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AND SOME OBSERVATIONS ON SYNAPTIC INHIBITION 

An experimenta1 preparation was deve10ped in 
decerebrated cats for the study of synaptic transmission 
through the cuneate nucleus. Anaesthetics, and other 
relevant substances, were given by microiontophoresis, by' 
superfusion of the nucleus, or by systemic administration. 
Procaine readi1y depressed the excitability of al1 cuneate 
ce11s, as we11 as the excitabi1 ity of presynaptic nerve 
fibres. Sodium pentobarbitone (Nembuta1) preferentia11y 
depressed the post-synaptic excitation of a'll types of 
ce11s,-'but higher doses were required to b10ck conduction 
in nerve fibres. Ha10thane had no direct.effect on the 
post-synaptic e1ements, or on the nerve fibres. However, 
it depressed the synaptic excitation of cuneotha1amic units 
(but not that of "interneurones"). It also potentiated 
synaptic inhibition, as we1l as the depressant effects of 
GABA and glycine. These observations indicate that anaes­
thetics may depress synaptic transmission by at1east three 
different modes of action; a) ·non-specific depression of 
excitation (procaine), b) specifie depression of post­
synaptic excitation (Nembuta1) and c) facil itation of in­
hibition (ha1othane). Picrotoxin antagonizes post-synaptic 
inhi.pition and the action of GABA. Post-synaptic inhibition 
in ithe cuneate i s the refore 1. i ke 1 y to be med i ated by GABA. 
ln !addition, GABA may h~ve a presynaptic inhibitory action 
comparable to that observed at the crustacean myoneural 
junction. 
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A - GENERAL INTRODUCTION 

General anaesthesia is a well defined clinical 

term manifested by a depression of the central nervous 

system. Several theories have been proposed to explain 

its basic mechanism; they are mostly based on a single, 

non-specific mode of'action covering all' anaesthetic 

agents. However, with the advances in scientific know­

ledge, these theories have become specific, suggesting 

the possibility of not one but several' mechanisms. 

Claude Bernard proposed in 1875 that anaes­

thesia could be mediated by a "reversible semicoagulation 

of cell proteins". Linus Pauling, in,1961, explained the 

anaesthesia produced by inert gases as a depression of 

"brain oscillations" by clathrates obstructing trans­

membrane ionic movements. 

Moruzzi and Magoun (1949) local ized the prefer­

ential site of action of anaesthetic agents in the brain 

stem reticular formation. Destruction of this area sup­

pressed behavioural and electrical arousal (Lindsley, 

Bowden and Magoun, 1949). Later studies by Larrabee 

and Posternak (1952) on sympathetic ganglia demonstrated 

that some anaesthetic drugs depress synaptic transmission 

more readily than the process by which action potentials 

are propagated. 



According to modern ideas, the action of anaes­

thetics cou1d be exp1ained by a synaptic depression that 

preferentia11y affects comp1ex neuronal networks, such 
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as those in the ascending reticu1ar system, suspected of 

being invo1ved in behavioura1 arou~a1 (Arduini and Arduini, 

1954; French, Verzeano and Magoun, 1953a). This simple 

picture became 1ess apparent as further studies of the 

brain stem reticu1ar formation were made. On the one 

hand the reticu1ar systemis formed by multiple functiona1 

units organized as an integrating circuit - the input of 

this system can be contro11ed at different 1eve1s -; on 

the other hand sorne experimenta1 observations demonstrate 

a dissociation between behavioura1 and electrica1 arousa1 

(Funderburk and Case, 1951; Wik1er, 1952; Bradley and 

Elkes, 1957). 

An alternative to this idea is to relate the 

cbnscious state to a diffuse mu1tisynaptic cholinergie 

system invo1ving the brain stem, striatum, and deeper 

cortical 1ayers (Krnjevié, 1965; Krnjevié, 1967; Phillis, 

1968) with functiona1 rather than a anatomica1 local iz­

ation of arousa1 and consciousness. This system wou1d be 

preferentia11y affected by anaesthetic agents (Matthews 

and Qu i 11 i am, 1964). 

The synaptie function is a comp1ex process having 

severa1'morpho1 igica1 eorre1ates (Eccles, 1964; De Robertis, 
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(1966). Block of transmission can occur at several stages, 

for instance, at the presynaptic terminal, at the synaptic 

cleft or at the post-synaptic membrane. This blockade in 

turn can affect the excitable process through various mech­

anisms: by depolarization or hyperpolarization of the ter­

minals or the post-synaptic membrane, or by non-specific 

decrease in membrane excitability. Furthermore, synapses 

can be classified as excitatory or inhibitory. 

Centripetal conduction from peripheral receptors 

is transmitted through specific (e.g. dorsal columns) and 

non-specific channels (e.g. spino-thalamic tract). The 

latter have more peripheral and more complex relay struc­

tures, where the different modalities of sensation seem to 

compete for the same pathway (Wall, 1964). Input to higher 

centres can be modulated at these relay stations by syn­

aptic inhibition, or "by gating the input" as it has been 

called in a new theory on pain mechanisms proposed by 

Melzak and Wall (1965). ~he selective input control appears 

to operate from the spinal cord to the cerebral cortex in 

the form of pre- and post-synaptic inhibition (Eccles, 1964). 

This synaptic function is probably mediated through the 

activity of small interneurones. 

More basically, the nerve imp~lse is generated 

by the movement of ions across the cell membrane as demon­

strated in the squid giant axon by Hodgkin and Huxley 
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(1952a, b). Interference with this movement can explain 

changes in cell excitabil ity. It is precisely on this 

basis that Paul ing (1961) and Miller (1961) proposed a 

theory of the mode of action of non hydrogen-bonding anaes­

thetics. 

One may assume that the depression of the cen­

tral nervous system produced by anaest~etics can be ex­

plained through several mechanisms: a) non-specifie 

depression of all neuronal elements, b) selective dep­

ression of the excitatory process and c) facil itation of 

inhibition. On the other hand it is reasonable to suggest 

that the site of action determines the pattern of func­

tional disruption, and that in turn the preference for 

this site is depe~dent upon synaptic organization, specif­

icity of neurotransmitters and the characteristics of the 

synaptic membranes. 

The neurophysiological study on the mechanisms 
. 

of anaesthesia presented in this thesis, was l imited to 

the effect of anaesthetic drugs on the synaptic structures 

of the cuneate nucleus. The results were evaluated with 

respect to the action of these drugs on the excitatory and 

inhibitory processes. 
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B - THEORIES OF ANAESTHESIA 

Anaesthesia is the 1055 of pain sensation obtained 

by b10cking afferent stimu1 i from reaching the central 

nervous system. This b10ckade may occur at the periphery -

local or regiona1 anaesthesia -, or it may occur in the 

C.N.S. - genera1 anaesthesia. These terms define cl inica1 

states characterized by various signs. ln the case of 

genera1 anaesthesia, these signs are grouped in stages 

depending on the degree and pattern of neuronal depression 

(Gillespie, 1943; Laycock, 1953; Guede1, 1951; Woodbridge, 

1957; Galla, Rocco and Vandam, 1958 and Dornette,' 1964). 

The .study of the anaesthetic state can be per­

formed at severa1 1eve1s. For examp1e, we can study the 

site of action, or we can study the mechanisms by which 

anaesthetics produce their characteristic effect. 

The theories of anaesthesia can be divided into 

two groups a) biochemica1 and b) physico-chemica1. They 

must not be confused with correlations of physica1 prop­

erties of the anaesthetic agents with their cl inica1 potency, 

or with the depression of some cellular function not neces­

sari1y related to anaesthesia. 

a) Blochemical theories 

Claude Bernard (1875) noted that frog muscles 

immersed in a solution containing ch10roform became opaque, 
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an observation suggesting a reversible semicoagulation of 

nerve cell proteins. Later Moore and Roaf (1905) re­

affirmed the bel ief of anaesthetic-prot~in interaction. 

However, Salkowski (1888) had demonstrated that chloro­

form at clinical concentrations did not cause precipitation 

of proteins, not even after an exposure lasting several 

months. 

Asphyxia was considered to be the cause of anaes­

thesia by Verworn and co-workers (1912) against the ob­

vious differences between these two phenomena reported 

earl ier by Snow (1847) or the observations made by Claude 

Bernard (1875). Later it was demonstrated that p"igeons -

which as in all birds, have a high metabolic rate - could 

recover from various days of barbiturate anaesthesia 

(Ellis, 1923). 

Depression of the metabolic rate of neuronal 

elements as explanatory for the anaesthetic state is a 

suggestive hypothesis (Quastel 1939). Nembutal and ether 

decrease 02 consumption of brain slabs in vitro. This 

effect is reversible with the barbiturate but not with 

the latter. Moreover, the concentrations of anaesthetics 

required to depress oxygen consumption were greater than 

those" needed in cl inical anaesthesia, an observation con­

firmed in the sympathetic gangl ion (Garfield, Alper, Gill is 

and Flacke, 1968). Furthermore, the use of anaesthetics 
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at concentrations associated with C.N.S. depression do not 

produce metabol ic changes in vitro nor do they affect any 

enzymatic process. 

ln vitro, barbiturates suppress respiration of 

brain sl ices in the presence of glucose or pyruvate but 

not in the presence of succinate. This effect requires 

concentrations much higher than those used cl inically to 

produce anaesthesia. However, when the tissue is stimu­

lated or the $tudy is made on mitochondrial respiration, 

the barbiturate levels for both effects are in close 

agreement (Brody and Bain, 1954; Quastel, 1965). 

Ethanol and sorne other alcohols have no effect 

on mitochondrial respiration; they do not uncouple oxida­

tive phosphorylation which is affected by anaesthetic con­

centrations of ether in mitochondria from rat brains 

(Quastel, 1965). 

It must be real ized that anaesthetics also 

affect cell metabol ism: i.e. ATP formation, which 

among other things, suppresses the synthesis of acetyl­

chol ine. But, this is accepted as an effect and not a 

cause of anaesthesia (Paton and Speden, 1965). On the 

other hand narcotic concentrations of amytal have little 

effect on the ATP-ase suspected o~ being involved in the 

active transport of Na+ and K+ across membranes (Quastel, 

1965). 



b) Physico-chemical theories 

A theory involving cell permeability was pro­

posed by· Dubois (1885) who suggested that anaesthesia 
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was caused by cell dehydration , as observed with high con­

centrations of chloroform in sorne plants. However 3 ex-

periments with dehydrated frog muscle demonstrated an in­

crease in excitabil ity rather than the expected depression 

(Langendorf, 1891). Winterstein (1926) on the other hand 

demonstrated that cl inical concentrations of narcotics 

reduce the permeability of the membrane to water 3 while 

toxic anaesthetic concentrations increased this perme-

ability. " Later Hober (1907) suggested that.the adsorption 

of anaesthetics to the cell membrane depressed its perme­

abil ity. Lillie (1909), in one of the earliest observations 

on trans-membrane ionic movement 3 showed that Arenicola 

Larvae exposedto several anaesthetics could not adsorb 

or take-up NaCl. He also demonstrated that narcotics did 

not alter water permeability of Arbacia eggs except when 

fertil ized (1918). Urethane was shown to decrease the 

rate of Cl 1055 for erythrocytes placed in isotonic solu­

tions of sugar and sulphate (Siebeck, 1922). Davson (1940) 

showed that, in cat's erythrocytes, narcotics increased 

potassium while inhibiting sodium permeabil ity. 

The earl ier theories of anaesthesia often des-

cribed sites of action rather than mechanisms. Traube 
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(1904) and Winterstein (1926) considered that narcotics 

acted by adsorption to the surface of the cells, decreasing 

the permeabil ity to water and salts owing to the close 

agreement between narcotic strength and surface activity 

present in these drugs. Mayer and Overton (1889, 1901) 

bel ieved in the incorporation of the anaesthetic into the 

C.N.S. lipids. This idea was based on the correlation 

between anaesthetic potency and water to the olive oil 

partition coefficient. Their theory became widely accepted. 

Lillie (1923) considered that the two concepts, surface 

adsorption and lipid solubility, were compatible proc-

esses that could contribute to the total effect. 

Sorne authors (Loewe, 1913) combined the lipid 

solubil ity with the adsorption idea, while others sug­

gested a more radical action of anaesthetics in dissolving 

membrane 1 ipids (Bibra and Harless, 1847). None of these 

theqries explained how anaesthesia was produced although 

it was impl icitly accepted that the excitabil ity of neu­

rones was depressed. 

HBber (1945) suggested that polar groups confer 

to narcotic molecules surface activity that could inac­

tivate enzymes. In other words, a physico-chemical inter­

action producing a metabolic effect. 

Henderson (1930) tried to propose a mechanism 

of action when he wrote: "but before we accept this theory 
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(permeabi1ity) is it fair to ask what substances are pre­

vented by the narcotic from entering the neurone, certain1y 

not oxygene Then is it ions. Is it not much simp1er to 

think with Freundl ich and Rona, for examp1e, that the ad­

sorbed narcotic decreases the surface charge avai1ab1e 

for the production of potentia1 difference, that there is 

a stabi1ization as suggested by Lill ie?" 

The better understanding of the excitable pro­

cess has permitted to visua1ize the mode of action of 

anaesthetics as an interference with the membrane ionic 

conductance. Still they may act on the surface of neu­

rones or they may act by incorporation into ~heir mem­

brane. In this respect two modern theories have rep1aced 

the old ones: the mo1ecu1ar and the e1ectrostatic theories. 

The idea that anaesthetic agents may prevent 

the ionic movements invo1ved in excitation has been pro­

pos~d by severa1 investigators. Pauling (1961, 1964) 

and Mi11ar (1961) have given theoretica1 support to these 

hypotheses. "Brain waves" (consciousness) wou1d be abo1-

ished by the presence of microcrysta1s (c1athrates) which 

wou1d interfere with tne motion of ions or with some chem­

ica1 reaction (neurotransmitter) invo1ved in H e 1ectrica1 

oscillations" (Pauling 1964). In other words obstructing 

the ionic process responsib1e for the generation and/or 

transmission·of action potentia1s. Non-hydrogen bonding 



anaesthetics (Xe, ch1oroform, ha1othane, N20) would act 

through a mechanism simi1ar to that of stabil izer agents 

(Featherstone and Mueh1becher, 1963). 

Catchpool (1966), one of the defendents of this 

theory, proposed that: "they (the crystals) would inter­

fere with the movements of ions in the synapses and in 

neurones, in such a way as to increase the impedance of 

the reverberating electric oscillations, thus reducing 

1 1 

the electrica1 activity to the point at which consciousness 

is lost. Hydrates may a1so inert1y lodge in key enzymes 

sites on proteins, preventing reactant molecules from 

coming close enough to react with each other". 

Expanding this theory, one could say that these 

crystals interfere with membrane ionic conductance in-

cluding facilitation of the movement of cations. It cou1d 

initia11y promote K efflux (hyperpolarization) and at 

high~r concentrations Na influx (depolarization). A double 

effect proposed for various inhalation agents (Chal~onitis, 

1967; Shapova1ov, 1964) and observed on artificia1 mem­

branes (Bangham, Standish and Miller, 1965). Whether c1ath-

rates are needed to alter the conductance of the membrane, 

or this effect can be obtained by the anaesthetic mo1e­

cules a1one, is not knowl\,. Sorne "inert" gases (Xe) are 

capable of binding to protein mo1ecules (Schoenborn, 1968). 

The e1ectrostatic theory supported by Mcllwain 
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(1962) Bangham, Standish and Miller (1965) and Blaustein 

and Go)dman (196Gb) is a modern version of the adsorption 

idea. Anaesthetics would alter the surface charge of the 

membrane and therefore its ionic permeabil ity. Obviously, 

it is based on the idea that the membrane has a fixed 

positive charge (Teorell, 1956; Tasaki and Singer, 1966; 

Stein, 1967). 

It is mainly due to Claude Bernard's original 

hypothesis, that most investigators approach the study of 

anaesthesia searching for a single mode of action. ·They 

expect that all anaesthetics, regardless of their physico­

chemical properties, act on the central nervous system 

through an identical mechanism. But, as we will discuss 

later, different anaesthetics have different patterns of 

C.N.S. depression just as they have different physico­

chemical properties. 
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C - NEUROPHYSIOLOGY AND ANAESTHESIA 

Depression of the C.N.S. characterizes the 

anaesthetic state. Several sites and sequences of dep­

ression have been proposed; they can be reduced to a) 

hierarchic depression, b) depression of some centre of 

consciousness and c) depression of synaptic transmission. 

These effects can be followed by modifications of the 

EEG and evoked potentials. The sequential and functional 

changes are not exclusive of each other, rather they des­

cribe preferential sites and levels at which anaesthetics 

might act. 

a) Hierarchie depression 

Due to the great influence in the field of 

neurology of the concept of "levels of function" pro­

posed by Hughlings-Jackson, anaesthetics were supposed 

to act by a "standard sequence of neuronal depression" 

(Harris, 1951). It Îs true that there is a pattern of 

functional depression of the C.N.S., but this observ­

ation cannot be interpreted as a functional dependence 

on precise anatomical local ization. The idea of a depart­

mental C.N.S. has been changed for that of an integrated 

C.N.S. (Sherrington, 1906). 

The sequential hypothesis explained amnesia as 

a preferential depression of cells in the frontal associ-
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ation area. Stupor would indicate suppression of the re­

maining areas of the cortex. Hyper-reflexia would indicate 

release of hypothalamic control from the cortex and loss 

of the heat-regulating mechanism would indicate complete 

hypothalamic depression. 

We cannot completely discard the correlation 

between function and precise anatomical local ization. How­

ever, a more reasonable approach to the mechanism of action 

of anaesthetics is to study the effect of these agents on 

basic neuronal functions such as synaptic transmission, 

excitation, inhibition or nerve transmission. Once this 

knowledge is acquired it will be possible to study more 

complex neuronal functions. Finally we might local Ize 

preferential sites of action, not necessarily defined by 

anatomical boundaries, but by the presence of a common 

neurotransmitter or a specific membrane characteristic. 

b) Depression of the centre of consciousness 

Present ideas on the neurophysiology of anaes­

thesia are based on the works of Moruzzi and Magoun (1949) 

on the reticular formation, Larrabee and Posternak (1952) 

on synaptic transmission in sympathetic gangl ia and French 

and co-workers (1953a, b) on action potentials evoked in 

the thalamus and cortex.-

Moruzzi and Magoun and French et al. (1953a) 

identified a "cephal ically directed" brain stem system 
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formed by a series of reticular relays arriving at the cor­

tex, at least in part, through the diffuse thalamic pro­

jecting system. High frequency stimulation of this system 

leads to desynchronlzation of the EEG (electrocortical 

arousal). Shortly after this discovery, French et al. 

