appli-
cations (e.g. 15 sec. *ON?, 15 sec. *OFF?) of a steady amount of the
excitant amino acid alone by passing a constant current (e.g. 30nA)
through the electrode. Continual addition of the test substance during
the YON-OFF? sequence of amino acid applications allows any change in
membrane excitability to be observed, manifest in an increase or de-
crease of the chemically evoked discharge rate.

Tested rubral cells all fired repetitively in response to appli-
cations of either amino acid. Homocysteate applications were clearly

the more potent, the current required to produce a similar firing rate
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to that provoked by a certain current of glutamate being only a quarter
to one third as Inuch.

Figure TA shows the results of a typical comparison of the two
amino acids when applied separately to the one cell at various current
strengths. It appeared that homocysteate excitation was slower in
onset and offset than the glutamate effect, as has been remarked by
Curtis fof gpinal interneurones (including Renshaw cells) and ceils of
the ventrobasal thalamic nucleus (see Andersen and Curtis, 1964a). A
synergistic action was observed (fig. TA, arrow) wnen the two were
evoked at the same time.

| Gamma aminobutyric acid (GABA) was shown to be a potent
depressant of neuronel activity in fhe red nucleus as in every other site
so far examined in the CNS. It suppressed firing of rubral cells in
response to glutamate excitation (fig. 7B) and to synaptic activation
from the brachium conjunctivum.

GABA has been found to have a depressant action on a wide
variety of tissues. It has been found in extracts of human brain contain-
ing Factor I (Cf. McLennan, 1961; see Chapter 2, *Inhibition') and was
considered as the inhibitory transmitter acting on the crustacean
abdominal stretch receptor neurone, although this was rendered unlikely
by the findings of Florey and Biederman (1960). Experiments on the
slowly adapting receptor cells of fhe crayfish indicated a membrane
hyperpolarization in response to GABA applicatien (Kuffler and Edwards,
1958), increasing with GABA concentration, until the membrane poten-
tial reached that of the normal inhibitory equilibrium potential and
i.p.s.ps d_ieappeared. At near ¥threshold! for block, GABA not only
reduced the i.p.s.p. .but also accelerated‘.its falling phase, just as it
did the efter positivities of antidromic impulses, indicating an action
of increasing conductances to snecific ions, it was claimed by the

authors, in dendrites and cell body, since concentrations even 1000 x
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Effect of amino acids on rubral activity. Explanations in text.

threghold for block did not affect axon conduction or change appreciably

the axon membrane time constant. Experiments with reduced extra-

cellular potassium concentration indicated a common mechanism for

the inhibitory transmitter and for GABA -which, it appeared, was des-

troyed by an enzymic process in the synaptic region.

Studies on spinal neurones (Curtis et al., 1959) in which intra-

cellular recording of responses during GABA: application was achieved,

indicated that the compound causes an increase in resting membrane

conductance, without any change in membrane potential, in contrast

with recorded inhibitory potentials. This was accepted as indicating
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that GABA has a *non-specific depressant action' upon the neurone and
that it is probably not a specific inhibitory transmitter in the mammalian

nervous system.

3. The Biogenic Amines

i) Acetylcholine and related compounds
Histochemical examinations shdw only slight cholinacetylase
activity in brachium conjunctivum and red nucleus (Feldberg and Vogt,
19438) and sparse, light cholinesterase staining in a few iarge ceils of
the red nucleus (Koelle, 1954).

a) Anaesthetized Preparation

Acetylcholine and carbachol, applied with currents of 60-100nA
for periods of up to two minutes were found té have no effect on the syn-
aptically evoked or amino acid-induced firing of rubral neurones in the
anaesthetized preparation: acétyléholihe was applied to eight cells from
three differeﬁt electrodes whilst carbachol was appliéd to two cells from

one electrode.

b) Decerebrate Animal

Acetylcholine was applied to eight rubral neurones without effect
on 'spontaneous! firing or the synéptic discharge following a single
brachium conjunctivum volley.

The cholinergic blocking agent, dihydro-B-erythroidine failed
to depress ‘orthodromically evoked activity in the five cells examined

and was without effect on spontaneous firing in the decerebrate preparation.

ii) 5-Hydroxytryptamine

a) Anaesthetized Preparation

In the anaesthetized cat, application of 5-HT failed to elicit
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any apparent changes in the excitability of the nine rubral cells tested.
The quiescent cells could not be made to discharge and the drug neither
augmented nor depressed amino acid-evoked activity and the response

to orthodromic stimulation appeared unaffected.

b) Decerebrate Cat

Results obtained by the use of the unanaesthetized preparation
have been useful in indicating a probable difference betweén the modes
of action of 5-HT and the phenylethylaminés. 5-Hydroxytryptamine ‘Was
applied to fourteen rubral cells with currents of between 10 and 100nA
for durations of 30-200 seconds and a marked depressant effecf was
obsefved on the synaptic mechanisms . |

The extracellular response recorded in the red nucleus is shown
in figs. 8A and 9A. In fig. 8A after the inifial negativity marking the
stimulus artiféct is the positive-negative waveform (b) indicating the
arrival of the brachium volley in the red nucleus, then the negative wave
(r) marking the rubral discharge after av synaptic delay.