(1953b) demonstrated that Nembutal and ether had"a selec-

tive depressant action on responses being transmitted 

through this "central pathway" (ascending reticular system) 

and not on those transmitted through the classic medial 

lemniscal system. jn observation later confirmed with 

cyclopropane (Davis, Collins, Randt and Dillon, 1957) and 

more recently suggested as caused by a preferential de­

pression of the input carried by small fibres (Randt, 

Coll ins and Davi s, 1958; Randt and Coll ins, 1959). 

These pioneer observations were followed by an 

intense study on the pharmacology of the reticular form-

ation. It was demonstrated that perfusion of this region 

with blood containing barbiturates suppressed the arousal 

respon se (Magn i, Mo ruzz i, Ross i" and Zanchet t i, 1961). Fu r­

ther confirmation on the depressant effect of barbiturates 

upon R F. arousal were made on evoked responses (King, 

Naquet and Magoun, 1955; King," 1956) and on unit activity 

(Schlag, 1956; Tishehenko and Shapovalov, 1967). Responses 

of R.F. neurones could be evoked through varied types of 

sensory st imul i (Bell, Sierra, Buendia and Segundo, 1964). 
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However, e1ectrica1 stimulation of the reticular form­

ation could also induce inhibition of flexor motoneurones 

(Gernandt and Thu1 in, 1954; L1 inas and Terzuolo; 1965). 

ln addition to excitatory areas, the R.F. has been 1 inked 

to the main sleep patterns (Candia, Rossi and Sekino, 

1967; Jouvet, 1967). Depression of the reticular form­

ation could also imply a state of disinhibition; a com­

pl icating effect for those who propose its non-specifie 

depression as the cause of anaesthesia. 

French et al. (1953b) considered that the multi­

synaptic nature of the reticular formation explained its 

vulnerabi1 ity to anaesthetics; an hypothesis supported by 

the experiments of Wik1er (1945) and Larrabee and Posternak 

(1952). 

The bel ief that the anaesthetic state is the 

result of cortical de-afferentiation had been presented 

before by Bremer (1935) but was inconsistent with the pres­

ence of evoked potentia1s in the cortex under deep bar­

biturate anaesthesia (Forbes and Morrison, 1939; Forbes, 

Battista, Chatfield and Garcia, 1949). Sherrington (1906) 

and Bremer (1937) had also pointed out that mu1tisynaptic 

networks appearedto be more susceptible to the effects of 

anaesthetics (they had no evidence to support their syn­

aptic role). This effect was suspected but not convinc­

inQly presented by Heinbecker and Bartley (1940) who said: 
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"synapses of effec'btI>Ir"l,' mechan i sm (bouton type?) such as 

those concerned in respiration are re1ative1y unaffected 

by concentrations of anaesthetic agents which comp1ete1y 

b10ck synapses of afferent pathways". They suggested, 

from their observations on turt1e hearts, that Nembutal 

and ether acted as "intrinsic inhibitory" agents. Fur­

thermore they proposed the afferent terminals as the site 

of action of these two anaesthetics. 

c) Depression of synaptic transmission 

Larrabee and Posternak (1952) demonstrated the 

greater depressive effect of Nembutal and ether on the 

synaptic transmission of sympathetic gangl ion as against 

their depression of nerve fibres (10:1 and 3:1, respect­

ively). These authors pointed to the high synaptic selec­

tivity of Nembutal when compared with ether. On the other 

hand, it cannot be compared with the highly specifie effect 

of nicotine (1,000:1). Cocaine was equal~y effective in 

b10cking axonal or synaptic transmission, while urethane 

had no effect on the latter, at anaesthetic concentrations; 

an observation recently made with halothane (Li, Gamble 

and 8tsten, 1968). Despite these observations it is 

common to refer to "a11 anaesthetics" as selective de­

pressants of synaptic transmission. 

The concluding remarks of the paper by Larrabee 

and Posternak are well worth quot i ng in full: . "From th is 
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discussion it becomes apparent that on of the tasks of 

future investigations is to determine whether anaes­

thetics act uniform1y on a11 parts of a neurone, or whether 

certain regions associated with synapses~ such as pre­

synaptic endings or ce11 bodies or dendrites are more 

readi1y depressed. We have demonstrated that selective 

b10ck of synaptic processes unquestionab1y occurs. The 

under1ying mechanisms, however, remain obscure". After 

16 years they still remain obscure. Recent attempts to 

local ize the site of action of anaesthetics on the spinal 

cord monosynaptic reflex have been inconc1usive. They 

seem to agree on three points: 

(1) There is a depression of excitatory post-synaptic 

potentia1s (EPSPs) (Loyning, Oshima and Yokota, 

1964; Somjen and Gill, 1963; Shapova1ov, 1964). 

(2) There is no significant change in the excit­

abi1 ity of motoneurones to direct e1ectrica1 

excitation (Ecc1~s, L~yning and Oshima, 1966 

Somjen, 1967), and 

(3) Presynaptic inhibition is potentiated by anaes­

thetics (Eccles, Schmidt and Wi11is, 1963; 

Schmidt, 1963; Miyahara, Esp1 in and Zab1ocka, 

1966). 

The excitabi1 ity of the afferent termina1s has 

been studied by indirect methods (Somjen, 1963) and by , 



19 

L~yning et al. (1964). The former author found no sig­

nificant changes with either ether or Nembuta1. The latter 

considers that~iamy1al anaesthesia is due to a failure 

in the presynaptic re1ease of neurotransmitter. 

Studies on the effect of anaesthetics on the 

post-synaptic membrane have not been done in a systematic 

form at those synapses in which the neurotransmitter is 

known. Procaine depresses the post-synaptic response to 

ACh in Renshaw cel1s (Curtis and Phi11is, 1960) and at 

frog's myoneura1 junction (de1 Casti1lo & Katz, 1957) 
~ (for a presynaptic effect see Usubiaga and Stand~t, 

1968). Ch1ora1ose, which is considered as a b10cker of 

ACh release by Mitchell (1963) but not by Phi11is (1968), 

does not depress the response of Renshaw ce11s to ionto­

phoretic ACh (Biscoe and Krnjevié, 1963). Ha10thane and 

ether reduce the response to ACh in cat's myoneural junc­

tion (Karis, Gissen and Nastuk, 1967). Other studies by 

Krnjevié and Phi11is (1963), Sa1moiraghi and Steiner 

(1963) and McCance and Phillis (1964) suggested that Nem-

butal and procaine produced a post-synaptic depression on 

cortical, caudate and cerebe11ar units respective1y. Bloom, 

Costa and Sa1moiraghi (1965) believe that Nembuta1 selec-

tively depresses cho1 inergic excitatory receptors. 

The depression of the spinal monosynaptic reflex 

by anaesthetics agrees with their induced muscu1ar 



paralysis (de Jong, Hershey and Wagman, 1967). However, 

during 1 ight anaesthesia there is an active contraction 

of the expiratory muscles (Freund, Roos and Dodd, 1964) 

that seems to be mediated by excitation of gamma moto­

neurones (Diete-Spift, Dodsworth and Pascoe, 1962). 

Modifications of the EEG and evoked potentials 
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Changes in C.N.S. activity as dramatic as those 

induced by anaesthetic drugs, were expected to have a pre­

dictable effect on the EEG (Gibbs, Gibbs and Lennox, 1937). 

Indeed, such is the case and quite reasonably this has. 

been one of the fields of study of electroencephalography 

(Brazier, 1954; Fau1coner and Bickford, 1960). However, 

not al1 anaesthetics have a simi1ar effect on the EEG nor 

is the 1055 of consciousness associated with a standard 

electrica1 pattern (Ether: Faulconer, 1952; Nitrous oxide: 

Fau1coner, Pender and Bickford, 1948; Hydroxybutyrate: 

Metcalf, Robert and Stripe, 1966; Cyc10propane: Possati, 
c:.k 

Faulconer, Bieeford and Hunter, 1953; Chloroform and 

halothane: Thomas, McKrel1 and Conner, 1961). Logical1y 

these results indicate sorne differences in the mechanism 

of action of the various anaesthetic agents. Furthermore, 

the EEG e1ectrlca1 arousa1 and its behavioura1 correlation 

are known to differ under various circumstances (Wik1er, 

1952). 

ln general, a progressive increase in concent~ation 
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of anaesthetic agents leads to an increase in the voltage 

and a decrease in the frequency of the EEG (synchroniz­

ation) before final suppression of all electrical activity; 

CO 2 accelerates th!5 sequence (Rubin and Freeman, 1940). 

The beginning of anaesthesia is marked by a 

transient desynchronization of the alpha rhythm (Faulconer 

and Bickford, 1960). Hypoxia and hypercarbia have a similar 

effect (Preswick, Reivich and Hill, 1965). Unconsciousness, 

however, may be established with different EEG patterns 

(Creutzfeldt, Bark and Fromm, 1961). Under barbiturates 

the appearance of a high degree of synchronization, known 

as barbituric spindles, marks the onset of unconscious-

ness (Forbes, Merl is, Henriksen, Burleigh and Jiusto, 1956). 

Hypothermia has an effect similar to that of the inhalation 

agents (Pearcy and Virtue, 1960). 

Theeffect of anaesthetics on evoked potentials 

in the somatosensory cortex was first described by Derby­

shire, Rempel, Fbrbes and Lambert (1936), it revea1s a 

preferentia1 depression of the later components, or that 

part of the response which is bel ieved to originate in 

the stimulation of non-specifie afferent pathways (Domino, 

1967), ln contrast, the first components which represent 

activation of the specifie afferent pathways are enhanced 

during the initial stages of anaesthesia (Abrahamian, 

All ison, Goff and Rosner, 1963). However, these observations 



change according to the various anaesthetics (Hertz, 

Fral ing, Niedner and Farber, 1967). 

It may be concluded that the C.N.S. is"more 

vulnerable than other systems to the effect of anaes­

thetics because of its functional dependence on synaptic 

transmissionj'a process depressed by concentrations of 

these drugs capable of producing clinical anaesthesia. 

However, there is poor knowledge on the site 
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of action, in the C.N.S. - pre- or post-synaptic -, where 

these drugs act, or the mechanism by which they may affect 

a given synaptic structure. Furthermore, it is not known 

if the selective depression of some neuronal circuits is 

needed in order to produce the anaesthetic state. 
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D - CUNEATE NUCLEUS 

The experiments on synaptic transmission reported 

in this thesis were made on the cuneate nucleus of the cat. 

This nucleus represents the first synaptic relay of the 

main sensory pathway originating in the forel imb and ter­

minating in the cerebral cortex. This pathway is also 

known as the dorsal column-medial lemniscal system. Most 

of the axons of cuneate relay cells form part of the medial 

lemniscus that ends in the VPL nucleus of the thalamus. 

Other axons and/or collaterals terminate in the cerebellum. 

This latter observation is of importance in the identifi­

cation of relay cells since sorne of these units might not 

be evoked by antidromic stimulation of the medial lem­

niscus (Gordon and Seed, 1961). 

The cuneate nucleus is located in the dorsum 

of the medulla, has a length of approximately 10 mm rostro­

caudal and a thickness, or dorso-ventral diameter of 2 mm 

at its maximum. The terminal fibres of the dorsal columns 

cover the dorsal surface of the nucleus before they bend, 

at almost a right angle, to terminate in the nucleus it­

self. The two cuneates are separated from each other by 

the more medial gracilis nuclei. 

Neurones in the cuneate may be divided in two 

functionally different groups (Andersen, Eccles, Schmidt 



and Yokota, 1964): a) re1ay ce11s with projections to 

the thalamus and the cerebellum and b) interneurones. 
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The data presented in this work are 1 imited by this means 

as cuneo-thalamic relay ce1ls; and to "interneurones" 

receiving synaptic excitation from the pyramidal tract 

(Towe and Jabbur, 1961; Kuypers and Tuerk, 1964). The 

internuncia1 units frequent1y receive co11aterals from one 

or more peripheral nerves (Andersen et al., J964). 

The cuneate neurones can be divided into three 

groups: a) large marginal cells, b) large round ce11s 

organized in c1usters or nests and c) sma11 stel1ar-type 

ce11s found singly or in clusters. The axons of a11 three 

groups arise as a single unit from the soma, and after 
• 

giv~ some sma11 co11atera1s, penetrate into the white 

matter located at the base of the nucleus; the marginal 

ce1ls send axons to the dorsal part (Ramon y Cajal, 1952). 

The afferent termina1s from the dorsal columns 

form thick arborizations of 1 ~ final fibres, and terminal 

boutons of an average diamater of 1.8 ~ - some can be as 

large as 8 ~ (Wa1berg, 1966). The majority of these boutons 

make contact with similar synaptic structures located on 

the dendrites, or other axons; on1y 10% appear to synapse 

direct1ywith the soma of cuneate ce11s. However, 80% 

of boutons are still present after section of the dorsal 

co1umns at C3 which indicates the presence of other terminals 



25 

arriving from a) structures above C3 ' b) pyramidal tract 

(smaller boutons) and c) internuncial units (Walberg, 1966). 

Axo-axonal and axo-axo-dendritic synaptic junc­

tions have been identified in this nucleus eWalberg, 1965). 

Furthermore the type of synaptic vesicles found in the 

axon-axon junction belong to the large elongated type des­

cribed as inhibitory by Uchizono (1966) and Sodian (1966). 

According to Gordon and Paine (1960) and Gordon and Jukes 

(1964b) units in the rostral and caudal regions of the 

gracil is nucleus have larger receptive fields than those 

in the middle of the long axis; the latter have a greater 

inhibitory input. The data presented in this thesis were 

obtained almost exclusively from the middle-lateral part 

of the cuneate nucleus. 

Schwartz (1965) inve~tigated the resting activity 

and the morphological-functional correlation of cuneate 

units. She found that hair units were round and organized 

in nests in the superficial portions of the nucleus. Pro­

prioceptive units were of the multipolar type found mostly 

single and in the deeper portions. The resting activity 

of hair and touch units consisted of doublets discharges 

at irregular intervals. Proprioceptive field neurones 

had a more regular discharge pattern with ratehigh frequency 

discharges. The mean resting discharge of cuneate cells 

was reduced 25 to 60% following de-afferentiation of the 



nucleus. However, some of the hair units showed an in­

crease as if an inhibitory input had been suppressed. 
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Fi.rst order somatic afferent fibres are divided 

according totheir diam~ter, myel in sheath and function 

in several groups (Ruch, Patton, Woodbury and Towe, 1965). 

Their skin receptors have been classified by Iggo (1962) 

in slowly and rapidly adapting units; both of them con­

nected to myel inated fibres and mostly conducting in the 

A-delta speed range. The existence of specialized noci­

ceptive receptors has been a controversial subject. Its 

·existence has been denled (Sinclair, 1955; Weddell, 1955) 

or suspected (Von Frey, 1894; Bishop, 1946; Pearson, 

1952). However, Burgess and Perl (1967) have demonstrated 

only recently the existence of afferent fibres responding 

specifically to noxious stimulation of the skin. These 

were small A-delta fibres with large receptor fields. 

These receptors, as well as their afferent fibres, are 

not affected by anaesthetics at clinical concentrations 

(de Jong and Nace, 1967). 

The somato sensory cortex receives the peripheral 

afferents by way of two fast conducting systems: the spi no­

cervical pathway and the dorsal columns-medial lemniscal 

system. Some sensory modalities are represented on both 

pathways (Taub and Bishop, 1965), but several differences 

have been repo~ted; fibres in the spino-cervical tra~t are 
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smaller while transmitting convergent input from hair and 

touch receptors (Perl, Whitlock and Gentry, 1962; Mendel 1 

1966; Wall, 1967), in the dorsal column system this conver­

gence has not been observed. Units responding to joint 

disp1acements are present on1y in the latter system (Wall, 

1961; Bowsher and Albe-Fessard, 1967). Fina11y, on1y the 

spinocervica1 tract (and not the dorsal co1umns) carries 

input from nociceptors (Iggo, 1962; Burgess and Perl, 

1967). 

primary afferent fibres on entering the dorsal 

horn of the spinal cord and the dorsal co1umn nuc1ei have 

reciproca1 presynaptic inhibitory effects (Andersen, Eccles, 

Schmidt and Yokota, 196.4 Eccles, 1964; Wall, 1964). The 

inhibitory effect of large A fibres on sma11 A and C fibres 

is supposed to control painfu1 stimuli from entering (gate) 

the spinal cord to excite ce11s in the lamina IV (T ce11s) 

(Me1zack and Wall, 1965). The spinocervica1 tract originates 

in these units (Rexed, 1964). 

Mende11 and Wall (1964) considered the inhibitory 

effect of large fibres to be mediated through depo1arization 

of afferent termina1s - c10sing the gate or presynaptic 

inhibition .. Sma11 C fibres wou1d hyperpo1arize these ter­

mina1s - opening the gat~. However, Zimmermann (1968) has 

recent1y denied the hyperpo1arizing effect of the latter, 

instead they a1so depolarize the termina1s. 



The study of afferent input control in any of 

these two main pathways is of importance in the under­

standing of the role of anaesthetics on the depression 

of synaptic transmission in the central nervous system. 
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The dorsal column-nuclei (cuneate and gracil is) 

have been studied in some detail. The peculiar firing 

characteristics of cuneate neurones to afferent input 

(Amassian and de Vito, 1957; Gal indo, Schwartz and 

Krnjevié, 1968) is a sensitive parameter that can be used 

to detect the action of anaesthetic drugs (Gal indo, 1967). 

Presynaptic inhibition represents a powerful control of 

synaptic transmission in these nuclei (Andersen et al., 

1964), its pharmacology appears similar to that observed 

in the spinal cord (Boyd, Meritt and Gardner, 1966; 

Banna and J~bbur, 1968). 

The possibil ity that glutamate, GABA and/or 

glycine are neurotransmitters in this nucleus (Gal indo, 

Schwartz and Krnjevié, 1967) offers an hypothesis, as 

well as a tool to study the effect of various compounds 

on the post-synaptic membrane. The histology and neuronal 

connections of the cuneate are well known. It receives 

descending input from the somato-sensory cortex (Kuypers 

and Tuerk, 1964; Walberg, 1965), mostly from the contra­

lateral but also from the ipsilater hemisphere crowe and 

Jabbur, 1961 Gordon and Jukes, 1964b). This input induces 
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pre- and post-synaptic inhibition upon cuneothalamic 

units (Andersen, Eccles, Oshima and Schmidt, 1964) through 

excitaton of interneurones (Walberg, 1965). This effect 

is mainly localized at the base and middle third of the 

nucleus (Gordon and Paine, 1960). These nuclei have 

also a well mapped exteroceptive organization (Gordon 

and Jukes, 1964a). 

It has been possible in this thesis to study 

the effects of three anaesthetics (procaine, Nembutal 

and halothane) on the afferent terminals of the dorsal 

column fibres, the post-synaptic membrane and trans­

synaptic excitation of cuneate relay cells and interneu­

rones, as well as synaptic inhibition in the cuneate 

nucleus of the cat. The results of this work may help to 

differentiate anaesthetic agents by their single or mul­

tiple site of action on the synaptic elements; it is also 

expected that this investigation will give an experimental 

background for a discussion on the possible mechanisms 

of anaesthesia. 
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A - GENERAL OUTLINE 

The work analyzed here is based on observations 

made in the pericruciate cortex and the cuneate nucleus 

of the cat. Synaptic transmission in the nucleus was 

studied using an experimental preparation developed as 

part of this research project. Three different anaes­

thetics: procaine, pentobarbitone and halothane, were 

administered locally and systemically to determine simul­

taneously their effects on afferent termin91s and post­

synaptic membrane. This experimental preparation rep­

resents the combination of severa1 techniques previously 

developed, evaluated and accepted as neurophysiological 

tools. 

Sherrington (1898) was the first to study the 

decerebrated state by removing the brain above the ten­

torium. The ischaemic decerebration was later developed 

by Pollock and Davis (1930) .. This is the first time that 

the combination of these two techniques has been used for 

the purposes described later. 

The technique of microiontophoresis was initially 

applied by Nastuk (1953) and del Castillo and Katz (1957) 

at the myoneural junction. Later Curtis and Eccles (1958) 

developed the multibarrelled pipette for the simultaneous 

study of several drugs. The use of this pipette for 
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recording and stimulation of synaptic structures was first 

applied by Curtis and Ryall (1966) in the spinal cord. 

However, the identification of afferent terminals by stim­

ulation of central structures using single electrodes is 

known as Wall 's technique (1958), but actually it was first 

described by Edisen (1957) to study conduction velocity, 

refractoriness and sensitivity to hypoxia of the dorsal 

root intraspinal endings. 

The use of a perfusion cup to circulate solution 

saturated at various concentrations of halothane,developed 

during these experiments,makes possible the administration 

of non ionizable inhalation anaesthetics to neurones located 

close to the surface of the C.N.S. without the artifacts 

introduced by the conventional methods of systemic admin­

istration .. 



Total experiments 

Decerebrated 

TABLE 1 

91 Cuneate Pericruciate 
cortex 

59 

Nembutal anaesthesia 22 

59 

17 

8 

16 

6 Ch1ora1ose anaesthesia 10 

Interspike interva1 
distribution and 
number of spikes in 
a burst-

Studies on Total 

Post- synapt i c 41 
firing de-
pression 

Afferent 42 
termina1s 

Synaptic 50 
transmission 

Synaptic 23 
inhibition 

-47 ce11s - in 4 cats under ch1ora1ose 
Joint units 6 - Hair 26 - Touch 15 

33 ce11s in 4 decerebrated cats 
Joint units 5 - Hair 18 - Touch 10 

cuneate cortex Nembuta-1 procaine ha10thane 

20 21 31 38 25 

42 33 12 18 

50 42 10 35 

23 9 12 



B - SURGI CAL PREPARATION 

A total of 91 successful experiments on cats 

are reported. Nembutal (sodium pentobarbitone) was used 
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as the principal anaesthetic in 22 experiments. Chloralose 

in 10. ln 59, ether was given at the beginning of the 

surgical preparation to be discontinued after decerebration. 

Of this last group no paralyzing agent was used in 12 cases, 

small amounts of succinylchol ine were administred to 15, 

while initial doses of curare were given to 32 (Table 1) 

The experiments were performed on adult cats of 

e"ither sex and with an approximate weight of 2.5 Kg. Plas­

tic catheters were placed in the fe/moral artery and femoral 

vein. The former was connected to a manometer. The latter 

was used for the administration of various drugs and solu-

tions. 

ln the prel iminary 15 experiments an ample left 

fronto-parietal craniotomy was performed wi~ the head of 

the animal fixed in a bi-auricular holder. The dura and 

the arachnoid were removed from the pericruciate area for 

electrode penetration. A heating pad thermostatically 

regulated by a rectal probe was used to maintain a central 

temperature of 360 C (± 20
). 

ln 76 cats the muscles of the neck were separated. 

Part of the occipital bone and the posterior surface of 
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FIG. 2: S Cl j-C; i cal ex;, 0 S l: r c: 0 f 1.: il ecu r~ C' ël t e nue leu s . 
1'\0, e ,<,e eUiJ Or-, Llle su r- l~êJee 0 F che nue l eus 
a~d the five-barrelled eleetrode ready for 
penetration. 
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the atlas were removed to exp05~ the upper spinal cord and 

10wer medu11a (Fig. 1). The dura and arachnoid were re-

moved, as in the cune.ate, under a dissecting microscope. 

A sma11 area of the pia over the 1eft cuneate nucleus was 

removed for 1ater penetration of micropipettes (Fig. 2) .. 

Decerebration was performed in 59 of these anima1s using 

the fo110wing technique deve10ped during the course of 

these experiments: anaesthesia was induced with a mixture 

of ethy1 ch10ride and then pf ether given through a face 

mask. Once the animal became unresponsive to painfu1 

stimuli a meta11 ic cannu1a was passed through a tracheos­

tomy and the administration of ether continued with the 

aid of a special adapter (Fig. 3). Both common carotid 

arteries were tied, the superficia1 muscles, the esoph­

agus and trachea were sectioned between 1 igatures. The 

rostral part of these tissues was pu11ed back; the struc­

tures ventral to the sku11 and the first vertebrae were 

exposed with the aid of a retractor. 

The two muscles, 10ngus capitis and rectus 

capitis anterior minor were separated from the surface 

of the occipital bone at the base of the skull. A five 

mi11imeter dia~{er ho1e was dri11ed between the two bu11ae 

tympani. The dura was removed and a meta11 ic cl ip p1aced 

on the basi1ar artery* (Fig.3). The objective of this 

* By sectioning the brain stem, above .the pons, this tech­
nique can be uti1 ized, 1eaving the brain in place, as a 
"cerveau isolé" preparation. 



FIG. 3: Exposure of the basilar artery and special 
adaptor for ether administration. 
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1 i \_"l. ..J: ~xposure of the basilar artery and special 
adaptor for ether administration. 
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ligature was to minimize blood loss during subsequent sur­

gical removal of the brain above the bony tentorium through 

an ample craniotomy. This minimal bleeding made possible 

to local ize, by direct vision, the medial lemniscus and the 

pyramidal tract at the point of section. It also helped 

to maintain most of the experimental preparations in good 
v 

condtion throughout the experiments (Fig. 4). 

The anaesthesia was discontinued after decere-

bration. The left superficial radial and the median nerves 

were dissected and mounted on bipolar silver wire elec­

trodes specially adapted to a plastic cuff so as to make 

a "minipool" crmineral oil. 

Artificial respiration, by means of a "Palmer" 

pump, was used whenever paralyzing agents were administered. 

Oxygen at various concentrations was given as required. A 

bilateral thoracotomy was performed to reduce respiratory 

movements thus facil itating single unit recording (Fig. 5). 

Anaestheticswere administered using the fol­

lowing techniques: a) microiontophoresis, b) electro­

osmosis, c) pressure, d) local perfusion and e) systemic 

administration (intravenous; Nembutal and chloralose, 

inhalation: "halothane). 



( 

FIG. f~: S : L C 0 f de ce r e b rat ion. Sec t ion 0 f t;1 e b rai n 

ster;, at the level of the mesencep:--.alon. Green 

spots mark the medial lemni scus, ?yramidal 

rract and the aqueduct. 



FIG. 5: Full view of the experimental preparation. 
Left fore1 imb electrodes on the superficial 
radial and median nerves. Upper electrodes J 
inside the cranial cavitYJ are located on 
the medial lemniscus and the pyramidal tract. 
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C - ELECTROPHYSIOLOGICAL METHODS 

a) Microiontophoresis 

The.microiontophoretic technique of drug ad­

ministration is based on the release of ionized chemical 

substa~ces from fine glass pipettes by an electrical cur­

rent. This movement can be controlled by the magnitude 

of the potential gradient appl ied across the conducting 

solution inside the pipette. If the solution is made 

positive relative to the tissue, cations will be carried 

out of the tip as a cationic current. If the tip is 

made re1ative1y negative, anions are then carried out by 

anionic current. In order to prevent spontaneous release 

of active ionic compounds, a sma11 current of opposite 

polarity to that of the active ion is 'permanent1y appiied 

to the e1ectrode. This current is known as the "backing 

current". A1ternatively the micro-tap technique for con­

troll ing the release of drugs can be used (Comis, Evans 

and Whitfie1d, 1964). 

The amount of a given ion re1eased by ionto­

phoresis can be calculated by the following equation: 

nI 
= ZF M 

where: M = moles/sec or ionic flux, n the transport num-

( 1 ) 

ber, the current, F Faraday's constant and Z the valence. 



Thus, the ionic flux is not direct1y known from the cur­

rent f10w since the exact value of n is not known. How-
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ever, for a given pipette, the flux is usua11y propor­

tiona1 to the strength of the current (Krnjevié l Mitchell 

and Szerb, 1963), consequent1y it is reasonab1e to study 

the relative activity of a given drug at different cur­

rent strengths. 

Except in the immediate vicinity of the tip 

(Curtis, 1964) once the ions are 1 iberated, the poten­

tia1 gradient in the tissue is too iniignificant to affect 

their distribution in the externa1 environment. The con-

centration that can be obtained depends upon the rate of 

ejection and the ch~aracteristics of the extrace11ular 

(or intrace11u1ar) space. The concentration at a given 

distance is governed by diffusion laws. In an infinit"e 

homogenous medium, a steady eff1ux (M) from a point source 

shou1d theoretica11y give the fol10wing distribution of 

concentration with time and with distance: 

C 
107 M x.10- 4 

= 41TXD ~ 44Dt 

C is the concentration in moles/litre at a distance (x) 

from the tip at time t in seconds after the beginning of 

the ·ej ect ion at a con s tant rate M mo l es/ sec. Dis the 

diffusion coefficient of the substance in the external 

medium. For long periods of time this equation can be 

(2) 
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reduced to 

c = 
10

7 
M 

4rrxD 

b) E1ectro-osmosis 

The appl ication of a potential gradient and the 

(3) 

resultant current across a microelectrode not only releases 

ions by iontophoresis but induces an electrokinetic flow 

of solvent, which may also carry out inert or charged 

particles. This electro-osmotic ejection depends upon 

the concentration of the solution and its nature, as well 

as the. type of glass used in the fabrication of the pipette. 

v = r2~ eE 
4nrr(300)2 

(4) 

where V is the volume of liquid transported per sec in ml 

through a tube of radius r in cm. E is the appl ied poten­

tial gradient in volts and ~ is the zeta or electrokinetic 

potential (volts); e is the di'lectric constant of the 

solvent and n is the coefficient of viscosity of the 

solution. 

V 

This equation can be simplified to: 
2 

= rrr uE 

where u is the electro-osmotic mobil ity in cm per volt 

per sec. For a micropipette, V =;0 lu - where = cur-

rent passed and ;0 
solu"tion. 

the specific resistivity of internal 

(5) 

The contribution of electro-osmosis to the total 

amount of drug released when a potential gradient is appl ied 
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to a pipette IS negl igible in concentrated solutions as 

demonstrated by Krnjevié et al. (1965). However, e1ectro­

osmosis can be used as the principal method of release 

when working with very low concentrations (NaCl ~ 0.01 M) 

and non-ionizing drugs such as the inhalation anaesthetics. 

These solutions are positive1y cha~ged with resp~ct to 

Pyrex glass (Curtis, Phil1is and Watkins, 1959), and they 

are re1eased by cationic currents. However, it is dif­

ficu1t to determine the actual amount being re1eased, 

a circumstance that prevented us from using this technique, 

except for a few experiments made to assess its possibi1-

ities and limitations. 

c) Pressure 

The use of pressure to eject drugs from micro­

pipettes is a method that has been used by severa1 in­

vestigators (Hodgkin and Keynes, 1956; Brooks, Curtis 

and Eccles, 1957; Price, Price and Morse, 1965). However, 

owing to the high resistance offered by e1ectrodes of 1 

or 2 ~ diameter, mechanica1 disp1acements and possible 

damage to the ce11 by the volume of solvent being in­

jected, this technique was used only in a fewexperiments 

that confirmed these theoretica1 disadvantages. 

lontophoresis, e1ectro-osmosis and pressure were 

used in conjunction with the five-barre11ed micropipette. 

The central barrel was fi11ed with a 2.7 M solution of NaCl 



for recording (or stimulation in sorne experiments). The 

other four barrels were filled with solutions of various 

compounds. In most pipettes one of these barrels had 

a l M solution of NaCl which was used to determlne cur­

rent artifacts. Halothane was injected by pressure from 

a saturated solution of 0.01 M NaCl placed in the central 

barrel. A lateral barrel was then used for recording. 

39 
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D - DRUGS 

Na L-glutamate, 2 M pH 6.5 (British Drug Houses), - current. 

y-aminobutyric acid (GABA)~ l M pH 2.4 and 5.5 (Cal ifornia 

Biochemicals), + current. 

Glycine, l M pH 4.0 (Fisher), + current. 

Gallamine Triethiodide, 0.5 M pH 6.3 (Poulenc), + current. 

Strychnine Sulphate, 0.02M pH 7.4 (British Drug Houses), 

+ current. 

Picrotoxin, 0.02 M pH 9.5 (British Drug Houses), - current. 

Sodium pentobarbitone (Nembutal), 0.2 M pH 9.5 (Abbott), 

- current. 

Procaine Hydrochloride, l M pH 5.4 (Abbott), + current. 

Veratrine, 0.2 M pH 3.3 (British Drug Houses), - current. 

T~bocurarine chloride, 0.02 M pH 6.3 (Borroughs Wellcome), 

+ current. 

Succinylchol ine chloride, 0.5 M pH 6.3 (Brickman and Company), 

+ current. 

Halothane B.P. (Hoechst). 

The pH of these substances .was adjusted with 0.1 M solutions 

of HG! or NaOH as required. 

Halothane was vaporized by passing 4 L of oxygen pev- ~\t\ 

through a cal ibrated Fluotec vaporizer (Cyprane Limited, 

England) and was delivered to the cat in a continuous flow. 

The same technique was used to equilibrate mammalian ringer 
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solutions at various concentrations. Once equil ibration 

was achieved the solution was passed continuously through 

a plastic cup resting on the surface of the cuneate nucleus. 

The five-barrelled micropipette penetrated the tissue 

through the centre of this cup (Fig. 6). 

Gases such as halothane are rapidly removed from 

the tissue by its blood supply, at a rate which can reason­

ably be assumed proportional to the tissue concentration 

(y) • The basic 

E.ï 
dt = 

diffusion equation 
2 

o ~ - Ky 
dx2 

is then 

where 0 is the appropriate diffusion coefficient, and K . 

the coefficient of removal. 

ln the steady state, this equation becomes 
2 

o ~ - Ky = 0 
dx2 

For a semi-infinite sol id, and a constant surface 

concentration (Yo)' the solution is 

y/Yo = exp(-x 1§0 (Crank, 1956) 

If Yo is the concentration of gas in the super­

fusing saline, a correction is required for the saline­

brain parti~ion coefficient (~). Then, 

y / y 0 = ~ • exp ( - x VIa) 
Assuming complete equilibration between the 

blood and the tissue, we have 
.. 

K = I3V (f3:::1/~) 
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whereji is the steady state partition coefficient between 

brain and blood, and V is the rate of blood flow (for the 
• brain, the mean value of V is 50 ml/100g/min or 0.008 mll 

g/sec (Cohen et al., 1964); for halothane~ ~ = 2.6 and 

D =10- 5 cm/sec (Larson, 1963»). We can therefore easi ly 

estimate the l ikely concentration of halothane at various 

depths, as a percentage of the concentration in the super­

fusing fluid. 

Values of y/yo for different values of x are 

plotted in Fig. 6a. One can see that within the range 

of depth where most of the cuneate cells were recorded 

(shown by arrow), the halothane concentration was l ikely 

to be within 75-150% of the surface concentration. 
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E - ELECTRONIC EQUIPMENT - ELECTRODES 

a) Recording 

The recording was made in the cuneate nucleus, 

the medial lemniscus and tre superificial radial nerve. 

The signals were fed into a cathode follower and th en into 

a Tektronix 122 AC pre-ampl ifier with a time constant of 

2 msec; final display was made on a 502 Tektroni~ cathode 

ray oscilloscope (Fig. 7). 

The recordings from the medial lemniscus and 

the superficial radial nerve were made with bipolar silver 

electrodes (the portion of nerve between them was crushed 

for monophasic recording); the signals were led on the 

same electronic circuit except for the cathode follower 

omitted for these recordings. 

The action potentials were displayed on the os-

cilloscope and photographed with a Grass Camera C4. For 

single unit analysis the rate of discharge w~s also inte­

grated and recorded on paper by an oscillo/riter (Texas 

Inst. Inc.). 

For the analysis of inter-spike intervals, burst 

discharges and post-stimulus histograms, the gated action 

potentials were fed into a 100 bin digital computer (Burns, 

Ferch and Mandl, 1965) (Ferch Electronics) and simul­

taneously displayed on a second oscilloscope; the histograms 
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were recorded on paper as described above. 

Compound action potentials on single or super­

mposed sweeps were photographed. Their latency, duration 

and amplitude were measured. 

b) Stimulation 

Stimulating electrodes were placed on the super­

ficial and median nerves, the ~dial lemniscus, the pyra­

midal tract (in a few experiments they wereplaced on the 

somatosensory cortex) and the cuneate nucleus. 

Peripheral nerves and the medial lemniscus were 

stimulated with bipolar silver electrodes delivering elec­

trical pulses of O. land 0.02 msec duration respectively, 

at a variable voltage and frequency. 

The pyramidal tract was stimulated with one per 

second bursts of 3 to 6 pulses (0.5 msec duratio~) at a 

frequency of 500 to 1000 per second, del ivered through 

bipolar silver electrodes. The voltage was adjustable; 

single pulses of l to 2 msec duration were used in some 

experiments. 