Figures 8B and 9E, F demonstrate the dépressant effect of 5-HT
on the synaptic mechaniém as séen in the decerebrate preparation. The
cell from which the responses of fig. 8 wefe recorded was more sus-
ceptible to the influence of the indolealkylamine than that of fig. 9 and
as seen in fig, 8B transmission wés blocked by 5-HT with a current
of only 40nA, In fig. 9E the latency of the postsynaptic activity is clearly
increased by application of 80nA 5-HT by comparison with the controls
(fig. 9A, ‘D) and in fig. 9F 100nA has blocked response to brachial stimu-
lation,

To establish whether or not the current applications were
affecting neuronal firing regardless of any action of the drug, sodium

ions (presumed Yinert! to the resting membrane which is assumed to
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Fig, 8: See description in text, Numerals above the traces indicate

the currents used to ionophorese the drugs.

have a low sodium conductance) were passed using currents of up to
100nA. If the sodium current depressed celiular excitability in a paral-
lel manner to drug application,‘ such reéults would have been deleted
from the overall assessment, Hence, figures 8C, 9D, H, 10 (Sod. 60nA)
and 11 (Sodium) are regarded as fcontrols' along with those marked
'Co‘nfwhich were taken fforh recordings of cells firing without extran~

eous currents being applied.
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Fig, 9: Effect of noradrenaline and 9-hydroxytryptamine on rubral
activity in the unanaesthetized cat, | |

A-F: The effect of the compounds on evoked activity

G-L: Depressant effect on spontaneous actiﬁty

The figure is described in the text.

Figures 9J-L and 10 (5-HT 50nA) illustrate the effect of the
compound on two of the teﬁ cells *spontaneously! firing. When 5-HT
was applied the firing rate decreased in six of the cells; in the majority,
as depictedvin fig. 10, the dégree of depression appeared proportional
to the currént used and thefefore the .amount of drug appiied until the
current reached 40'nA, ‘which usually gave a neaf-maximal éffect. This
also appeared true when brachium conjunctivum volleys were used to

elicit rubral activity: 46nA 5-HT (as in fig. 8B) usually resulted in a
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near-maximal transmission failure. The cell whose responses are
shown in fig. 9 was an exception. As can be seen in fig, 9 J-L increas-
ing the current (40nA, 80nA, 100nA) resulted in an increasing degree of
depression until firing was abolished. The effect, on this antogenic dis=
charge, of varying the iontophoresis current over a wide range is demon-
strated in fig. 11, horizontal lines indicating the current.being used,‘

those Below (positive to) the zero merk indicating 'ejecting currenf:"and
those above, Tbacking offf. The vertical 1ines each represent the mean
firing rate for the preceding 5 seconds, represented by the spaces
between the lines. As cah be seen by the rapid randem firing persisting
during sodium application, 5-HT was strongly depressant. Augmentation
ef spontaneous firing with homocysteate also appeared to be depressed

(see Discussion).

Con 5-HT 50nA
100/sec
. 45sec
Sod 60nA NA 30nA NA 60nA

MWMWWM

Fig, 10: Tracings of penwriter records. Effect of drugs on spon-
taneous rubral activity; described in the text. Note that sodium
current seems to increase the firing rate by comparison with the

controls,
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iii) Dopamine, Noradrenaline and Adrenaline

a) Anaesthetized Animal

In the barbiturate anaesthetized cat, the effects of dopamine
and of noradrenaline on synaptically evoked discharge were fested using
sixteen cells with the former and twenty six cells with the latter. In
none of these examinations did the amines block the rubral response.
When these cells were excited‘ by application of Li-glutamate or DL-
homocysteate, however, the emino acid-evoked activity was consistently
depressed over a wide range of current. strengths used and an excitatory
effect was never observed (Cf. the effect of large adrenalirle currents
on cortical cells, Krnjevic and Phillis, 1963).

In the chloralose anaesthetized animal synaptic firing was
blocked in one cell only and by both amines, msing a relatively high
current of 100nA in the ejection of each (fig. 12A, B, E). The effect
was observed only after the applications had proceeded for about 45
seconds and in each case recovery took 10-15 seconds after the drug
current had been turned off. To establish that it was not the effect of
passing increasing amounts of current,sodium ions were applied with
the same current for a similar length of time: they did not affect the
synaptic response (fig. 12D). As with the barbiturate enaesthetized
cat amino acid-evoked firing was depressed. Fig. 12G shows the aetivity
of the same cell as in. fig. 12A-E being produced by applications of
homocysteate ion with a current of 20nA. Continuous ejection of the
phenylethylamines during a series of brief (*ON*-!OFF?) stimulations
with amino acid resdlted in the activity being depressed; fig. 129, 1
demonstrate the effect of 80 and 100nA of noradrenaline respectively.
While dopamine (fig. 12K) 100nA acts similarly, the effect observed
here is not as marked as with noradrenaline. As in the other investi-
gations sodium (fig. 12J) 100nA was passed as a control: had it affected

the discharge rate, any results from the cell would have been deleted.
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The decrease in discharge rate of rubral neurones excited by amino
acids was found to be proportional to the amount of current used to pro-
duce the applications of phenylethylamine (fig. 13).