Cuneate Nucleus: a special switch was used 

for recording or stimulation from the cuneate nucleus 

through the central barrel of the micropipette. A 2 to 

10 Mn resistor in series with the electrode was used to 

reduce the effect of changes in electrode impedance (Fig.7). 

The electrical stimulators used were the Grass 
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Diagram of the stimulating, recording and am­
pl ifying arrangements used in the experiments 
on cuneate nucleus synaptic transmission. 
s = stimulator; C.F. = cathode fol10wer; 
D.C. = Digital computer; 1,2,3,4. - ionto­
phoretic unit. 
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5D 5, and Tektronix combinat ion 162 and 161 wave form and 

pulse generators. In a few experiments a special arrange­

ment was used to deliver triangular pulses of variable 

rate of rise (ramps), to study the rate of accomod~tion 

of afferent terminals. 

A four-channel polarizing unit was used for the 

iontophoretic release of the various drugs. The ionto­

phoretic currents generated in these circuits were measured 

with an electronic galvanometer (John Fluke Co.). The cat 

was grounded with a silver chloride electrode attached to 

the muscle of the neck. 

c) Preparation of the five-barrelled micropipettes (Fig.8) 

The electrodes were drawn out with a commercial 

pu11er (Narishige) and their tips broken to a 5 to 10 ~ 

diameter, then immersed in distilled water and boiled 

until all air had beèn expelled from the various barrels. 

Once the electrode was at room temperature the water was 

sucked from each barrel with the aid of a small polyethylene 

tube. The central and one lateral barrel were fi1led with 

2.7 M NaCl, the other three filled with various combinations 

of drugs according to the experiment. Color codes were 

used to identify these drugs. The electrodes were placed 

in a dark box which was kept at 4 to 10oC. 24 to 48 hours 

to allow for the diffusion of the drug to the tip of the 

electrode. 



These pipettes were used in no more than two 

different animals and stored for no more than one week. 

The resistance of each barrel was measured and recorded 

before and after its use. 

46 



FIG. S: -----
Viewof the five-barrel :ed micr0pipette and 
port of the cathode follower. 
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F - ANIMAL CARE - CONDUCTION OF EXPERIMENTS 

Special care was taken to maintain the cats 

in a good genera1 condition during the experiments. Most 

anima1s had a mean b100d pressure of 90 mm Hg. Hypo­

tension was corrected when indicated by one or more of the 

fo11owing treatments: a) continuous intravenous adminis-
. 

tration of nor-adrena1 ine, b) correcting metabo1ic acid-

osis with sodium bicarbonate, c) oxygen-enriched respira­

tory input, d) infusion of plasma expanders (Subtosan, 

Poulenc) and as fast and carefu1 surgica1 preparation as 

was possible. Whenever the arteria1 b100d pressure cou1d 

not be maintained over 60 mm Hg the experiments was dis­

continued~ 

Two para1ysing agents were used, tubocurarine 

and succiny1cho1 ine. Tubocurarine in single doses of 

0~5 to 1 mg/Kg every 30 to 60 minutes during the first 

six hours. After this time on1y neg1igible further doses 

were required. Unfortunate1y, it lowered the b100d pres­

sure be10w 90 mm Hg in most animals thereby increasing the 

need for vasopressors. Furthermore tubocurarine depressed 

the afferent termina1s when given systemica11y or ionto­

phoretica11y. Its depressant effect on the efferent ter-
~ mina1s has been reported (Stand8è1t, 1963). 

Succiny1cho1ine was given by continuous intra-
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venous injections of a solution of 1 mg/ml, at a rate of 

0.2 to 0.5 ml per minute. It offered sorne advantages over 

tubocurarine. The blood pressure was well maintained, while 

the.experimental results showed no central effects. This 

para1yzing agent has been shown to depress motor nerve 

terminals (Stand~t and Adams, 1965) while it is suspected 

of depolarïzing afferent terminals in the spinal cord 

through activation of muscle spindles (Cook, Nei1son and 

Brookhart, 1965). The ~bservations reported in this thesis 

were made on the termina1s of a pure sensory (skin) nerve -

thesuperficial radial. 
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G - STUDIES ON SYNAPTIC TRANSMISSION 

a) Synaptic efficiency 

This efficiency was determined by the followin9 

criteria: a) changes in the main response of cuneate cells 

to peripheral stimulations (touch, pressure, joint move­

ments, hair displacement), b) rhanges in the medial lem­

niscal action potential evoked by cuneate stimulation, ~H) 

changes in the action potential of cuneate cells during 

electrical stimulation of peripheral nerves (superficial 

radial or the median nerves) and/or medial lemniscus (Fig. 

9). 

b) Post-synaptic effects 

The effect of anaesthetics and other substances 

on the post-synapticmembrane were assessed by the changes 

induced in the response of the cells to iontophoretic ACh and 

glutamate. These observations were made in both cortical 

and cuneate neurones. 

c) Presynaptic afferent terminals 

These studies were made in the cuneate nucleus 

(Fig. 9); a five-barrelled micropipette was introduced to 
~ 

a depth between 300 ~ to 1 .500 ~~s to locate the afferent 

terminals of the superficial radial nerve. These structures . 
were d~fferentiated from cell units by the positive response 

to high frequency stimulation, and from dorsal column 



FIG. 9: Diagram of the experimental preparation. 
Electrodes on the mesencephalon represent 
the site of stimulation of the medial 
lemniscus and the pyramidal tract. 
(Fig. 260 from Ranson, S.W. and Clark, S.L. 
The Anatomy of The Nervous System, 9th 
edn, p.353. Philadelphia: Saunders.) 



fibresby the lesser resistance to hypoxia as shown in 

Figure 30. The central barrel was used for stimulation. 
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The other four barrels were used for the microiontop~etic 
, 

release of several substances. Also studied were the ef-

fects produced by the systemic administration of Nembutal, 

halothane, curare, succinylcholine, strychnine and picro-

toxine 
. . 

d) Effect according to cell function 

Two populations of cells were studied: cuneo­

thalamic relay cells and interneurones. The former were 

identified by their antidromic response to medial lem­

niscal stimulation. The latter by their trans-synaptic 

response to pyramidal tract stimulation and unresponsive­

ness to medial lemniscal stimulation (Andersen, Eccles, 

Schmidt an~ Yokota, 1964). 

e) Studies on synaptic inhibition 

The effects of the systemic administration of 

Nembutal, 'halothane, strychnine and picrotoxin were ob­

served. Possible pre- and post-synaptic inhibitions were 

studied using the following methods: a). Depression of 

the trans-synaptic response of one nerve, the superficial 

radial, while ~timulating a second one, the median. Trans­

synaptic action potentials were recorded from the cuneate 

nucleus and/or the medial lemniscus. b) Cuneate stimul-

ation: median nerve conditloning. Inhibition was determined 
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~s 
by changes in the medial lemn~cal action potential. The 

changes observed with either method were plotted as per­

centage of control at various intervals after a condi­

tioning pulse. c) Post-synaptic inhibition curves deter­

mined by the inhibitory'effect of peripheral pulses on 

cuneate cells being stimulated by microiontophoretic 

administration of glutamate. Post-stimulus histograms 

as well as photographie records were used for this deter­

mination. The effects of picrotoxin and strychnine on 

synaptic inhibition were observed following their systemic 

and/or iontophoretic administration. 
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A - EFFECTS ON SYNAPTIC TRANSMISSION 

THROUGH CUNEATE NUCLEUS 

a) Excitation of cuneate cells by stimulation of 

periphera1 receptors 

These receptors were c1assified as: hair~ 
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touch and proprioceptive~ according to the response of 

cuneate neurones to the various moda1ities of stimulation; 

a) a jet of air, b) a weight app1ied upon the receptive 

area~ or, c) the disp1acement of a joint (Amassian and 

de Vito, 1957; Schwartz~ 1965; Ga1indo~ Krnjevié'and 

Schwartz, 1967). 

The ~ctivity of these ce11s was ana1ysed as 

fo110ws: 1) by their firing rate, 2) by the number of 

spikes forming a continuous discharge or burst and 3) 

by the distribution of interspike interva1s (1 ID). 

Procaine: This local anaesthetic was administered ionto­

phoretica11y in 8 experiments, four of them .under ch10ra-

10se anaesthesia (80 mg/Kg I.V.) and the others on decere­

brated cats. There were no significant differences bet­

ween these two groups. A total of 11 joint units~ 25 

touch units and 44 hair ce1ls were ana1yzed. Procaine 

was re1eased for a period of 10 to 30 seconds at strengths 

between 10 and 100 nA. The initial effect of this anaes­

thetic was to reduce the number of spikes in a given burst 
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Effect of pr·ocaine on the numbeL.9.1. spikes forming 

a burst. Ordinate: number of ~; abscissa: 
number of spikes in a single burst. n = total 
number of spikes during t - time in seconds. 
Proca i ne reduces the number of ·sp i kes in a gi ven 
burst. Observations made in the cuneate nucleus 
of a cat under ch1ora1ose anaesthesia (80 mg/Kg). 
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FIG. 11: Interspike interval distribution and the 
effect of procaine and Nembutal. Ordinate: 
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activity was evoked by flexion of the 
wrist. Decerebrated cat. 
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FIG. 12: Interspike interval distribution histogram of 
a hair unit peripherally evoked by a continuous 
jet of air. Note the difference in interspike 
interval distribution with the proprioceptive 
unit (Fig. 11). (See Galindo, Krnjevié and 
Schwartz, 1968). 
Nembutal, procaine and Ca++ displace the histo­
gram to the right or in favour of longer inter­
spike intervals. This parameter is the first 
to be affected by anaesthetics. 
t = time. n = number of spikes. Observations 
made in the cuneate nucleus of a decerebrated 
cat. 



TABLE 2 

A 
# of Place 

G1ut S. E. Procaine S E /# of / G1ut / S E /Nembuta11 S E 
ce11s nA nA .. ce11s nA .. nA .. 

1 1 c. cortex 79.0 8.8 36.8 10.4 25 76.4 5.7 69.2 6.6 

12 cuneate-hair 123.2 35.7 28. 1 5.4 10 131 .0 25.5 55.0 12.2 

8 cuneate-others 151 .2 33.9 38.7 7.3 25 57.2 7.6 45.2 6.4 

B. 
# of Nembuta1 S. E. ~~oca i ne 1 S. E. 1 P< 
ce 11 s nA 

13 113.07 19.9 33.4 14.91 .01 

c. 
# of SABA S. E. Glycine S E p< ANAESTHESIA 
cel1s nA nA . . 

10 60.0 11.9 18.8 4.7 .01 Decerebrated 
10 19.0 3.7 7.0 2. 1 - Nembuta1 30 mg/Kg 
17 25.2 7.2 23.3 7.9 'chloralose 80 mg/Kg 

The information in this table is derived from a maximum of two cel1s per any given 

experiment. Different e1ectrode for each unit ana1yzed. In A are compared the 

ratio of procaine to glutamate and Nembuta1 to glutamate. That is the current 

strength of the two anaesthetics needed to suppress the post-synaptic excitation 

induced by the amino acid. In B are compared the effectiveness of Nembuta1 and 

procaine on the same cuneate neurones. These are equipotent doses needed to sup­

press a simi1ar level of glutamate excitation. In C are compared the effectiveness 

of GABA and glycine according to the type of anaesthesia. 



(Fig. 10) and to change the shape of the 1 ID (inter­

spike interva1 distribution) (Fig. 11). The reduction 

in mean firing rate was 1ess apparent; but higher cur-
~ 

rent streng~s had a marked effect on this latter para-

meter. 

Ca++: This ion had an effect simi1ar to that of pro-

caine (Fig. 12); it was tested in six experiments for a 

total of 15 ce11s; fourunder ch1oralose anaesthesia 

and two decerebrated preparations. The main difference 

with procaine was the presence of larger spikes under 

Ca++ administration Just before their disappearance. 
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Sodium Pentobarbitone (Nembuta1): Its systemic adminis­

tration (10-20 mg/Kg) facil itated the action of its ionto­

phoretic release. This anaesthetic reduced the firing 

rate, the number of spikes in a burst and 1engthened the 

inter-spike intervals (Figs. 11-12). These effects were 

simi1ar to those of procaine, but a 1arger dose of Nembutal 

was required to induce the same depression (Table 2). The 

resu1ts with Nembuta1 were difficult to reproduce in a11 

animals. This lack of consistency could be exp1ained by 

a combination of factors: a) the pH of the. pentobarbitone 

sol~tion had to be adjusted between 9-10: if higher, (>11) 

the tip' of the electrode disintegrated too rapidly for use; 

if much lower «9) the anaesthetic tended to precipitate. 

b) The use of current higher than 100 nA (-). The 



FIG. 13: Effect of Nembutal and GABA on a cuneate relay 

cell being evoked simultaneously from the super­
ficial radial nerve (S.R.) and antidromically 
from the medial lemniscus (M.L.). 
The effect of Nembutal (N - 150 nA) is seen on 

the orthodromie action potential only immediately 

after the releasing current is turned off (A.N.). 

GABA is more effective on the orthodromie spike. 

The antidromic spike increases in size initially 
(40 nA) suggesting hyperpolarizing effect. 
Several traces are superimposed in each record. 

Records from the cuneate nucleus of a decerebrated 
cat. 



negative po1arity tends to offset the effect of Nembuta1 

owing to its depo1arizing effect. The effectiveness of 

the anaesthetic cou1d be demonstrated on1 y immediate1y 

after cessation of the releasing current (Fig. 13). 

c) Impurities and dirt from water used to prepare solu­

tions. This was part1y contro11ed by fi1tering the dis­

ti11ed water with a 0.2 ~ mi11ipore tissue. 
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The depression of synaptic transmission induced 

by Nembuta1 took 20 to 40 sec to reach its maximum and a 

simi1ar time to disappear. In a few (6) experiments 

thiopenta1 (Pentotha1) was administered iontophoretica11y 

(50-150 nA) with simi1ar resu1ts. 

Ha1othane: This agent was studied in 25 experiments. Its 

effect appeared after more than 7 min of its administration 

by inhalation and persisted for more than 20 minutes after 

its cessation. When the anaesthetic was given through the 

cup both times were shorter. The resu1ts were inconsistent 

when it was administered random1y to various types of 

cuneate neurones. The rate of firing decreased with some 

ce11s or rose with others. This action was not re1ated 

to the concentration (when given by inhalation or through 

the cup at 1-2% v/v). The same unpredictab1e resu1ts were 

observed on the inter-spike interva1 ana1ysis and in the 

shape of the burst. It was 1ater rea1 ized that these 

confusing effects cou1d be explained by functiona1 differences 
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in the population of cuneate neurones. Identification of 

units was then made to test this idea, the results are 

presented on page 77. 

b) Indir.ect electrica1 stimulation of cuneate cells 

(Orthodromic and antidromic) 

This part refers to the effects of the anaes­

thetics on·cuneothalamic relay cells. Two stimul i were 

appl ied simultaneously to activate the same unit, one to 

a peripheral nerve for trans-synaptic excitation and the 

other to the medial lemniscus for antidromic invasion of 

relay units. The strength of stimulation was adjusted 

just above threshold. Coll ision of the two action poten­

tials was used to ascertain the single origin of the 

spikes. 

The antidromic action potentia( had a delay of 

less than 2 msec while that of the orthodromic was between 

4 and 6 msec. There were no significant changes in con­

duction velocity after the intravenous injection of Nem­

butal (30 mg/Kg) or the inhalation of halothane (2%). 

Procaine: The iontophoretic release of this anaesthetic 

(10 to 100 nA), which was studied in 15 experiments for 

a total of 57 cells, depressed both the antidromic and 

the orthodromic action potentials at equal releasing cur­

rents (84.5-85.2 nA, respectively, P < 0.1, Fig .. 14). 

On several occasions the antidromic spike was depressed 
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FIG. 14: Effects of GABA or glycine, procaine and Nembuta1 
on both orthodromie and antidromic action poten­
tia1s of cuneate re1ay ce11s. GA BA or glycine 
are five times more effective in depressing ortho­
dromica11y evoked action potentia1s than in de­
pressing the antidromic invasion of the same units 
(P < 0.01). Nembuta1 is a1so more effective in 
suppressing trans-synaptic irivasion of re1ay units 
(P < 0.05). However, the difference in dose needed 
to suppress this latter response on the antidromic 
invasion is sma11er (25%). Procaine is equa11y ef­
fective on both of them. Observations made on de­
cerebrated cats. 



FIG. 15: Upper l ine, simultaneous ortho- and antidromic 
stimulation of a cuneothalamic unit. GABA is 
more effective in blocking the former while 
procaine is equally effective on both. Lower 
row of photographs shows the effect of these 
two drugs on burst activity evoked from the 
periphery. S.R. = superficial radial nerve. 
M.L. = medial lemniscus. Recording from the 
cuneate nucleus through the central barrel of a 
five-barrelled micropipette. Microiontophoretic 
release of GABA and procaine. Decerebrated 
cat. 



FIG. 16: Simultaneous stimulation of a cuneothalamic 
unit from the superficial radial nerve (S.R.) 
and the medial lemniscus (M.L.). Halothane 
abolishes the orthodromie response of relay 
cells when given at concentrations of 2% or 
more. The effect ofg~cire is easily observed 
during halothane administration. Recording 
from the cuneate nucleus in a decerebrated 
cat. 



FIG. 17: Effect of 3% ha10thane - given through the cup -
on a cuneotha1amic re1ay cel1 being evoked simu1-
taneous1y from the media1 1emniscus (M.L.) and the 
superficial radial-nerve (S~R.). The antidromic 
action potential is first increased in ampl itude 
(not shown) and subsequently reduced, its duration 
becomes ~onger. The reverse sequence is ob~erved 
during the recovery period (shown at 4 min). This 
effect suggest5 a hyperpo1arizing mechanism. Ortho­
dromie action potentia1s are easi1y depressed by 
ha16thane. Recording from the cuneate nucleus, 
decerebrated cat, suprathresho1d stimul j. Severa1 
traces are superimposed. 
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fi~st (Fig. 15). 

Nembu~al (Sodium pentobarbitone): This barbiturate was 

studied in 27 experiments for a total of 63 units. It 

eonsistently depressed the orthodromie spike first and only 

by ·inereasing the strength of the eurrent by more than 

25% (P < 0.05) was it possible to suppress the antidromie 

spike (Figs. 13, 14). Its systemie administration (20 mg/Kg) 

was effective in depressing orthodromie action potentials 

but had no effect on the. antidromic spikes. 

Halothane: This agent was studied in 20 experiments for a 

total of 56 units. The results were similar regardless 

of whieh of two methods was used: inhalation or local 

perfusion. Halothane up to 2% (v/v) for more than 4 min 

of administration depressed synaptic transmission ~uneo­

thalamic eells) but had no effect on the antidromic in­

vasion (Figs. 16, 17). This effect was reversible after 

short periods (10-20 min) of administration. ln most 

experiments halot~ane was given through the perfusio~ 

eup to avoid ~ystemic changes in blood pressure. 

DISCUSSION 

These results indieate that the mode of action 

of procaine, Nembutal and halothane differ from each other. 

procaine is equally effective in blocking the antidromic 

or the trans-synaptic stimulation of cuneothalam~c cells, 

an effect consistent with its non-specifie action as a 



b10cker of Na conductance (Shanes, 1958; Taylor, 1959). 

Nembutal is more effective in b10cking the 

trans-synaptic excitation of cuneate neurones; at higher 

doses it b10cks their response to antidromic stimulation. 

Ha1othane, at anaesthetic concentrations, depresses on1y 

the orthodromic invasion of cuneotha1amic units. 

Simi1ar differences have been reported before. 
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Lorente de No (1947) described the effect of cocaine and 

ether on frog's nerve excitabi1ity. The b10ckade of nerve 

conduction produced by cocaine did not"affect the resting 

membrane potentia1 whi1e ether depo1arized the nerve. 

Furthermore, the depo1arization caused by ether was dif­

ferent from that produced by anoxia, a difference pre­

vious1y suspected by Biederman (1895). 

Larrabee and Posternak (1952) and Larrabee and 

Holaday (1952) c1early demonstrated the existence of 

various mechanisms responsib1e for the blockade of syn­

aptic transmission in sympathetic gang1 ia. Nembuta1 

preferentia11y depressed synaptic transmission. Cocaine 

was equally effective in b10cking synaptic transmission 

and nerve conduction. Urethane, on the other hand, ap­

peared more effective in blocking the latter. 

More recent1y Herz, Fra1ig, Niedner and Farber 

(1967) demonstrated differences in the effect of various 

anaesthetics on auditory evoked potentials recorded from 



the sensory cortex of cats. 

Despite this experimental evidence there is a 

tendency ~o consider the depression of synaptic trans­

mission produced by anaesthetics as a phenomenon having 

on 1 y one site and one mecha"n i sm of act i on (Loyn i ng et 

al., 1964; Somjen et al., 1963; 1967). This tendency 

is supported by ~he depression of excitabil ity in moto­

neurones observed with ether and Nembutal (Somjen and 
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Gill," 1963; Shapovalov, 1964). This depression has been 

considered to have a similar mechanism to: that dthe bloçk­

ade of nerve transmission induced by procaine, an agent that 

charac~"erizes anaesthetics for a large group" of ï"nvestig­

atores (Inoue and Frank, 1962, 1965; Feinstein, 1964; 

Blaustein and Goldman, 1966; Frank, 1968). 

Shanes (1958) called procaine a "stabil izer" be­

cause it prevents the increase of Na conductance. This 

effect was demonstrated by Taylor (1959) on the squid 

axon, but as he recognized, more experimental work is. 

needed before one could understand the processes control­

ling the Na and K membrane conductances; even depression 

of membrane excitability may still be produced by several 

mechanisms. Tetrodotoxin is a specifie blocker of Na con­

ductance but hardly qualifies as a safe anaesthetic agent 

~oore and Narahashi, 1967 and Blankeship,1968). More­

over, the excitability of neurones can be depressed also 
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FIG. 18: Upper traee - orthodromie action potential 
recorded in the medial lemniseus. Lower 
traee - antidromic action potential recorded 
in the superficial radial nerve. Cuneate 
nucleus stimulation. œ, sand R components 
as descri bed in text. Several t5aces super­
imposed. Oecerebrated cat at 34 C. 



by increased inhibitory input acting pre- or post­

synaptically upon them. (Granit, Kellerth and Williams, 

1964). 

c) Direct electrical stimulation oi the cuneate nucleus 
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The cuneate nucleus was stimulated through the 

centrà electroqe of the 5-barrelled micropipette, thus 

activating the terminals and the dendrites of dorsal columns 

fibres and cuneate neurones, respectively. This method 

made it possible to study simultaneously synaptic trans­

mission and the exci.tabil ity of presynaptic terminals. 

The results of the latter are discussed elsewhere (page 73). 

ln this part are presented the effects of anaesthetics on 

the action potential recorded orthodromically in the 

medial lemniscus. 

This action potential (Fig. 18) can be divided 

into three components - ~, ~ and R (Andersen, Eccles, 

Oshima and Schmidt, 1964). The ~ component has a latency 

of less than 2 msec and appears only when the stimulating 

electrode is located in the upper 1/3 of the cuneate nucleus 

and deeper than 1.5 mm. It is considered to be generated 

by direct stimulation of relay cells. The S component is 

bel ieved to correspond to the trans-synaptic stimulation 

of cuneate neurones. The R component is formed by a series 

of 2, 3 or more small waves that appear after the S spike. 

These waves correspond to the dorsal column reflex (Fig.18). 
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Procaine: This anaesthetic was studied in 10 experiments. 

It was a potent depressant of synaptic transmission when 

given iontophoretica11y at strengths between 50 and 200 nA 

(~I ~ and R). Its effect 1asted for a period of 2 minutes 

following the end of its administration. 

Nembutal: The systemic administration of Nembutal (2-30 

mg/Kg), which was studied in 22 experiments, reduced the 

size of the media1 lemniscus compound action potentia1s 

(10 to 50% respective1y) (~ and R). Its effect was 

manifested with doses as low as 2 mg/Kg (Figs. 19, 20). 

The usual anaesthetic dose is 30-40 mg/Kg. 

Halothane: Inhalation of 1-2% (v/v) halothane - studied 

in 45 experiments - reduced the trans-"synaptic action 

potential (~ and R). This effect was manifested 7 min 

from the beginning of its administration, it was rever­

sible after short periods of administration (10-20 min); 

complete recovery took 30 min. The effect was small but 

consistent in all experiments (Figs. 21, 22). 

DISCUSSION 

It is clear from these experiments that the 

three anaesthetics investigated depressed synaptic trans­

mission in the dorsal columns medial lemniscus pathway. 

However, these results do not clarify their site of action, 

nor do they suggest the possible mechanisms. 

Subsequent experiments were planned to study 
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their effect on a) the post-synaptic membrane, b) the 

afferent terminals, c) on cuneate neurones according to 

their function, and final1y, d) on the inhibitory process. 



FIG. 19: Effect of intravenous Nembutal on the trans­
synaptic action potential recorded from the 
medial lemniscus (upper traces) and the anti­
dromic action potential recorded from the 
superficial radial nerve (lower traces). 
Cuneate nucleus stimulation - 1/sec,0.02 
msec duration and at 80 and 60 volts strength. 
One ot severa1 traces superimposed in the 
various photographs. The depression produced 
by Nembutal i s present following a small i ntra­
venous dose (2 mg/Kg). Decerebrated cat. 
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FIG. 20: Effect of Nembutal on afferent terminal 
(broken l ine) and trans-synaptic action 
potential (continuous line). In the or­
dinate: the size of the spikes in ar­
bitrary units. In the abscissa: the 
strength of the stimulus appl ied to the 
cuneate nucleus (duration 0.02 msec). 



FIG. 21: Effect of halothane on synaptic transmission 
(M.L. = medial lemniscus), afferent terminals 
(C) and dorsal columns fibres (D.C.). Several 
traces superimposed. Responses evoked from C. 
and D.C. are recorded antidromically in the 
superficial radial nerve (S.R.) and ortho­
dromically (in t1.L.). Halothane has no sig­
nificant effect on the dorsal columns fibres, 
it depresses the terminals at lower stimu­
lating voltages (50 V) while it has no effect 
or increases their excitabil ity at higher vol­
tages (80 V). Durat ion of stimul i i s 0.02 
msec. 
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ate nucleus stimulation (0.02 msec pulse duration). 
Halothane depresses synaptic trans~ission along the 
dorsal columns - medial lemniscus pathway. Its effect 
on the terminals depends on the strength of stimulation." 
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B - EFFECTS ON THE POST-SYNAPTIC MEMBRANE 

OF CUNEATE CELLS 
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This effect was determined by observing the 

action of the various anaesthetics on the glutamate-induced 

firing of cuneate neurones and the ACh-induced activity of 

cortical units. The use of glutamate as an agent to study 

the effect of anaesthetics on the post-synaptic membrane 

is justified even if its function as a neurotransmitter 

has not been estab1ished. The avai1ab1e information 

derived from the myoneura1 junction in crustacea (Takeuchi 

and Takeuchi, 1964) and the giant Mauthner ce11s of gold­

fish (Diamond, 1968) supports this assumption. The action 

of glutamate in the cuneate appears to be restricted to 

special ized sites on the post-synaptic membrane (Gal indo, 

Krnjevié and Schwartz, 1968). The depression of its ex­

citatory action may be considered a post-synaptic effect. 

These studies were made as fo1lows: the unit 

was excited first by the minimum amount of glutamate that 

could be accurately reproduced. Various manners of testing 

were used; the one adopted during these experiments was 

that of short glutamate applications - 5 to 20 seconds -

repeated at fixed interva1s - 20 to 60 seconds. "Control" 

was defined as the response of a given unit to the lowest 

glutamate current app1ied for two or more of these periods. 
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This reproduceabil ity was possible only in few cells in 

any given experiment (approximately 20% of the units). 

Anaesthetics, GABA or glycine were then given until com­

plete suppression of the glutamate (or ACh) response. This 

was considered as the first "point" of the "effectiveness" 

of the former compounds. A second point was determLned 

by doubling the glutamate current a third and subsequent 

points were determined by doubling again the current of 

glutamate. The plotting of these points gave an initial 

ratio, of variable slope, followed by a "plateau" suggestive 

of "saturation of receptor sites" (Figs. 24, 26, 27). 

a) Microiontophoreti~. electro-osmotic and pressure 

release 

Procaine: ' This anaesthetic depressed the post-synaptic 

membrane of cortical as well as cuneate neurones when 

studied in 21 experiments. Its effect started during the 

first five seconds of its administration, it disappeared 
r 

in the same period of time after its cessation. Often, 

there was a period of approximately 20 seconds of hyper­

excitabil ity immediately after the ·end of its administration 

(Figs. 23, 24, Table 2). 

Nembutal: This barbiturate was studied in 26 experiments. 

Its mode of action was similar to that of procaine; however, 

its maximum effect took 20 to 40 seconds to appear with a 

similar period to wear off. There was no post-application 
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rebound of excitation (Fig. 24). 

Both procaine and Nembutal were appl ied for 

a few seconds (10-30) preceding a given dose (current 

strength) of glutamate that was administered for fixed 

periods of time (5-20 seconds) as explained above. 

Halothane: The effects of this gas were not consistent. 

Illustrated in Fig. 25 is one of the few examples in which 

halothane depressed the post-synaptic membrane of cuneate 

neurones. In.some cells halothane had no effect, or 

there was an irreversible depression, or the units ac­

celerated their firing rate. These methods of halothane 

administration were abandoned owing to the impossibility 

of dose control. 

Cholinoceptive units: A total of 12 cortical units were 

excited by both ACh and glutamate. Procaine (40-100 nA) 

and Nembutal (80-200 nA) were equal1y effective in depressing 

their induced activity. 

b) Systemic administration 

Nembutal: Intravenous Nembutal (10 mg/Kg), studied in 5 

experiments, depressed post-synaptic excitabil ity. This 

effect was manifested during the first minute of its ad­

ministration, it was not related to blood pressure changes 

since the pressure was artificially controlled by infusion 

of nor-adrenaline~ 



100 
u 
cu 
<fi 

.... 
cu 
a. 
<fi cu 
~ 

"ii 
en 

0 

Hoir Unit Procaine Effect 

Proceine 30nA 

o l~~r 1 n II ri G~A 
r
" ~ ~ !i'I l !n~ ~ r 

~J !', ::~~~ ..... • •. 'd.~ k"cA., aA&.DP~~M\ ,,!lA. .t~~~:~~é" , ~.. :~~ 
1_ ___ ___ _ __ L __ ~~ ___ ~ __ J_ ~ 

023 4 

FIG. 23: 

Time(min.) 

The iontophoretic release of procaine depresses both the 
post-synaptic response to glutamate (Glut) and the trans­
synaptic response to a jet of air applied at the periphery 
(P.S.). There is a transient period of hyperexcitability 
following the cessation of procaine administration. Records 
taken from the cuneate nucleus of a decerebrated cat using 
the 'central barrel of a five-barrelled micropipette. Glut­
amate and procaine were released iontophoretically through 
two other barrels. 
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FIG. 24: The post-synaptic response to glutamate is blocked 
by both procaine and Nembutal. The type of inter­
action between these two anaestœtics and glutamate 
suggests a saturation of receptor sites. Complete 
saturation with Nembutal is at 80 nA and with pro­
caine at 60 nA. Note the slower recovery after 
Nembutal than after procaine. The figure should 
be read as a continuous record of 16 minutes 
duration. Five barrelled micropipette was used 
for recording and drug administration in the 
cuneate nuc l eus. Dece rebrated cat. 
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Example of depression of the post-synaptic membrane· 
by halothane. Recording through one lateral barrel 
of a five-barrelled micropipette located in the 
cuneate nucleus. Halothane was released by applying 
pressure to the central barrel. of this pipette filled 
with the undiluted anaesthetic. A jet of air was used 

as peripheral stimulation (P.S.). Glutamate (Glut) 
was released iontophoretically. Oecerebrated cat. 
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FIG. 26: Effect of halothane on the post-synaptic response 
to glutamate and its depression by GABA and gly­
cine ± l S.E. Ten neurones were studied before 
and ten different units after 2% halothane (in­
halation). Systemic blood pressure maintained 
at 90 mm Hg. (Noradtenal ine). Halothane reduced 
the amount of GABA and glycine needed to abol ish 
a given strength of glutamate excitation. The 
threshol.d for this latter amino acid was also 
reduced. These results suggest tha~ at this anaes­
thetic concentratio~.halothane lacks post-synaptic 
depressant properties. Observations made in the 
cuneate nucleus of a decrebrated cat. 
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FIG. 27: Effect of nembutal on the post-synaptic response 
to glutamate and its depression by GABA and glycine 
± l S.E. Ten neurones were studied before and 
ten different units after 20 mg/Kg of intravenous 
Nembutal. Blood pressure maintained at 90 mg/Kg 
(nor-adrenal ine). Nembutal reduced the effective 
amount of GABA needed to abolish a given strength 
of glutamate excitation. It had no effect on 
glycine effectiveness. The threshold for glut­
amate was raised by the anaesthetic. These results 
are consistent with a post-synaptic depression 
induced by the anaesthetic. Records taken in the 
cuneate nucleus of a decerebrated cat. 
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FIG. 28: The effect of the combination of procaine and' 
glycine is additive. Observations made in' the 
cuneate nucleus of a decerebrated cat. Both 
drugs were released iontophoretically. 
Recording through the central barrel of a 
five-barrelled micropipette. 
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Halothane: The inhalation of halothane (1-2% v/v), for 

more than seven minutes, had no effect or increased the 

responses of.cuneate and cortical neurones te the adminis­

tration of glutamate. These observations were made in 

15 experiments. 

The effects of Nembutal and halothane, on the 

post-synaptic membrane, were studied in two ways; a) the 

post-synaptic response to glutamate was tested before and 

after the systemic administration of these two anaesthetics, 

and b) in other experiments the glutamate threshold was 

determined in several cells before, and in several different 

cells after their systemic administration; the results were 

compared statistically (Fig. 26, 27). They were consistent 

with the initial observations, Nembutal depressed while 

halothane had no effect on the post-synaptic membrane. 

c) Interaction 'with inhibitory transmitters 

It was assumed that GABA and glycine represented 

the most likely inhibitory transmitter in the cuneate nuc­

leus (Galindo, Krnjevié and Schwartz, 1~67). Procaine 

and Nembutal when combined with them, had simply additive 

effect (~ig. 28). However, in a few instances Nembutal in­

creased the effectiveness of GABA. In three different ex­

~eriments the same cuneate cell was depressed with both 

amino acids before and after the administration of 20 mg/Kg 

of Nembutal. Glycine was more effective than GABA before 
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Effect of 'GABA - Glycine Before and 

During Halothane - Relay Cells and 

1 nterneurones 

o Control 

~Halothane 

P < .01 Not Significant 

Cuneothalamic Cells 13 Interneurones 9 

FIG. 29: Effect of halothane on the effectiveness of GABA 

or glycine. Evoked responses of relay cells and 
interneurones (identification and electrical stimu­
lation,as ·discussed in the text). 2% halothane 
(cup) reduced the need for the amino acids (P<O.Ol) 
on the cuneothalamic units while it tended to in­
crease it on the interneurones (not significant) 
± 1 S.E. Numbers on the left indicate the strength, 
in nA, of the GABA or glycine releasing current 
needed to depress trans-synaptic unit stimulation. 
Observations made on decerebrated cats. 
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Nembutal (20 vs 25 nA). After its administration GABA 

became relatively more effective (18 vs 15 nA). ln an 

other experiment a group of 10 cells were observed before 

and after Nembutal. GABA became more effective after the 

administration of the anaesthetic. The action of glycine 

was unchanged (Fig. 27). 

Halothane: ln 23 experiments, halothane (2% for a minimum 

of seven minutes) potentiated the effect of GABA and 

glycine both on cortical units and in the cuneate nuc­

leus. In this latter place there was a potentiation with 

cuneothalamic cells but not with interneurones, which 

showed no change or a decrease in effectiveness (Fig. 29). 

DISCUSSION 

These results offer a further confirmation of 

the differences among the three anaesthetics being studied. 

The depression produced by procaine and Nembutal contrasted 

with the lack of such action during halothane administration. 

On the other hand, this latter anaesthetic potentiated the 

effects of GABA and glycine, while the former two had only 

additive effects with these amino acids. 

Nembutal preferentially depresses sites acces­

sible to excitatory transmitters, as suggested by its 

greater effectivness in blocking the orthodromie action 

potentials. Higher doses of Nembutal may affect the ex­

citable process in a manner similar to that of procaine. 



The b10ckade of the antidromic spike supports this idea; 

but the depression of sympathetic nerves is a more con-
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clusive proof .of its local anaesthetic properties (Larrabee 

and Posternak, 1952). Thiopental at high concentrations 

acts also as a local anaesthetic (Schoepf1e, 1957). 