Adrenaline was tested on nine cells in the anaesthetized animal
and its effect on amino acid evoked firing was comparable to that of
nofadrena]ine and dopamine., The electrode containing noradrenaline
and dbpamine which was used in the prevention of synaptic aétivation of
thev cell in fig, 12 did not contain adrenaline, so no indication was

obtained of its relative ability to block synaptically evoked firing,
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Fig, 11: Effect of varying drug currents on spontaneous rubral activity.
The maximum current used (horizontal lines) was 100nA., Currents
above the zero line indicate backing currents and were decided by the

0.5V backing potential and the tip resistances of the barrels.
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During 'backing off% tartrate was being ejected from the noradrenaline
barrel and sulphate from the 5-HT. Sodium was delivered from an

amino acid barrel. The results are described in the text.

b) Decerebrate Cat

In the decerebrate, unanaesthetized animal the results were
very similar,

Figure 9B shows a threshold condition of a brachio-rubral
synapse being activated by a brachiurﬁ conjunctivum volley while under
the influence of an application of noradrenaline (80nA); the latency of
the discharge varied considerably and was generally longer than in the
contfols (fig. 9A, D) and af times the.transmission was blocked. Figure
9C illustrates the synaptic response being blocked with an application of
noradrenaline (100nA), as does fig, 8D, |

The spontaneous firing was consistently depressed by noradren-
aline, even when very small currents were used (e.g. 10nA) and was
blocked by larger currents (figs. 9I, 11). Depression of spontaneous
firing eppeared proportional to the current used_: this progressive failure

is illustrated by figs. 10 (noradrenaline 30nA, noradrenaline 60nA) and 1l.

3. Biologically Active Phenylethylamines

The finding that the biogenic phenylethylamines depressed
neuronal excitability prompted the testing of a selected gfoup of biologic~-
ally active derivatives, amphetamine, isoprenaline and 4 -methoxy -
phenylethylamine. Amphetamine was chosen on the basis of its psycho-
motor stimulant activity and its ability to facilitate mono~ and polysynagtic
activity in the spinal cord (Killam, 1959); isoprenaline, for its
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Fig. 12: Effect of catecholamines on rubral activity in the chloralose
anaesthetized cat.

A-E: Responses in red nucleus subjected to brachial volleys

G-K: Activity of rubral cells excited by DL-homocysteate

A, C, G: Control records (no current)

D, J: Current controls (sodium 100nA)

B: Noradrenaline, 100nA; E: dopamine, 100nA

H, I: Noradrenaline, 80 and 100nA respectively

K: Dopamine 100nA

Vertical calibration (F), 400uV (refers to A-E)

sympathomimetic properties and 4-methoxyphenylethylamine (Roche
1-2070/1) which induces rigidity in cat and monkey (Ernst, 1962 a, b).
Only a small number of cells was tested and only in the barbitu-
rate anaesthetized preparation. Synaptic firing was not affected but
depression of amino acid-induced firing, in a manner similar to that

caused by the biogenic phenylethylamines, was observed.
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Fig, 13: Depression of amino acid-evoked firing by biologically active
phenylethylamines. Current values shown in lower left-hand corner

of each pair of arcs indicates current used to ionphorese L-glutamate.
Sodium control in A, Barbiturate anaesthétized preparation.

Sod.: Sodium, NA: noradrenaline, Adren: adfenaline, DA: dopamine
4-M: 4-nﬁethoxypheny1ethfylamine, Amphet: afnphetamine, I—-?ren:

isoprenaline,

Because, in any one solution used in these experiments, the
transport numbers of the ions present were not known, because the
electrical properties of one ionic solution differ from those of another
and because there are other physical factors determining flux rates

from microelectrodes, accurate assessment of the number of ions
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issuing from a barrel under experimental conditions cannot be made by
monitoring the current flowing in the electrophoresis circuit alone;
Theoretical calculations have been presented and supported experiment-
ally (Krnjevié et al., 1963) showing that physical dissimilarities, not
readily detectable, between electrode barrels are important factors in
determining flux rates. Using one salt (acetylcholine chloride) gross
variations in the amount of active substance effluxing from different
barrels during electrophoresis by a given current were observed: how-
ever, for a given barrel, the amount of drug passed is approximately
linearly related to the current, Because of this limitation it is invalid
to present a pofency scale for substances such as these phenylethylamines
unless comparisons are repeated a sufficient number of times to pro-
vide a statistically significant reeult. No potency estimates have been
offered as a result of these experiments, but there does not seem to be
a significant difference between the effectiveness of any two compounds

used (see fig. 13).
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DISCUSSION
The local application of 5-hydroxytryptamine and certain deriv-

atives of phenylethylamine, among them the endogenous catecholamines,
to rubral neurones has resulted in the preventien of these cells from
responding to volleys in the brachium conjunctivum and to spontaneous
input, inferred, from the results of Calma (1952) and Massion and Albe-
Fessard (1963) to be from discharges in the brachiunﬁ.

The results cited 1n this thesis, which have Been obtained using
cats in two different states, have provid_ed evidence for different rﬁechan-
isms of action of 5-HT and the phenylethyiamiﬁes in exerting depressant
effects on the brachiorubrel synapse system. |

The influence of anaesthetic agents on the physiological state
of the nerve cell ig little known. Recent experiments (Léyning et al.,
1964) in which blood pressure and oxygen tension in the spinal cord have
been monitored have given resulte indicating that the basic mechanism
of barbiturate~block of synaptic transﬁaission at the motoneurone is
manifest in a reduction in the size of the action potential invading the
presynaptic terminals and thus a reduction in transmitter output, although
close examination revealed no reduction in the excitability of afferent
nerve terminals under the inﬂuenee of the barbiturate, by comparison
with the controls. These results were at variance with those of Somjen
and Gill (1963) who used two dissimilar 'general anaesthetics! in a study
on motoneurones. The latter. workers found that under the influence of
thiopental and diethyl ether the rate of rise of the e.p.s.p. and its ampli-
tude were redueed, without any delay in its onset or alteration of the
reeting potential, 'and the thresheld for spike production in the moto-
neurone was increagsed. The experiments of Léyning et al. indicated
that large doses of bafhiturate (they used thiamylal sodium) depressed
PO,
metabolism and a reduction in metabolism due to hypoxia and which may

and blood pressure, which may have caused a toxic disturbance of
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have contributed to the results of the earlier experiments, but which were,
in fact, shown to be unrelated to the primary mechanism of transmission
block, When small doses of thiamylal sodium were administered there
was a reduction in the monosynaptic reﬂe}r which was not subtended by
pathological environmental changes. Intracellular recording frorn moto-
neurones of the spinal cord revealed that the monosynaptie €.P. 8. P. Wasg
decreased by thiamylal, The firing Ithreshold of the motoneurones was
not altered, whether the spikespotential was elicited synaptically or by
passage of rectangular direct current pulses. The epike potential, resting
potential, electrical properties and accommodation of the motoneurones
were unaltered during thiamylal anaesthesia, 4Results attributable to the
anaesthetic effect have been observed on the brachiorubral synapse
system: the synaptic latency is clearly increased and activity present

in the unanaesthetized, decerebrate animal is depreseed when the cat is
anaesthetized with pen:l:obarbital. Whether chloralose has the same action
on the synaptic mechanism has not been investigated, but a difference
between its mode of action and that of the barbiturates can be inferred
from the resulte of Massion and Albe-Fessard (1963), |

In the lateral geniculate nucleus amino acid-evoked firing was

resistant to depression by 5-HT (Curtis and Davis, 1962) whereas synaptic
transmissionvwas clearly blocked. Similar results have been obtained

in the red nucleus, where 5-HT vvas without effect on the activity evoked
by amino ‘acids in the barbiturate anaesthetized animal, but where synap-
tically evoked activity was blocked and the spontaneous activity seen in
the decerebrate preparation was markedly depressed. Antidromic action
i potentials set up in geniculate fibres did not fail to invade the soma-
dendritic membrane (Curtis and Davie, 1962) and there was no alteration
of the conformation of the extraeellul_arl'y recorded spike suggestive of

an alteration of postsynaptic neurone membrane properties. As a result
of this study the authors concluded that 5~hydroxytryptamine probably

has a presynaptic site of action,‘ interfering with the release of trans-

mitter from the presynaptic terminals in some way or, alternatively, by
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competing at the subsynaptic membrane ‘receptor site! with the excitatory
transmitter. If the former alternative were the case, it is most probable
that the mechanism would involve some form of membrane reinforcement,
depressing the vesicular (or other secretory inclusion) disruption, or
other neurohormone-releasing action, rather than reducing the amplitude
of the terminal-invading action potential by some means, since the size |
of the presynaptic field was unaltered by the drug (see Curtis and Davis,
1962, fig. 2): Lbyning et al. (1964) recognized the negative-peak empli-
tude of the presynaptic field response to be an index of action potentiai
amplitude. The present results are compatible with either of the alter-
natives proposed by Curtis and Davis a.nd are supportive of the contention
of the previous workers that the action is not directed at the properties
of the postsynaptic electrically excitable memlorane. ‘The observation
that amino acid augmentation of low levels of spontaneous activity was
reduced by S-HT is explainable on the grounds that the synaptic bias
wonld be removed or reduced by the drug, leaving the amino acid effect
'bare’; | | | |

From a study of the locomotor activity of mice treated with
various compounds affecting catecholamine metabolism, Rossum and
Hurkmans (1964) lriave clagsified psychomotor stimulant drugs in four
groups which they maintain cause psychomotor excitation by different
mechanisms. Amphetamine and closely related compounds are thought
to interact directly with receptors for catecholamines in the brain, being
rapidly effective and not dependent on the integrity of the central catechol-
amine stores. The response to cocaine was tdally dependeni on the
presence of intact tissue stores of dopamine, further evidence supporting
the suggestion of Barbeau and Sourkes (1961, see General Introduction)

that dopamine is important in the function of the basal ganglia.
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The results cited in this thesis are also indicative of phenylethyl-
amines all acting at the same site, whether or not this site is a normal
central catecholamine 'receptor?.

The result which indicates a probable modal difference between
the phenylethylamines and the indole compound is tne depression of amino
acid-evoked firing by the former in the barbiturate anaesthetized cat.
This result may be interpreted in several ways. The phenylethylamines
could cause a decrease in the sensitivity of the ionic conductance mechan-
isms of electrically excitable membranes to depolarization, thus increas-
ing threshold and reducmg the gize of the spike, as has been observed
for procaine and cocaine in the voltage-clamped squld axon (Shanes et
al., 1959): Curtis and Phillis (1960) illustrated the effect for procaine
on the motoneurone. Alternatively, low impedance *patches? could be
induced in parts of the membrane such that excitatory potentials Would
be v"sho‘rt-circuited'; and other 'non-specific* actions at the membrane
are possible. Theee are the mechanisms which have been suggested as
unlikely for 5-HT. This would explain their ability to block amino acid—
induced firing as well as that ellcited by volleys in the brachium conjunc-
tivum and by the ?spontaneous discharge mechanism?., These compounds
may also have an action on the components of the synapse system, as
has been suggested for 5-HT, above. Extracellular recording in the
olfactory bulb of tne rabbit during application of the amines (von Baum-
garten et al., 1964) i‘ailed to. reveal any alteration in the characteristics
of the antidromically evoked spike of mitral cells and they concluded
that the cornpounds were not exerting any influence on conductance
mechanisms of the electrically excitable membrane. Unfortunately,
as examination of the published figures of these authors reveals, the
recorded antldromlc activities were made up of field responses from