Procaine depresses the excitability of the post­

synaptic membrane both non-specifically and by interacting 

with membrane receptors. It has been demonstrated that 

procaine and atropine block the generation of the action 

potential owing to a direct effect upon the spike gen­

erating mechanism but not on the post-synaptic potentials, 

both EPSP and IPSPs (Curtis and Phillis, 1960). These 

observations indicate "that the manner in which sodium 

ion passes through the membrane during the EPSP is dif­

ferent from that in'which it does during the spike". How­

ever, in Renshaw cells, procaine acts preferentially on 

the chol inergic receptors, an action in 1 ine with the 

findings of del Castillo and Katz (1957) at the myoneural 

junction. It is interesting to note that procaine and 

ACh seem to compete for the same membrane sites. This 

suggestion is based on their antagonistic effect on 

nerve excitabi1 ity (Bloom and Schoepf1e, 1963).· 

Halothane does not depress the post-synaptic mem­

brane of cuneate neurones at anaesthetic concentrations. 

However, experiments by Karis and co-workers (1967) with 
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ether,and halothane, on the frog sartorius muscle sciatic 

~erve preparation in vitro, indicate that these agents 

depress the ,response of the post-synaptic m~mbrane to the 

iontophoretic release of acetylcholine. There is no change 

in the resting membrane potential nor in the threshold for 

direct 'stimulation of the muscle. Apparently these results 

are at variance with our own. However, the transmitters 

involved are different. Their observations were made on 

frog's myoneural junction at room temperature, ours in 

cats at 3Go C. Moreover, the anaesthetic concentrations 

used by them were higher than those needed to depress syn­

aptic transmission elesewhere in the C.N.S. Our experiments 

indicate that high concentrations of halothane, as when' 

released under pressure or electro-osmosis, might also 

depress the post-synaptic membrane. 

A depression of excitatory post-synaptic poten­

tial (EPSP) could be explained by either a curare-l ike 

effect in which the anaesthetic would occupy the receptor 

si~e, or by changes which alter the ionic conductance of 

the membrane. The latter effect can be mediated by direct 

membrane interaction or by increased inhibitory input. 

Further experiments with halothane supported its role as 

a potentiator of inhibition. 

The,depression of sympathetic gangl ionic trans­

mission by cyclopropane, ether and halothane (Biscoe and 
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and Mi11ar, 1966a) in the presence of increased pre- and 

post-gang1ionic activity (Mi11ar and Biscoe, 1966b) ap­

pears paradoxica1, especia11y in the presence of a 

reduced autonomie reflex activity observed by the seme 

investigators (Biscoe and Mi11ar, 1964, 1966b). These 

observations suggest the involvement of effector sites as 

we11 as transmitter re1ease. An experimenta1 technique 

that can differentiate between the various neuronal con­

stituents is needed to c1arify the above observations. 

However, more recent1y Li et al. (1968) have presented 

evidence against the depression of synaptic transmission 

caused by halothane in the sympathetic gang1 ion. This 

observation is consistent with a 1ack of inhibitory 

input converging into this synapse. 



FIG. 30: Effect of hypoxia (H) on the cuneate nucleus af­
ferent terminals (C) and dorsal columns fibres 
(D.C.). Cuneate nucleus (0.63 mm deep) and dor­
sal columns stimulation with 2 separate micro­
electrodes (l/sec - 50 V - 0.02 msec). Recording 
from the superficial radial nerve (S.R.) anti­
dromi~ and orthodromically from the medial lem­
niscus. Several traces superimposed. Note the 
reduction in synaptic transmission (M.L.) and in­
crease in excitabil ity of the terminals indicative 
of a reduced transmitter output (H - 160"). The 
terminals are completely depressed at 280 seconds 
while the dorsal columns are still conducting at 
25 minutes. This criterion was used to differen­
tiate the terminals from nerve fibres. 
B.P. = blood pressure. 



FIG. 31: Effect of GABA, glycine, glutamate, positive and 
negative currents on the terminals (S.R.) and 
synaptic transmission (M.L.). Cuneate stimulation 
l/sec, 0.01 msec antidromic (S.R.) and orthodromic 
recording (M.L.). Glutamate had no effect on the 
terminals or the trans-synaptic spike. R: re­
covery. Current artifacts, electrode coupl ing, 
and changing electrode impedance are frequently 
observed. Several traces superimposed. 



FIG~ 32: Procaine suppresses the antidromic action 
potential indicating a strong effect on the 
afferent terinals of the superficial radial 
nerve in the cuneate. Recovery after pro­
caine (A.P.) takes between land 2 minutes. 
Several traces superimposed. 
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FIG. 33: Effect of Nembutal on the afferent terminals. 
Ordinate: spike size in arbitrary units. 
Abscissa: strength in volts of cuneate nuc­
leus stimulation - l/sec and 0.02 msec pulses. 
Nembutal depresses the size of the antidromic 
spike recorded from the superficial radial 
nerve at doses as low as 2 mg/Kg. 
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FIG. 34: Comparison between the effects of halothane 
and Nembutal on the afferent terminals. 
Cuneate nucleus stimulation l/sec - 0.02 msec 
pulses. Antidromic recording from the super­
ficial radial nerve. Ordinate: spike size in 
arbitrary units. Abscissa: strength of stimu­
lation. Halothane increases the excitability 
of these endings at high voltages of stimu­
lation, but it depresses them at low vol­
tages. Nembutal has only a depressant 
effect. 



FIG. 35: Effect of 2% halothane (H) inhalation on the cun­

eate nucleus synaptic transmission (ML) and super­
ficial radial nerve afferent terminals (SR) at 
two different voltages of cuneate nucleus stimu­
lation (l/sec - 0.01 msec). Several traces super­
imposed. Note the changes in the position of the 

two traces. Halothane tends to increase the ex­
citabil ity of the afferent terminals while it de­
presses synaptic transmission as well as the dor­
sal column reflex. Control: C. 
Results from other experiments indicate that this 
anaesthetic has no depressant effect on the post­
synaptic membrane at anaesthetic concentrations 
(2% v/v). On the other hand J halothane potentiates 

the depression produced by GABA and glycine as well 

as increases the intensity and duration of synaptic 

inhibition. All these results suggest that this 
agent facil itates the inhibitory process in the 
cuneate nucleus. 

1 
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C - EFFECT ON THE AFFERENT TERMINALS 

The axons of the dorsal root gang1 ion ce11s 

terminate in the cuneate nucleus in sma1l l ~ endings 

(Walberg,1966). The "bouton terminal" is enlarged and 

deprived of the mye1in sheath (Walberg, 1965). Similar 

endings in the spinal cord have a longer refractory period 

and their vulnerabi1 ity to hypoxia is severa1 times 

greater than the rest of the nerve fibre (Edisen, 1957). 

This latter property is usefu1 for its identification as 

seen in Figure 30 where·the antidromic action potentials 

were evoked by simu1taneous1y stimulating the cuneate 

nucleus and the dorsal co1umns using two different e1ec­

trodes. The response from the termina1s disappeared 

after 4 min of hypoxia whi1e a response cou1d be elicited 

from the dorsal columns 35 min 1ater. This is a suscep­

tibi1 ity proper of the termina1s and not of non-mye1inated 

fibres (Ruch et al., 1965). 

Most endings of .the superficia1 radial nerve 

(the only termina1s studied in tht"s work) are located 

from 200 ~ to 700 ~ from the surface in the middle lateral 

ha1f of the cuneate. Changes in the sizeof the anti­

dromic action potentia1 indicate their state of excitabil ity 

(Wa l 1, 1958). 

Procaine: The administration of iontophoretic procaine 
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was studied in 12 experiments. As expected this local 

anaesthetic (150-200 nA) suppressed the antidromic spike 

evoked at 2 times threshold strength (l/sec - 0.02 msec); 

the recovery. took one to two minutes (Fig. 32). 

Nembutal: This barbiturate was studied in 23 experiments. 

The results with Nembutal were different depending on whether 

it was released iontophoretically or given intravenously. 

There was no effect or a sligh~ increase in the size of 

the antidromic action potential when the anaesthetic was 

released locally (100-200 nA). On the contrary, there 

was a consistent depression following its intravenous ad­

ministration (2-30 mg/Kg) (Figs. 19, 20, 33, 34). This 

depression was related to the dose administered. The 

blood pressure was maintained a.t control levels by the 

intravenous administration of nor-adrenaline. 

Halothane: The administration of halothane was studied 

in 18 experiments. rts inhalation (1-2% v/v for more 

than 7 min) increased the excitability of the terminals, 

however, they were depressed when the strength of stimu­

lation was just above threshold (Figs, 22, 34, 35). The 

excitability returned to control values after short periods 

of administration (10M20 min). The blood pressure was main­

tained at control levels throughout the experiments by the 

use of intravenous nor-adrenaline. 

Other substances: Veratrine (6 experiments) was released 



FIG. 36: Effect of veratrine on the terminals. This 
effect is easier to detect at lower stimulating 
strengths (40 V). C = control. R = recovery. 
Cuneate stimulation l/sec - 0.02 msec. Several 
traces were superimposed. Decerebrated cat. 
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iontophoretica11y (100-200 nA) and used as a reference 

for depo1arizing changes. There was an increase in the 

size of the antidromic spike indicating a simi1ar change 

in the excitabil ity of the afferent tenminals. This 

effect could be seen at near threshold voltages of stimu­

lation, it disappeared at high voltages (Fig. 36). In­

creases in excitability must be observed at stimulus strength 

close to threshold; on the other hand, decreases in excit­

ability can be observed in a wider range. 

GABA and glycine: These amine acids were tested on 23 ex­

periments. GA BA consistent1y depressed the termina1s (Fig. 

31). Glycine was 1ess effective. 

Glutamate: This amino acid was stu~ied by iontophoretic re­

lease in 25 experiments. It had no significant effect on the 

excitabi1ity of the terminals at doses up to 300 nA (Fig. 31). 

Curare and F1axedi1: Both of these agents sl ight1y depressed 

the excitabi1ity of the endings (200 nA) (Fig. 37). Curare 
. 

was a1so depressant when given intravenous1y (0.5 to 1.0 mg/Kg). 

Succiny1cho1 irie: This para1 itic agent had no effect on the size 

of the antidromic spike when given intravenous1y (1 to 5 mg/Kg). 

Picrotoxin: This drug was studied in 21 experiments. It 

increased the excitabi1 ity of the terminals to direct 

e1ectrica1 stimulation when given intravenous1y in doses 

of 1-2 mg/Kg (Fig. 38). The iontophoretlc re1ease had no 

significant effect. It b10cked the depression produced 



o 

FIG. 37: Effect of GABA, gallamine and tubocurare on the 
afferent terminais of superficial radial nerve 
in the cuneate. Note the sl ight depression 
produced by gallamine and·curare on the anti­
dromic spike and the dorsal column reflex. 
Cuneate nucleus stimulation - l/sec - 0.02 
msec. Antidromic recording from the super­
ficial radial nerve. Several traces super­
imposed. C = control. R = recovery. 
Decerebrated cat. 
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by GABA (Fig. 39) but not that of glycine. 

Strychnine: This convulsant was studied in 19 experi­

ments. It had no direct effect on the direct stimulation 

of the terminals regardless of the method of administration: 

iontophoretic' (100-250 nA) or intravenous (0.1 to 0.2 

mg/Kg). 

Hypoxia: The effects of hypoxia were studied in 11 ex­

periments. Administration of 5% 02 in 95% N2 or N20 

initially increased the excitability; further severe hy­

poxia reduced the size of the antidromic action potential 

(Figs. 40, 42). This was used as a test to confirm the 

localization of the stimulating electrode as discussed 

above, Hypoxia must depress the release of transmitter 

at a time when the trans-synaptic spike was greatly re­

duced (Fig. 30). (It is known that the electrica1 ex­

citabi1ity of the post-synaptic membrane is resistant to 

hypoxia (Eccles, L~yning and Oshima, 1966). 

DISCUSSION 

The afferent terminals have an important role 

in the synaptic process, reduction in their effectiveness 

is.manifested by depression of synaptic transmission. 

Previous studies on the effect of anaesthetics 

on these structures have not been made in a systematic way 

using appropriate techniques. Loyning, Oshima and Yokota 



FIG. 38: Picrotoxin increases the excitabil ity of the ter­
minals and depresses the dorsal column reflex. Ef­
fect of various rates of rise on the cuneate nucleus 
stimulating pulse (l/sec). Left column: control. 
Right column: after 2 mg/Kg of picrotoxin. Anti­
dromic recording from the superficial radial nerve. 
Several traces superimposed. Decerebrated cat. 



FIG. 39: Specifie blockade of GABA-depression by ionto­
phoretic picrotoxin (- 60 nA). Cuneate nucleus 
stimulation - l/sec, 50 V, 0.02 msec. Several 
traces superimposed. Antidromic recording from 
the superficial radial nerve (S.R.) and ortho­
dromic recording from the medial lemniscus. 
Decerebrated cat. 
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FIG. 40: Effect of hypoxia on the afferent tel111ina1s of the 

su p e rf ici a 1 rad i a 1 ne r ve (C t 0 H - 240") and the 

dorsal co1umn fibres (D.C. 5' H). Cuneate nucleus 

stimulation - l/sec, 0.02 msec - 60 V. Severa1 

traces superimposed. 
The excitabi1 ity of the termina1s increases during 

the first 90 sec of hypoxia - b100d pressure 35 mm 

Hg (H - 90" B.P. 35). The fast conducting fibres 

(first spike) are the first to be depressed (H - 150" 

B.P. 0). Total suppression of the action potentia1s 

originating at the termina1s occurs 240 sec after the 

beginning of hypoxia (H - 240"). The same e1ectrode 

was then moved to the dorsal co1umns where the stimu­

lus was maintained unchanged. The fibres cou1d be 

excited 5 min after the beginning of hypoxia (D.C. 

5') or 1 min after the termina1s were unexcitab1e. 

This response continued for more than 20 min. Ob­

servations made in a decerebrated cat. Hypoxia 

induced by inhalation of 100% Nitrogen. 



FIG. 41: Effect of Nembutal on the afferent terminals of the 
superficial radial nerve in the cuneate nucleus. 
Upper trace recorded in a cat at 340 C shows the 
submaximal antidromic action potential (first spike) 
and the dorsal column reflex (3 last spikes). 
Several traces superimposed. IntravenousNembutal 
suppresses the latter and depresses the former -
lower trace recorded in a different cat at 360 C. 
Microiontophoretic Nembutal increases the size of 
the antidramic spike. Stimulation of cuneate nuc­
leus - 60 V, 0.02 msec at l/sec. Recording from 
the superficial radial nerve. C = control. 
N = Nembutal. R = recovery. 



FIG. 42: Effect of progressive hypoxia on the interaction 
between terminals. Stimulation in the cuneate 
nucleus 50 V, 0.02 msec pulses at l/sec. Anti­
dromic spike record from the superficial radial 
nerve (upper trace) and ort~odro~ic trans-synaptic 
from the medial lemniscus (lower trace). Several 
traces superimposed. Conditbning pulse to the 
median nerve. A - control before the beginning 
of hypoxia. B - severe hypoxia causing depression 
of the medial lemniscal spike. Note D.C. reflex 
still present. C - after further hypoxia, the 
interaction of the terminals decreases the size 
of the antidromic spikes, as expected from par­
tially depolarized terminals. D - trans-synaptic 
action potential is barely present but there is 
a greatly increased dorsal column reflex. Laten­
cies get shorter. E - same as D but with faster 
sweep. The first electrical artifact on the left 
column was produced by sub-threshold stimulation 
of the median nerve. 
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(1964) considered them as the site of action of thiamylal, 

but Somjen (1963) believed that they are not affected by 

these drugs. Both groups of investigators based their 

affirmation on indirec~ observatio~s (field potentials). 

1 have used a more direct experimental method to study 

the excitabil ity of these endings (Edisen, 1957; Wall, 

1958). 

It must be pointed out that the technique of 

stimulation through the central barrel of a five-barrelled 

micropipette, while releasing drugs and other compounds 

through the other four barrels, may be affected by three 

possible major problems: a) changes in electrode resis­

tance, b) current 'artifacts and c) electrode coupling. 

The first and last of them were minimized by 

placing a high resistance in series with the stimulating 
':s"o 

electrode. The resistance of the former (10 Mn - ~ Mn) 

being 10 times as large as the initial resistance of the 

electrode in vitro. This gives almost constant eurrent 

stimul i. Current artifacts were discarded by using con­

trol currents through a barrel filled with sodium chloride 

whenever an effect was observed with a testing substance. 

However, owing to the technical difficulties in recording 

the current strength of the short pulses (0.02 msec) used, 

these results have been prese'nted only in,a qualitative 

fonn and should be accepted with reserve. 
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It is unlikely that the results observed with 

the iontophoretic release of GABA, glycine, picrotoxin, 

strychnine, and other substances on the antidromic spike 

were entirely ~he result of the above pitfalls since: a) 

the effect of these substances were consistent and re-

producible under various conditions in a large number of 

experiments, b) there were differences between the effects 

on the dorsal co1umn fibres and the terminals, c) a minimum 

of two e1ectrodes were used per experiment and d) the 

various solutions of the compounds being tested were made 

to be used in no more than five experiments. 

Intravenous Nembuta1 depressed terminal axons 

(Fig. 41) while ha10thane had no effect or slight1y in-
. 

creased their excitabi1ity. None of these agents affected 

the antidromic action potential generated in the dorsal 

c~umns. Procaine, as expected, was equa11y effective in 

suppressing the action potential originating at the ter­

mina1s and/or the dorsal co1umns. 

The 1ack of a consistent response or even weak 

excitation observed with iontophoretic Nembuta1 is dif-

ficu1t to understand. (t cou1d be due to an electrica1 

artifact; the iontophoretic re1ease .of negative1y charged 

depressant substances tends to mask their true effect as 

observed with the same anaesthetic on the 'post-synaptic 

membrane (Fig. 13). A possible exp1anation cou1d be found 



in the work of Sato and co-workers (1967). For these 

authors Nembutal in high concentration wou1d increase 
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the permeabi1 ity of the membrane to K. Consequent1y, it 

might reduce the excitabi1ity of neuronal e1ements whi1e 

increasing their susceptibi1 ity to changes in extracel1ular 

K, known to increase with the arrival of nerve impulses 

(Orkand, Nicho11s and Kuff1er, 1966). 