groups of neurones firing slightly out of phase with one another. This
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asynchrony would serve to disguise small changes in the 'picture? of the
field: the blocking of an action potential in one or a number of fibres in
the recording field of the electrode would result in a reduction of the
amplitude of the field response. That this was not observed could be
explained on the grounds that the concentration of amine produced‘in the
extracellular environment, while sufficient to block orthodromic trans-
mission, may be insufficient to block the propagation of an action poten-
tial initiated in an unaffected part of the fibre. Such a state of affairs
would be possible in certain ‘mechanistic circumstances, such as will
now be described. From observations of several workers (see especially
Araki and Terzuolo, 1962), it has been documented that the threshold
for regenerative activity in soma-dendritic membrane is considerably
higher than in initial segment and other axonic membrane. The electro-
tonic depolarization of the soma-dendritic membrane by the synaptic
mechanism is insufficient to initiate an action potential in this area of
membrane and it only arises by invasion of the soma by an action poten-
tial initiated in the initial segment, which is then refractory, so that the
soma-dendritic spike does not propagate back along the axon, Evidence
of this is seen in the records shown in the Results. The waveform of
the rubral discharge, where this has been elicited by brachial input

(see *evoked! and 'spontaneous? records), has only a small late positive
component (probably due to the spike propagating peripherally in the
dendrites) by comparison with that of the amino acid-evoked response.
The chemically elicited activity arises in the membrane under the elec-
trode and propagates away from the initiation-record_ing site, as evid-
enced by ‘a large late positive component. If the drugs were to reduce
somatic membrane impedance the length constant of the membrane
would be reduced, the depolarization of the initial segment in response
to synaptic input would be reduced, possibly below threshold, and con-

sequently the excitatory conduction would be blocked. However, an
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antidromic action potential may still be able to invade the soma and
unless the resolution afforded by the recording technique was sufficient
to reveal changes in the spike waveform,suoh a test for a postsynaptic
site of action would give a migleading result.

Curtis'*and_ Davist® (1962) interpretation of the result for 5-HT
is, however, acceptable because of the failure of the compound to block
amino acid-induced discharge. One would expect that if the excitability
of the postsynaptic ’membrane had been depressed, amino acid firing
would have been reduced as it was by the phenylethylamines. .Examin-
ation of filmed *spontaneous? activity under the low power objective of
the microscope revealed a very small positive-negative waveform pre-
ceding the rubral spike which was probably due to the presynaptic activity.
Examination of fig, 9G-L gives an indicationv of the even periodicity of
the "spontaneous"discharge. If a transients-analysis system of sufficient
resolution were available the recognition of presynaptic activity in such
records could be made more positively and abortive presynaptic activity
could Be distinguished from the baseline noise. Reduction in the frequency
of presynaptic firing during the action of a drug would be positively indic-
ative of a presynaptic site of action, but thefa_ilure to reduce presynaptic
activity would leaye the situation as it was left by Curtis nnd Davis, for
5-HT, after fheir study of the lateral geniculate,

The inadequacy of the resolution generally afforded by the extra-
cellular recording technique limits an analysis of the membrane phen-
omena as may be expected to occur under the experimental conditions
as described: the drugs examined may even have exer“ted an effect on
the neurones manifest as a depolarization or hyperpolarization, but the
extracellular situation of the electrode, together with the recording
through a condenser-coupled amplifier, would not allow the slow change

in membrane potential concomitant with the slow build-up of applied
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drug to be recorded, Increased acuity in alanytical procedures would
be afforded by the use of intracellular recording: it was only by the use
of intracellular recording techniques that Ldyning et al. (1964) were
able to show, uniquivocally, that the fundamental blockage of synaptic
transmission by barbiturate occurs elseWhere than in the postsynaptic
member., These authors did not indicate what proportion of the moto-
neurone population examined responded to ortho- or antidromic stimu-
lation with e.p.s.ps or fully developed Vaction potentials: .during the
period in which Ithe present pnarmacological studies were carried out,
attempts were made to record intracellular potentials from rubrai cells
with KC1 or KZSO4-filled glaes microelectrodes. In spite of the fact
that extracellular recording indicated extensive excitatory activity in
the nucleus following brachial volleys, very few of the large number of
neurones impaled gave sign of responsiveness and these could not be
studied for very iong periods. This experience hes been indicative that
ted_ious'ness and possibly frnitlessness could be the outcome 'of attempts
to study pharmecological problems of the revd nucleus with this method.
| Ideally, the size of the rubral neurone is suitable for intra-
cellular examination (some diameter, about 50u) and one may cite the
use of concentric electrodes ‘as the basic tool for a definitive study of
neuropharmacological phenomena at this site. These electrodes con-
sist of a fine central barrel filled with a suitable 1ow-impedance solution
(e.g. KC1, K2$O4, Kcit. ) for intracellular recording, jacketed by an-
other drawn glass tube with a tip of 10-12u diameter, prepared as were
the muitibarrel pipettes used in the present study (see Methods) and
filled with a solution of the drug to be inntophoresed. This outer barrel
is ﬁied with its tip 40-50u from the tip of the fine inner barrel, so that
while tne latter is within the cell, recording, drug can be applied to

the external environment. By the use of a suitable bridge arrangement,
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by which tip potentials which arise as artifacts can be *bucked?!; or com~-
pensated for (e.g., see that of Martin and Pilar, 1963a), current may
be passed into the cell via the recording electrode in order to more
rigorously study changes, if any, in the membrahe condﬁctance.

If it were shown that the phenylethylamines do hot have an action
at the electrically excitable postsynaptic membrane, fhe results with
the amino acids Would require that the phenylethylamines be competitors
of the mono-amino dicarboxylic acids at their site of action on the mem-
brane. Of course, a combination of‘ these suggested mechanisms would
not be impossgible. |

During the course of the experiments it was thought that the
failure of the synaptically evoked response during phenylethylamine
application in the chloralose anaesthetized animal may have been fortui-
tous: the result could have been explained by assuming that the synaptic
input to the rubral cell was just at threshold and the cell was failing
randomly, coincident with the administration of che drugs. However,
the succeeding exberiments in the unanaesthetized cets conﬁ.rmed the
ability of the phenylethylamines and 5-hydroxytryptamine to block the
brachiorubral synapse, so that it would now appear that our inability
to block the synaptic mechanism in the Vbarbiturate anaesthetized animal
may have been due to chance. Stimulation of the brachium conjunctivum
with high-voltage pulses from bipolar electrodes, as was employed in
this study, results in an extremely powerful input to the red nucleus
cells. Histologica.l investigations (Cajal, 1911) have shown rubral cells
to have diffuse and extensive dendritic arborizations: Cajal described
them as "extending almost the Width of the nucleus, which is approxi-
mately 1-1.5 mm™,  The observations indicate that one rubral cell
receives synaptic input from a large number of brachial fibres and that
activation of many, or all, of these inputs using our n:ethod of stimulation
is possible, but would be a physiological rarity. The inability to block
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activity evoked by brachial stimulation in the majority of cells tested,
notably those in the barbiturate anaesthetized animal which were not.
blocked at all, could be due to the iontophoretically released drugs exert-
ing an effect which is insignificant by comparison with the powerful synaptic
drive. Equally as plausible, of course, ig the possibility that pentobar-
bital is antagonistic to the: compounds tested. If this antagonism were
operative, it would necessarily be ekerted on some part of the synaptic
mechanism and not on thad part of the metnbrane where the amino acid
treceptors? are, since these are still sensitive to phenylethylamines. |
What is the significance of these observations? Reviewing the
literature it can be seen that 5-HT and the phenylethylamines have pre-
dominantly depressant actions on the neuronal systems studied, although
in a number of areas facilitation has also been seen. A duaiity of response
is not confined to these compounds; acetylcholine exerts Vmi.xed effects
on certain systems. It was seen ‘to have an initial depressant effect on
neurones of the ventrobasal (Andersen and Curtis, 1964) and ventrolateral
(Davis et al., 1964) thalamic nuclei, preceding the excitatox;y action which
has led these workers to be aware of the possible synaptic function of
this amine in these areas. Andersen and Curtis (1964a) suggested that
cholinoceptive inhibitory synapses may be present, but it seems equally
possible that the amine may exert some fnon-specifict action on mem-
branes. There is, generally, very little evidence positively indicating
a synaptic role for these endogenous compounds and it is questionable
whether neuropharmacologists have been able to do more than document
findings of possibly doubtful or at least, as yet, unknown significance.
Whiie the preceding evidence may be thought to favour the view that
5-hydroxytryptanline and the catecholamines are rubral neurohormones,
it by no means adds up to rigorous proof. As has been implied in this

discussion, it is just as likely that the actions which we have observed,
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attributable to the amines, were exerted on a portion of the neurone and
in a manner which was totally unrelated ‘to the synaptic function, if such
exists, If the amines are present as tre.nsmitters it is improbable that
they are released from brachial fibres: there is every indication that
the brachium exerts a purely excitatory input ¢o the red nﬁcleus and

this cannot be duplicated by the compounds. The red micleus receivés
several other inputs, possibly including tfigeminal pi-ojections from
tactile receptors (Eisenman et al., 1964) and only by a study of the inter-
actions of these inputs at the red nucleus could synapses be character-
ized. | |

It is not impossible that if the amines are present in varicose
fibres, as have been observed elsewhere, that their function here is
to exert a non-specific depressant effect on the whole nucleus, subject
to secretion from those ﬁbres which would be activated by some input,
the function of which would be to control the *onet or 'excitabﬂity level?
of the nucleus. This is mede the more plausible by Burnstock?s sugges-
tion (in seminar, Pharmacoiogy Department, University of Sydney, 1964)
that in smooth muscle beds each é.drenergic fibre varicosity mey be
equivalent to a presynaptic terminal and may release transmitter when
the fibre is invaded by an action potential,

In conclﬁsion, then, it can be said that in spite of the local~-
ization of biogenic amines in presynaptic ﬁbres in the central nervous
system morphologically similar to the terminal fibres of peripheral
sympathetic nerves and the separation of organelles containing the
amines from disrupted 'nerve end_ing particles in brain homogenates by
differential cehtrifugafion techniques, there is no conclusive evidence
that these amines are involved in synaptic transmission. Is their
presence, in fact, indicative of transmission at some specialized
synapse, or is it conceivable that while not involved directly in synaptic
transmission, non-synaptic chemical activity may still be physiologically

important?
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APPENDIX 1

A Derivation of the 'Goldman Equation! from the Kinetic Theory

This derivation has been presented by Dr., E,P. George and
is similar in form to that presented by Hodgkin and Katz (1949), Fof
the most rigorous, original d_erivation fronﬁ first pfinciples of expressions
for membrane potential, impedance and conductance, see Goldman (1943).