Thus, this anaesthetic depresses the terminals 

as we11 as their liberation of potassium. However, since 

this ion becomes more effective on these structures, their 

incrèased interaction is manifested by a dorsal root poten­

tia1 (DRP) of greater duration and ampl itude, an effect 

observed by Eccles et al. (1963) and Schmidt (1963). 
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o - CUNEATE NEURONES 

Two types of functionally different cells were 

identified in the cuneate nucleus. Cuneothalamic relay 

cells (R) and interneurones (1). Their possible function 

and how they react to pharmacological agents is the sub­

ject of this part of the research project. 

Identification 

Not all neurones can be identified beyond reason­

able doubt but we can positively identify sorne of the 

cuneothalamic relay cells and some of the interneurones. 

UnJts responding to medial lemniscal "electrical 

pulses with a ~ixed latency sh6rter than 2 msec and able 

to follow high frequerlcies of stimulation were considered 

as antidromically activated re1ay cells (cf. Gordon and 

Seed, 1961). On the other hand units activated from the 

pyramidal tract (and not from the medial lemniscus) with 

a latency longer than 2 msec, were classified as inter­

neurones. These criteria have been applied by Andersen 

et al. (1964) and Gordon and Jukes (1964b). However, 

interneurones that did not respond to pyramidal tract 

stimulation but were excited from one or several peripheral 

nerves and not from the medial lemniscus were left as un­

identified units owing to the possibility of being relay 

cells not projecting to the medial lemniscus or alternatively 



projecting to this tract but no being excited for tech­

nical reasons (Gordon and Seed, 1961). 

Trans-synaptic stimulation of interneurones 
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was easily depressed by iontophoretic procaine (10-20 nA) 

or Nembutal (50-150 nA). The systemic administration of 

the latter (20 mg/Kg) increased their threshold by more 

than 50%. The inhalation of halothane (2%) had no depres­

sant effect on interneurones, if anything their spontaneous 

activity increased during its inhalation (Fig. 43). The 

depression produced by iontophoretic GABA and glycine 

on internuncial cells was not significantly affected by 

halothane (Fig. 29). 

Post-synaptic inhibition was studied in cells 

excited by iontophoretic glutamate (10 nA) while a peripheral 

nerve was being stimulated. The effect of this stimulus on 

the glutamate response was plotted as a post-stimulus histo­

gram. In relay cells (25 units in four experiments) this 

pulse produced an inhibition with a duration anywhere 

between 20 and 200 msec (Fig. 44). It could be reduced 

to 10-20 msec by iontophoretic picrotoxin (50-100 nA given 

for 3 min prior to the test). No such pause was observed 

in the firing of interneurones (more than 20 units in four 

experiments). On the contrary their firing rate was ac­

celerated by the stimulus (Fig. 45). It is concluded 

(cf. Andersen and co-workers, 1964), that these cells 



F'! G. 43: Effect of ha 1 othane and GABA on an i nterneurone (A) 

being excited from the pyramidal tract and a cuneo­
thalamic cell. The latter was excited antidromica1ly 

from media1 lemniscus (B) and orthodromica11y from 
the superficia1 radial nerve (C). Upper right corner 

same interneurone as in lower traces. Upper 1eft hand 

traces are from different units. Several traces 
superimposed. 
GABA b10cks more effectively the orthodromie responses 

of re1ay cell than the evoked activity of the inter­

neurone (orthodromie). Halothane (2%) depresses the 

trans-synaptic activity of the re1ay units but not 
that of interneurones. Both GABA and halothane have 

less effect on the antidromic spike. Note~e in­
creased ampl itude of this action potential during the 

administration of these agents (GABA released ionto­

phoretically. Halothane appl ied on the surface of 
the cuneate by cup). This effect suggests a common 
mechanism of action, possibly by hyperpolarization. 
P.T. = pyramidal tract stimulation by burst of 3-6 
stimul i (3 V, 0.1 msec at 500/sec). M.L. = medial 
lemniscal stimulation (20 V, 0.05 msec, frequency 
of stimulation l!sec). S.R. = superficial radial 
nerve at twice threshold. 
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FIG. 44: Shaded area is post-stimulus histogram of a 
cuneothalamic neurone being stimulated by glut­
amate (10 nA). The depression observed after 
the stimulus to the median nerve can be con­
sidered as post-synaptic inhibition; it is in­
creased by 2% halothane and reduced by 2 mg/Kg 
picrotoxin. Ordinate: number of spikes. 
Stimulus to the median nerve - l/sec~ 0.2 msec~ 
6 V. This type of inhibition is not observed 
on interneurones. White area represents the 
control firing of this unit. A five-barrelled 
micropipette was used for recording and ionto­
phoretic glutamate release. 



FIG. 45: Lack of post-synaptic inhibition on interneurones. 
Ce11s excited with glutamate (10 nA). la - control 
re1ay ce11. lb - p~st-stimu1us depression by an 
e1ectrica1 pulse on the superficia1 radial nerve. 
1c - reduction of this inhibition by iontophoretic 
picrotoxin (50 nA). 2a - 1ack of post-stimulus 
depression (inhibition) in an interneurone. 2b­
picrotoxin effect. 2c and d - two different inter­
neurones without post-stimulus depression. 3a­
re1ay ce11 being stimu1ated with glutamate (10 nA). 
3b - post-stimulus inhibition. 3c - picrotoxin 
(40 nA) suppresses this inhibition. 3d - strych­
nine (90 nA) depresses ce11 firing. 3e - recovery -
glutamate evoked activity. 4a and b - two pairs 
of interneurones and re1ay ce11 being stimu1ated 
simu1taneous1y. Absence of post-stimulus inhibition 
identifies the interneurones. Severa1 traces 
superimposed. 



FIG. 46: Absence of pre- or post-synaptic inhibition in 
an interneurone. Cell evoked from median (M) 
and superficial radial (S.R.) nerves stimulation. 
The inconsistent depression observed by combined 
nerve stimulation is not affected by picrotoxin 
(P) suggesting the lack of pre;;ynaptie inhibition. 
This depression is likely due to post-activation 
depression. Strychnine (S) depresses the glut­
amate evoked activity. Strychnine or picrotoxin 
have no effect by themselves as seen in the last 
lower trace (S or P). 



79 

receive little if any post-synaptic inhibitory input from 

the periphery. 

When two pulses, one to the median and the other 

to the superficial radial nerve, were delivered 10 to 40 

msec apart, inhibition appeared following the second stim-

ulus. This inhibition was not affected by picrotoxin as 

occurred with the relay cells (Fig. 46). Both stimuli 

excited the interneurone when applied alone, thus this 

depress'ion was either a) presynaptic inhibition mediated 

by depolarization of the terminals or b) post-activation 

depression. The fact that picrotoxin did not suppress it 

is in favour of a post-activation depression. 

It is suggested that the lack of post-synaptic 

inhibition could serve as a simpler method toïdentify 

interneurones if proven to be true in a greater population 

of internuncial elements. 

DISCUSSION 

Function of cuneate neurones 

On the bottom of Figure 45 are illustrated two 

units recorded simultaneously - the one is a relay cell 

and shows post-synaptic iinhibition from the periphery; 

the other is an interneurone and shows. no such inhibition. 

The firing of this latter coincides with the post-stimulus 

pause suggesting a relation to this phenomenon. A similar 

observation on post-stimulus pattern of .discha~ge has 
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been made recently in the thalamus (Marco, Brown and Rouse, 

1967). Interneurones are considered to mediate inhibition 

in the spinal cord (Wall, 1967; Eccles, 1964). Their 

selective destruction, after 40-50 minutes of spinal as­

phyxia, produces a state of rigidity (Gel fan and Tarlov, 

1956) considered' to be mediated by the uninhibited activity 

of motoneurones. Interneurones are suspected of mediating 

inhibition in the cuneate nucleus (Andersen, Eccles and 

Schmidt, 1962) an idea supported by the histological work 

of Walberg (1965) (Fig. 47). 

The present study clearly indicates that these 

two types of units are functionally and pharmacologically 

different. Procaine and Nembutal depress both relay cells 

and interneurones, but halothane appears to mediate its 

depressant action on the former by facil itating the in­

hibitory effect of interneurones. Previous attempts to 

differentiate the susceptibil ity of neurones to anaesthetics 

were supposedly based on size. Somjen, Carpenter and 

Henneman (1965) classified motoneurones bytheir spike 

heights and suggested that small units were easier to 

depress. However, the pharmacology of neurones, based on 

size, has less significance than when it is based on function. 



E - EFFECTS ON SYNAPTIC INHIBITION 

Post-synaptic inhibition has already been 

discussed (page 72). 
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Synaptic inhibition in general (comprising pre­

and post-synaptic inhibition) was studied as follows: 

a) Inhibit~ry effect of median nerve conditioning pulses 

on the superficial radial nerve trans-synaptic action 

potentials recorded in the cuneate nucleus or the medial 

lemniscus. 

b) Inhibitory effect of median nerve conditioning pulses 

on the trans-synaptic action potential originated by direct 

stimul~tion of the cuneate nucleus. 

Changes in the size of the ~ component defined 

previously, page 59) of the medial lemniscus action poten­

tial were compared with control observations. The results 

were plotted as percentage changes at different time in­

tervals (in milliseconds) after the conditioning pulse. 

The size of the trans-synaptic action potential 

recorded in the medial lemniscus, during cuneate stimulation, 

could be reduced (inhibition) by a conditioning pulse to 

one peripheral nerve (median). The length of this in­

hibition lasted between 60 and 300 msec - tests made at 

a frequency of more than 2/sec were misleading as the 

inhibition became shorter at higher frequencies. 



FIG. 47: Diagram showing the supposed pattern of synaptic 
contacts in the cuneate nucleus. The large and 
probab1y a1so sorne sma11 axon termina1s of the 
fibers of the cuneate fascic1e make contact with 
dendrites of re1ay ce11s. The sma11 termina1s 
of the pyramidal tract fibers have ~ynapses with 
dendrites of interneurons (i). The axon terminals 
of the interneurons synapse with soma and dendrites 
of re1ay ce11s (b. and b2 ). Some of these ter­
minals may a1so bè derived from ce11s of the ad­
jacent reticu1ar formation. Some of the axon ter­
mina1s of interneurons which make axodendritic 
synapses are in addition in contact with large 
axon termina1s of fibers of the cuneate fascic1e. 
This is an axoaxonic synapse (ai). Other termina1s 
of the fibers of the interneurons are in contact 
on1y with termina1s of the fibers of the cuneate 
fascic1e, this axoaxonic synapse is shown at a2 (Wa1 berg, 1965) .. 
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The strength of the conditioning pulse was an 

important parameter (Fig. 48) when the test stimulus 

originated in the cuneate nucleus but not when it originated 

in the superficial radial nerve. 

Nembutal: (6 experiments) Intravenous Nembutal (2-30 

mg/Kg) shortened the duration and decreased the intensity 

of synaptic inhibition. The minimum effect was observed 

when 2 mg/Kg were given and the maximum following the 

administration of 10 mg/Kg (Figs. 49, 50). 

Halothane: (7 experiments) The inhalation of this anaes-
. 

thetic (1-2%, artifi~lly maintained blood pressure) in-

creased the duration and the intensity of synaptic in­

hibition by more than 20% (Figs. 50, 51). The effect of 

halothane was maximal 5 to 10 min after the beginning of 

its administration. Recovery from this effect was observed 

at more than 30 min of its cessation. The anaesthetic was 

given for periods of 20 to ~O min. 

Picrotoxin: (5 experiments) 2 mg/Kg of thi s drug greatly 

reduced both duration and intensity of synaptic inhibition. 

Given iontophoretically it blocked the effects of GABA 

(but not of glycine) on terminals and post-synaptic mem­

branes (Figs. 52, 53, 54, 55). 

Strychnine: (6 experiments) Intravenous administration 

of 0.1 to 0.2 mg/Kg had no effect or increased both duration 

and intensity of inhibition in three experiments in which 
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FIG. 48: Excitabil ity changes of the· superficial radial af­

ferent terminals (broken lines) and synaptic inhi­
bition of S spike (sol id lines) at various vol­
tages of median nerve conditioning pulse. Test 
pulses - l/sec, 0.02 msec, 50 V - to the cuneate 
nucleus of a decerebrated cat. Both changes are 
dependent on the strength of the conditioning 
pulse. Ordinate: percentage change (±) from 
control of the action potential size. Abscissa: 
time in msec between the conditioning and the 
test pulses. 
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FIG. 49: Effect of intravenous Nembutal (20 mg/Kg) on the 
excitabil ity of the superficial radial terminals 
(broken l ines) and synaptic inhibition (s spike 
in the medial lemniscus). The anaesthetic re­
duces the intensity and duration of synaptic in­
hibition while increasing the interaction bet­
ween terminals. This latter observation is con­
sistent with the prolongation of the dorsal root 
Dotential (DRP) (Schmidt, 1963). Cuneate nucleus 
)n a decerebrated cat. 
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halothane. Records from five different decere­
brated cats. 
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FIG. 51: Effect of the inhalation of 2% halothane on the 
excitabil ity changes of the superficial radial 
nerve terminals (broken 1 ines) and cuneate nuc­
leus synaptic inhibition (S spike) induced by a 
conditioning pulse to the median nerve (M) - 0.2 
msec, 6 V - at various preceding intervals (in 
msec) to a testing pulse to the cuneate nucleus 
(C) l/sec, 0.02 msec, 40 V. Halothane reduces 
the interaction between terminals while increasing 

synaptic inhibition. Decerebrated cat. 



FIG. 52: The complete b10ckade of GABA-depression on 
the afferent termina1s of the cuneate nucleus, 
by picrotoxin takes up to 3 minutes. It i s pre­
sent after its cessation for 5 to 10 more minutes. 
The lowermost trace shows the magnitude of picro­
toxin effect immediate1y after its application, 
the antidromic spike is now resistant to a GABA 
dose16 times the one used before the administration 
of picrotoxin (15 nA). Cuneate stimulation -
l/sec - 0.02 msec - 50 V. Severa1 traces super­
imposed. Recording from the superficia1 radial 
nerve. Decerebrated cat. 



FIG. 53: Blockade of the depression produced by GABA 
during the release of picrotoxin. The arrow 
indicates the peripheral stimulation of the 
superficial radial nerve - 4/sec - 0.2 msec;-
6 V - recordtng and microiontophoretic rele~se 
of GABA and picrotoxin through a five-barrelled 
pipette placed in~e cuneate nucleus. 
Decereb~ated cat. Several traces superimposed. 
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FIG. 54: Specifie blockade of the post-synaptic GABA depression by picrotoxin·. This 

latter substance interferes with the cell response to glutamate making the 

interpretation of these results difficult. However, some observations are 

consistent with the GABA-picrotoxin interaction, as demonstrated by other 

methods. Recording from the central barrel of a five-barrelled micropipette 

placed on the cuneate nucleus of a decerebrated cat. lontophoretic release 

of GABA, glycine, glutamat~ and picrotoxin made through the lateral barrels. 



FIG. 55: Effect of intravenous picrotoxin (2 mg/Kg) (P) on 
theexcitability of the afferent terminals, the--­
dorsal column reflex and cuneate nucleus synaptic 
inhibition. Cuneate nucleus stimulation - l/s~c -
40 V - 0.02 msec. Several traces superimposed~ 
Recording antidromically from the superficial 
radial nerve (upper traces) and arthŒlromically 
from the medial lemniscus (lower traces). Arrows 
on band d indicate the dorsal column reflex 
evoked by the conditioning pulse on the median 
nerve - 0.2 msec, 6 V - Picrotoxin (P) increases 
the excitability of the terminals (P row), 
abolishes the dorsal column reflex and depresses 
the synaptic inhibition in the nucleus. Lower 
row, recovery after 3 hours. Observations made 
Ina decerebrated cat . 
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FIG. 56: Specifie blockade of the post-synaptic glycine depression by strychnine. 

Strychnine depresses the effect of glutamate (as observed in the cerebral 

cortex by Ph,illis and York (1967». GABA is equally effective before and 

during strychnine administration - it'was released iontophoretically (90 nA) 

'during,the period marked as "strychnine effect". Note the excitatory ef­

fect of glycine âuring administration of strychnine. Five-barrelled micro­

pipette inserted in the cuneate nucleus of a decerebrated cat. 



FIG. 57: Specifie blockade of glycine'depression by strych­
nine. The depression produced by GABA is not af­
fected. The arrow indicates the stimulation on 
the superficial radial nerve (S.R. ) - 4/sec -
0.2 'msec - 3V - recording through the central 
barrël of a five barrelled micropipette placed 
in the cuneate nucleus. Strychnine, glycine, 
and GABA were released iontophoretically from 
otber barréls. 



40 

20 

+10 
% 

• i\ , \ 
1 \ 
l , 
l , 
l , , \ 

1 \ 
1 \ 

/ ~ 
1 \ 
1 \ 
l , , , 

1 \ , \ 
1 \ 

: ~---o_~ 
• IC----G--"':...-o:-

o Control 

et Strychnine 

1 _____ ~ ____________ ~~>-==='>=====::~::-::~~~~~::==~~ 01- 1 - .... - - -G-------
........ --_.-'-1 

,...,...-~ 1 

9" 
1 
1 , 

1 
1 
1 
1 
1 
1 
1 
1 
1 o 

;,0 
",,"" 

~ .... 
~ .... 

.... -
-~ 

FIG. 58: Effect of intravenous strychnine (0.2 mg/Kg) on the 
intensity of synaptic inhibition (~ spike - contin­
uous 1 ine) and the interaction of the aff~ent ter­
minals (broken 1 ines). Test stimulus appl ied into 
the cuneate nucleus ~/sec, 0.02 msec, 50 V -
recording from the superficial radial nerve and the 
medial lemniscus. Ordinate: percentage changes from 
control induced by a conditioning pulse to the median 
nerve - 0.2 msec, 6 V - at various preceding inter­
vals in msec (abscissa). Strychnine increases both 
synaptic inhibition and the interaction of the 
terminals. 
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this study was made (Fig. 58). When released by ionto­

phoresis this drug blocked the effect of glycine, not the 

effect of GABA, on the post-synaptic membrane (Figs. 56, 

57) . 

The post-synaptic inhibition observed in cuneo­

thalamic cell s was· reduced by the iontophoretic release 

of picrotoxin~ as discussed before, but it was not af­

fected by iontophoretic strychnine (50-150 nA for up 

to 5 min ~f administration) (Fig. 45). 

ln only one experiment the interaction between 

picrotoxin and ha10thane was studied. The anaesthetic 

(2%) reduced the b10ckade of inhibition induced by intra­

venous picrotoxin (1 mg/Kg). 