The basic assumptions are (i) fhat ibns in the membré.ne move
under the influence of diffusion and the electric field in a manner which
is essentially similar to that in frée solution, (ii) thét the electric field
may be regarded as constant throughout the ne mbrane, (iii) that the |
concentrations of ions at the edges of the membrane are directly pro-
portional to those in the aqueoué solutions bounding the mémbrane and
(iv) that the membrane is homogeneous, While éome of these assump-
tions, particularly the latter, may be invalid the applicability of the
Goldman equation and therefore of these assﬁmptions has been demon-
strafed on biological éystems. ‘

Consider a cylindrical portion of membrane of unit cross-

sectional areas

Let n = number of ions/unit volume at x

n + dn = number of ions/unit volume at x + dx
where x is a plane perpendicular to the long axis of the cylinder and
X + dx is another plane an infinitesimal distance from the first and_
para.ﬂel to it The pressure, P, due to fhese ions is
at x P=1/3 (m.n.‘éz) (1)
at x + dx, P+ dP ==1/3(m.(n+dn).éz) (2)
Pressufe difference, dP = 1/3 (m. éz. dp) (3)
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This force acts on n, dx ions

. 2
.. Force per ion = ~dP = -m,¢ .,dn (4)

n, dx 3n, dx

(negative sign because force acts from right to left in diagram, in which

positive direction is, by convention, left to right).

But m, &% = 3k, T (5)
where k = Boltzmann's constant
and T = abpsolute temperature
. o force/ion =-k.T.dn (6)
n, dx
Let v = drift velocity
and . p = medium resistance ( = F; , cf., Ohm?'s law)
' ‘ v
defined by _» = force/ion
' ' v (7)
If u = ionic mobility = velocity of ion in
unit field
and ¢ = ionic charge
VL=
u (8)

.°, from (7) and (8)
P =¢ = force/ion
u v
and v = (force/ion). u
= -k, T.u,dn €
Ne £ o 0X (9)
Current due to diffusing ions,

I

d n.€.v

-ko To dn- u
dx (10)

n

n
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If an electric field of strength E is present, ionic current in the field,

].f =nu E
But E = -dV (usual convention for sign of V)
dx
=V (constant field assumption)
= _

.° » Total ionic current,
I=-k.T.u.dn L n,u €.V
dx a : (11)
Rearranging (11).
dn -nt. V- __ I
dX - kea, T T T.u

Left hand side is recognizable as part of the differential coefficient

(12)

of a product,

€. go ~d(n.w) = w.dn +n.dw

Codx dx dx
ut _(_i__o l =‘{OV

ax w k,a,T
* E gxﬂ " EOV « W

.a, T
S w =exp (- £.V.x/k.a.T)
¥ & d(n, exp(- ¢ .V.x/k.a.T) =- I .exp (-£.V.x/k.a.T)
dx k,T.u

Multiply throughout by dx and!integrate
fd(n. exp(-¢€.V.x/k.a.T) =J- I .exp(-€£.V.x/k.a, T). dx
k.T.n

. n. exp(-¢£.V.x/k.a, T) B I.a +.exp(-€.V.x/kea.T) +
€.V.u const ... (13)

For the membrane it has been assumed that

no=B[nL

L B[n]o
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where B is the partition coefficient in question; i.e. density in membrane
at inner boundary, n - B [n]i where [n]i is the concentration in the inside
solution: similarly for the external boundary.

Applying boundary conditions to find the constant of integration in (13)
when x = 0, n=B [n]i

B[rg]i =£I§/.au + const.

« o const, =B[n]i ~I.a
£,Veou

o’e (13) becomes
n.exp(-f.Vex/kea.T) = La_ .exp(- £.Vex/k.2a.T) +B[n]i - La

£¥eu € Vou (14)
Multiply throughout by exp(£.V.x/k.a.T)
then n= IL,a +{B [n)i ~ I.a lexp(£.V.x[k.a,T) {15)
EgVou foVo

At x = a, n=B[n]O

L& na=B[n]o= L.a +{B [njl - L.a }exp(E.V/k.T)

£.¥:.1 t.V,1
.*. Blo] - Bl .exp(€.V/k.T) =~ La (exp(€.V/k.T)-1) (16)
. ' £V
oL 1Bty . Bl -l cep(E VI T)
a I - exp(€.V/k.T) (17)
Since k.T = R,T, write 17) viz:
s i

I=B.F.uv . Pl = Bl -exp(F.V/R.T)
. 1 - exp(F.V/R.T)

where [n]'s are now in gram mols. per Xl
Hodgkin and Katz (1949) introduced the nomenclature:

Permeabpility coefficient = P = u.B.R. T
a. F
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Substituting in (18)

I= P.Fz.v @ [n]O -[nJi OexP(F»V/R.T)

R.T 1

- exp(F.V/R.T) (19)

Consider a number of ionic species, e.g. K+, clL

2

(& - [T, exp(F.V/R.T)

IK_= Ppe¥ .V
R.T
2
L & Perr¥ -V
R.T

1 - exp(F.V/R.T) (20)

'(Cl7i - [Cl-jo .exp(F.V/R.T)
1 - exp(F.V/R.T)

l.e. ZI = Fz.V .(éPn [nﬂo -ZP - [nﬂi .exp(F,V/R.T)

n n e

At equilibrium, I =0

1 - exp(F.V/R.T) } (21)

and §Pn [n+]o =§\Pn (nJ']i.exp(F.v/R.T)

o

or V=R.T . In

K

-[K+]o i PNa [Na+o * PCl [Cl-]i * asns

e

F

?K [K ]i + P a[Na+i + Py lc]

0 +.°..
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APPENDIX II
Regenerative Activity and Rectification

In electrically excitable membranes the transducer actions
are evoked initially by an electrical stimulus and may bé further modi-
fied as the membrane potential changes. Thus there may be regener;
ation. This regeneration may tend to increase the initial electrogenesis,
to restore the resting state, or to increase the internal negativity beyond
its resting value. The regenerative feature of electrically excitable |
activity is usually regarded as a property of depolarizing electrogenesis,
but it may also be manifestéd by processes that exert repolarizing or
hyperpolarizing electrogenic influence.

The most conspicuous and common]ly recognized electrogenic
activities are increases in membré.ne conductance which are initiated
by depolarizing stimuli and themselves caﬁse net additional d'epolar-.
ization. For example, in the squid giant axon, frog ﬁode of Ranvier
and mammalian and amphibian strié.ted muscle, the rising phase of the

action potential is due to a *snowballingt increase in sodium conductance.

This increase in conductance on depolarization is termed rectification.
In the normal action spike, as it is commonly observed, the falling phase
is due to an increase in potassium conductance, which is slightly delayed

in onset. This is termed delayed rectification, and coupled with the fall

in sodium conductance which occurs after the initial rise and depolar-
ization, helps fepolarize the membrane., The fall in potassium conduc-
tance consequent to this repolarization is delayed by comparison with
the sodium conductance inactivation and contributes to the after-
hyperpblarization of the membrane.

Commonly, 'rectification'’is an increase in conductance in
depolarizing potential changes and tanomalous rectification! is an

increase in conductance consequent to hyperpolarization.



(ix)

APPENDIX III

Muscle Spindle Fibres and Their Innervation

Mammalian muscle spindles are small fibre groups which act

as sensing organs relaying information to the cord and higher centres

about the stretch-condition of the fextrafusal' fibres via their afferent

innervation. The spindles have their own motor innervation which sets

their "sensing level" so that it is appropriate to the physiological require-

ment and by an afferent-efferent interaction exert a prominent influence

over the performance of striated muscle,

The spindles consist of fibres of two types:

i)

ii)

Nuclear bag fibres: these fibres have large numbers of
nuclei agglomerated in an enlargement of the fibre, situ-
ated near the middlé of their long axes, which appears
ke'a "bag". 3

Nuclear chain fibres: these fibres have their nuclei
arranged in series, like a chain, in rather sparse popu-
lation aldng the length of the fibres. There is no central

enlargement.,

Afferent innervation of muscle spindles may be broadly classi-

fied into two groups:

i)

if)

Large diameter, high conduction-velocity fibres whose
endings' are situated in the‘ centre of the long axes of the
spindle fibre, Wrapping around it, in a spiral configur-
ation; These are group I or *annulospiral? afferents.
Small diameter, low velocity fibres with endings near

the polés (myotube region) of the muscle fibres. These
are designated group II afferents. Group II endings, are
spiral on nucléar chain intrafusal fibres, but more diffuse

(*flower spray?) on nuclear bag.
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The motor innervation of the spindle fibres consists of small-
diameter gamma motoneurones. These motoneurones end on end-plates
situated_ in the myotube (polar) region of the nuclear bag ﬁbres, end on
end-plates more diffusely located on nuclear chain fibres. The sirﬁple
nerve fibres innervating the singie end-plates of nuclear bag fibres are
designated gamma, and those with mofe complex endings on nuclear
chain fibres, gamma,.

Two types of activity have been recorded in afferent fibres from
mammalian muscle spindles in response to streteh. Secondary endings
(Group II) characteristically fire at a rate propottional to the instantan-
eous length of the muscle fibre while primary endings (Group I) fire at
a rate which is affected by the rate of stretch, so.that they signal both
the instantaneous length of the muscle and the velocity at which it is
being stretched. The latter signal is referred to as 'dyna.mic responsel
and the former, ¥statick:

| According to current ideas the links between the mechanical
stimulus and the resulting spindie action potentials are as follows:
extension api)lied to muscle - eitension applied to whole spindle - stretch-
ing of those parte of the intrafusal fibres on which the sensory endings
lie - deformation of sensory terminals - depolarization of sensorj
termiﬁals - initiation of action potentials, possibly after the electrotonic
spread of the receptor potential from its site of origin to the site of
initiation of impulses (location unknown). For a sensory ending to have
no dynamic response each link in this chain must transmit the stimulus
Waveform unchanged to the next element. For an ending to have a
dynamic response ae well as a static response, one of the links must
differentiate (in the mathematical sense) the stimulus waveform and
edd this to the undistorted waveform.

| A mechaﬁical origin for the d_ynamic response of primary endings
seems most likely and may be explained by the mechanical properties
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of the fibres. The structures of the intrafusal fibres is not the same all
along their length, so that their mechanical properties would not be
expected to be constant longitudinally. In particular the nuciear-bag
region of the nuclear-bag fibreé containg far fewer myofibrils than the
rest of the fibre. As several authors have pointed out, it might there-
fore be expected to be less viscous than the polapétriated regions of
these intrafusal ‘fibres. If so, the dynamic response of the primary
ending is almost a necessary consequence; but the mechanical proper-

ties have not yet been examined experimentally.
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