It must be stressed that the resu1ts on the post­

synaptic interactions between GABA and glycine on the one 

hand and picrotoxin and strychnine on the other, using 

the glutamate depression ·.criteria, presents prob1ems of 

interpretation. Strychnine depresses the effect of glut­

amate~ an observation also made by Phi11is and York in 

the cortex (1967) (Fig. 56). Picrotoxin makes some units 

1ess and others more excitable to this ami.no acid (Fig. 

54). Finally, the cel ls response to continuous glutamate 

administration is seldom steady and reproducible. The 

tests with this amine acid should be made for short and 

equa11y spaced periods of time as seen in Fig. 24. 
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DISCUSSION 

The ro1e of inhibition on the anaesthetic state 

was suggested by Dworkin, Raginsky and Bourne (1937) and 

by Heinbecker and Bart1ey (1940). However, it was not 

c1ear what they mean by "inhibition"; certain1y it was 

not simi1ar to mod~rn concepts. 

Eccles et al. (1963) considered that smal1 doses 

of Nembuta1 potentiate presynaptic inhibition whi1e 1arger 

doses have a depressant effect on this function. The·ir 

data are contradictory and tend to support the latter 

concept. Schmidt (1963), working with frog's spinal cord 

in vitro, correlated amplitude and duration of the dorsal 

root potential with the intensity of presynaptic in­

hibition. His results indicate that light barbiturate, 

ether, .u rethane and ch 1 ora 1- hydrate anaesthes i a, poten­

tiate inhibition while deep anaesthesia depresses this 

process. These results have been partial1y chal1enged by 

Miyahara, Espl in and Zablocka (1966) who·found only poten­

tiation with ether as well as nitrous oxide, chloroform, 

chloralose, Nembutal and small doses of procaine. 

Presynaptic inhibition has been l inked to the 

dorsal root potential (Eccles et al ~ 1963). Nembutal pro­

longs the duration of the latter (Schmidt, 1963; Eccles 

et al., 1963); whether it potentiates or depresses pre­

synaptic inhibition remains to be clarified. Several authors 
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have ~resented indirect evidence of a reduced inhibition 

acting on unit activity during its administration (Valdman, 

1967; Tishehenko and Shapovalov, 1967). Similar obser­

vations have been made in the visual cortex (Brazier, 1958; 

Kimura, 1962; Perlman, 1963; Kondrai'eva, 1967). The 

results presented in this thesis support these observations. 

However, they do not support the causal relationship bet­

ween the DRP and presynaptic inhibition. Moreover in 

some of the studies on presynaptic inhibition one could 

criticize this relation, as well as the definition and 

nature of presynaptic inhibition itself. 

One of two alternatives exist: a) presynaptic 

inhibition and the dorsal root potential (DRP) are caused 

by the same phenomenon - depolarization of afferent fibres -

or b) these are two coincident phenomena not diréctly 

related. 

a) If it is accepted that the same effect producing DRP 

causes presynaptic inhibition it is likely that presynaptic 

inhibition is mediated by depolarization of the afferent 

terminals as originally proposed by Renshaw (1946). In 

that case: 

1) It is the result of direct interaction of af-

ferent fibres as proposed by Barron and Matthews (1938), 

Lloyd and Mclntyre (1948), Renshaw (1946) and supported 

by the observations of Marazzi and Lorente de No (1944) 
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and Katz and Schmitt (1940) or 

2) It is produced by the discharge of inter-

neurones as suggested by Eccles, Schmidt and Will is (1963) 

and Wa 1,1 (1964). 

If it is mediated by a direct interaction of 

terminals mephenesin should be ineffective on them. But 

it is known that this drug selectively depresses inter­

neurones as well as presynaptic inhibition (Llinas and 

Terzuolo, 1965). If it is mediated by interneurones, 

Nembutal and mephenesin should depress both the DRP and 

pres~naptic inhibition. But, as discussed above, the 

DRP is increased by Nembutal, suggesting that afferent 

fibre depolarization does not depend on interneurones. 

The same authors defending the role of interneurones on 

presynaptic inhibition consider that this barbiturate 

potentiates this type of inhibition - an effect incon­

sistent with their hypothesis. They explain this para­

doxical result by postulating the depression, by the bar­

biturate, of the enzyme in charge of transmitter removal; 

an unlikely hypothesis in the presence of an undepressed 

parent cell (Eccles et al., 1963). Alternatively, Wall .l." 

(1964, 1967) makes a special and equally unl ikely conces-

sion by which some small inhibitory interneurones.are 

not affected by anaesthesia. 

b) ln view of the experimental resUlts discussed above 
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and what is known on the pharmacology of the DRP and pre­

synaptic inhibition it is more reasonable to propose that 

these are two coincidental phenomena not directly related. 

It can be suggested that: 1) the DRP is caused by a direct 

i,nteraction of afferent terminals and 2) synaptic inhib­

ition is mediated by stimulation of interneurones. To 

accept the latter it must be postul~ted that their trans­

mitter acts by depressing rather than exciting these ter­

mina1s,as suggested by these experiments. Under this 

hypothesis the DRP and synaptic inhibition cou1d change 

in oppositeairection~ as seen previously, without ca11ing 

,for esoteric explanations. 

The possibi1ity of a difference between the 

pharmacologica1 properties of the spinal neurones and those 

of the dorsal co1umn nuc1ei cannot be discarded. Inhib­

itory spinal interneurones are known to receive both in­

hibitory and excitatory stimul i (Hongo, Jankowska and Lund­

berg, 1960; Preston and Whit1ock, 1960) an effect not yet 

seen in the cuneate (see page 78). However, there is in­

direct evidence of a simi1ar pharmaco1ogy in both struc­

tures (Boyd, Meritt and Gardner, 196'6; Banna and Jabbur, 

1968). 



F - DORSAL COLUMN REFLEX AND .INTERACTION 

OF AFFERENT TERMINALS 
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The dorsal' co1umn reflex corresponds to what is 

known as the dorsal root reflex in the spinal cord. The 

arriva1 of a nerVous impulse through a given fibre in­

duces a change in the adjacent fibres. This chang~ is 

manifested by,a depo1arizing potentia1 detected in the 

sam~ or neighbouring structures. Its propagation is 

e1ectrotonic, 'having a sharp decay from the site of origine 

This phenomenon was discussed in the preceding section, it 

is known as the dorsal root potentia1 (Barron and Matthews, 

1938; Lloyd and Mclntyre, 1948). 

A recording e1ectrode 10cated on a periphera1 

nerve detects antidromic action potentia1s inducéd by the 

stimulation of an adjacent nerve or the same nerve (Toennies, 

1938). These spikes constitute the dorsal root or dorsal 

co1umn reflex, they are part of the dorsal root potentia1 

(Tregear, 1958). 

Interaction between afferent fibres can be detec­

ted by changes in excitabi1 ity of the termina1s'of a given 

nerve as affected by a ~onditioning pulse to a second 

nerve. In the present study, the cuneate nucleus was stimu-

1ated direct1y to detect changes in excitabi1ity of the 

termina1s of the superficia1 radial nerve (sensory~ produced 
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by a conditioning p~lse ,in the median nerve (mixed nerve), 

app1ied at various preceding interva1s. The resu1ts are 

p10tted' as percentage changes from control, as a function 

of time, .in msecs after a median nerve conditioning pulse. 

The systemic administration of Nembuta1 (10-30 

mg/Kg) or ha10thane (2% for more than 7 min) reduced the 

dorsal column reflex (Fig. 41); however, the terminals be­

came less excitable with NemQutal and more excitable with 

halothane. Intravenous picrotoxin (1-2 mg/Kg) decreased 

the dorsal column reflex but increased the excitability 

of the endings (Fig. 55). On the other hand, strychnine 

(0.1-0.2 mg/Kg) had no effect oh. the excitabi1ity of the 

termina1s but greatly increased the dorsal column reflex. 

A conditioning pulse to the median nerve induced a reflex 

response in the superficia1 radial nerve, it increased 

the excitability of the terminals on the latter nerve 

whi1e suppressing its reflex response. 

Hypoxia increased the dorsal co1umn refiex; the 

interaction of the termina1s was manifested by either an 

increase or a decrease in the size of the antidromic spike 

(Fig. 42). The D.C.R. was maximal when severe hypoxia 

had interrupted synaptic transmission. Further hypoxia 

abolished all activity originating at the terminals (Fig. 

42) . 
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by a conditioning p~lse "in the median nerve (mixed nerve), 

app1 ied at various preceding interva1s. The resu1ts are 

p1otted" as percentage changes from control, as a function 

of time, .in msecs after a median nerve conditioning pulse. 

The systemic administration of Nembuta1 (10-30 

mg/Kg) or ha10thane (2% for more than 7 min) reduced the 

dorsal co1umn reflex (Fig. 41); however, the termina1s be­

came 1ess excitable with Nembutal and more excitable with 

ha1othane. Intravenous picrotoxin (1-2 mg/Kg) decreased 

the dorsal co1umn reflex but increased the extitabil ity 

of the endings (Fig. 55). On the other hand, strychnine 

(0.1-0.2 mg/Kg) had noeffect on. the excitability of the 

termina1s but greatly increased the dorsal co1umn reflex. 

A conditioning pulse to the median nerve induced a reflex 

response in the superficial radial nerve, it increased 

the excitability of the terminals on the latter nerve 

while suppressing its reflex response. 

Hypoxia increased the dorsal column reflex; the 

interaction of the terminals was manifested by either an 

increase or a decrease in the size of the antidromic spike 

(Fig. 42). The D.C.R. was maximal when severe hypoxia 

had interrupted synaptic transmission. Further hypoxia 

abolished all activity originating at the terminals (Fig. 

42) . 
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DISCUSSION 

The dorsal root (or column) reflex originates 

in or near the afferent terminals (Toennies, 1938). Its 

disappearance coincides with that of the antidromic action 

potential initiated at these structures. ft is attributed 

either to direct fibre interaction (Barron and Matthews, 

1938) or to the activity of internuncial neurones (Toennies, 

1938; Eccles et al., 1964). The latter hypothesis is 

~nl ikely according to the preceding discussion (page 86). 

It can be postulated that changes in the reflex 

excitability of ,afferent fibres depend upon a) excit­

ability of the, afferent fibres themselves, b) the amount 

of potassium released per nerve impulse (Orkand, Nicholls 

and Kuffler, 1~66; Rang and Ritchie, 1968), c) the perme­

ability of the terminals to this ion and d) the effect of 

inhibitory input acting through axo-axonic synapses (Wal­

berg, 1965). 

A conditioning pulse to one peripheral nerve 

(the median) produces an increase in the excitabil ity of 

the afferent terminals of another closely related nerve . 

(the superficial radial). This effect is measured by the 

increase in the size of the submaximal action potential 

induced antidromically in the peripheral nerve by diréct 

electrical stimulation of its intraspinal terminal branches. 

On the other hand, this conditioning pulse depresses or 
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abolishe~ the reflex discharge appearing after a preceding 

direct stimulus. 

Apparently, the increase in excitability to 

direct. stimulation conflicts with the reflex depression. 

However, it can be argued that the former effect reflects 

the increase in extracellular potassium induced by the 

conditioning pulse, while the depression of the dorsal 

root reflex is produced by an increased inhibitory input 

known to occur following the conditioning stimulus (see 

page 81). 

The pharmacology of the dorsal root (or column 

reflex) supports these assumptions. Halothane tends to 

increase the excitability of the terminals while suppressing 

the reflex. The effect on the termtnals is in line with 

~s lack of post-synaptic depression; the reflex depression 

could be explained by an.increased inhibitory input. 

Nembutal depresses in the same proportion both 

the direct excitability of the terminals and the dorsal 

root reflex. This effect is consistent with a non-· 

specifie depression of excitation attributed to this anaes­

thetic (Krnjevié and Phillis, 1963; McCance and Phillis, 

1964; Bloom, Costa and Salmoiraghi, 1965) and supported 

by these experiments. There is less release of potassium 

by the terminals, as well as less reflex response. However, 

the effect of this ion is prolonged as confirmed by the 
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longer duration of both the dorsal root potential (Schmidt, 

1963) and the interaction of the terminals. 

Hypoxia increases the excitability of the ter­

minals to di.rect stimulation; it also increases their 

reflex discharge. Thesetwo effects are easily explained 

by the depolarizing action and the synaptic depression 

(of inhibitory input) observed in these experiments. 

The effect of picrotoxin suggests that this com­

pouhd acts dir~ctly on these endings increasing their ex­

citability to direct stimulation. On the other hand, it 

may reduce either their permeability to potassium, or the 

amount of this ion released per nerve impulse,thus explaining 

the depression of the reflex (Fig. 55). Further support 

for these latter effects is derived from the reduced inter­

action of afferent terminals observed following its intra­

venous administration. An increased inhibitory input, sup­

pressing the dorsal root reflex, is ruled out owing to the 

pharmacology of this drug. 

Strychnine does not affect the excitabil ity of 

the terminals to direct stimulation but increases their 

~eflex discharge as well as their intetaction. These 

results may be explained by a) direct effect on the ter­

minals, increasing their permeabil i"ty to potassium, b) 

depression of inhibition, or c) greater release of potas­

sium per nerve impulse. More experiments are needed to 



93 

test these hypotheses. 

Fina11y, the intravenous administration of a 

local anaesthetic agent (1 idocaine (xy1ocaine) 5 mg/Kg) 

se1ective1ydepressed the reflex discharge with 1itt1e 

effect to the direct stimulation of the termina1s (Ga1indo, 

unpub1ished observations). This action suggests a greater 

sensitivity of the reflex discharge to changes in excit­

abi1ity since it is reasonab1"e to expect from this anaes­

thetic a non-specifie depression of these structures to 

both direct and" reflex stimulation. 

Further discussion on the physio1ogy and pharmac­

ology of the dorsal root reflex must take into consideration 

the various factors that may affect the excitable process 

at these fine non~mye1inated endings,and the excitabi1ity 

of the synaptic boutons. The suggestions presented above, 

with respect to potassium permeabi1ity changes and direct 

interaction of these structures, is a simp1 ification of 

a comp1ex process. 



GENERAL DISCUSSION 

STABILIZATION 

SPECIFIC INTERACTION 

INHIBITION 

DEPOLARIZATION 
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The development of the experimental preparation 

used in this research work permitted the study of pre- and 

post-synaptic elements in the first relay nucleus of an 

afferent pa~hway. This technique made also possible the 

identification of two functionally different cuneate 

neurones. 

Although the cuneate nucleus synapse is not in 

~ pathway carrying painful stimuli, it is reasonable to 

postulate that the effects observed in these experiments 

apply also to other synapses in the central nervous 

system involved in pain perception and where the various 

elements, terminals, interneurones and post-synaptic 

structures are 1 ikely to have similar membrane charac­

terisitics to thoseof cuneate elements. 

The concept of facilitation of inhibition, as 

a possible mechanism of anaesthesia was tested by ob­

serving the physiology and pharmacology of this phenomenon. 

Synaptic transmission in the cuneate appears to have pre­

and post-synaptic inhibitory inputs similar to those ob­

served in the spinal cord monosynaptic reflex (Andersen, 

Eccles and Schmidt, 1962; Andersen, Eccles, Oshima and 

Schmidt, 1964). 

Post-synaptic inhibition is characterized by the 

presence of inhibitory post-synaptic potentials (Eccles, 

1964)~ Presynaptic inhibition is more difftcult to assess. 
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Frank (1959) postulated the existence of an inhibition 

acting at a distance from an intracellular electrode and 

probably located on remote dendrites. The work of Granit, 

Kellerth and co"workers (Granit, Kellerth and Will iams, 

1964; Kel1erth and Szomiski, 1966) suggested the pos­

sibility of a post-synaptic inhibition occurring at the 

dendrites but too remote to be manifested by hyperpol­

arizing Po.t-synaptic potentials. Rall (1967) (Ral·l, 

Burke, Smith, Nelson and Frank, 1967) has presented a 

mathematical model that explains why this type of in­

hibition mi9ht not be observed by intracellular electrodes. 

MOre recently, the studies of Diamond (1968) on Mauthner 

neurones, have demonstrated the ~xistence of GABAcsen­

sitive dendritic sites capable ~f producing an inhibition, 

remot~ enough to be confused with a pre-synaptic phenomenon. 

For Granit and co-workers (1964) it is difficult 

to identify post-synaptic inhibition based on conductance 

changes and inhibitory post-synaptic potentials, in neurones 

under the influence of both inhibitory and excitatory in­

puts. They studied, in addition,"the reductions Jn the 

firing rate of a motoneurone sti~ulated by trans-membrane 

currents, the presence of synaptic noise and the hyper­

polarization of. membrane potential. 

Of these criteria the reduction in firing rate 

was by itself the most rel"iable. An inhibition based only 
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on this parameter was considered as "remote". Evaluation 

of inhibition by the size of the EPSP in combinat ion with 

shifts in the membrane potential cou1d lead to false con­

clusions. 

Eccles and Krnjevié (1959) recording intra­

ce11u1ar1y from afferent nerve fibres confirmed previous 

observations (Barron and Matthews, 1938) of primary afferent 

fibre depo1arization, which were 1ater re1ated to pre­

synaptic inhibition (Eccles, Kostyuk andSchmidt, 1962; 

Eccles, Eccles and Magni, 1961) as origina11y suggesbed 

by Renshaw (1946) - this correlation is based on the 

reduction of transmitter released from partia11y depolarized 

termina1s (Hubbard and Will i~, 1962). - The original ex­

periments were made in the spinal cord; recent1y they have 

been confirmed in the cuneate nucleus and iri other afferent 

re1ay nuc1ei (Stewart, Scibetta and King, 1967; Rudomin, 

1967; Shen de and King, 1967; Cesa-Bianchi, Maneia and 

Sotgiu, 1968). Wall (1964; 1967) exp1ains this depol­

arization through reverberating circuits of interneurones. 

Eccles beiieves that these ce11s liberate a depo1arizing 

neuro-transmitter that stays at the termina1s for long 

periods of time; GABA has been suggested as this trans­

mitter (Eccles, Schmidt and Wi11is, 1963). 

The mechanisms of inhibition have been investi­

gated in the cuneate nucleus, where GABA and glycine could 

1 



be inhibitory transmitters (Galindo, Krnjevié and 

Schwartz, 1967) the interaction getween GABA, glycine 

picrotoxin and strychnine was studied; these last two 
. . 

substances have been considered specifie antogonists 
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of pre- and post-synaptic inhibition respectively (Eccles, 

et~, 1963). 

The results from these experiments indicate 

that: 

1) Both ·GABA and glycine strongly depress a) the excit­

abil ity of afferent terminals, b) synaptic transmission 

and c) post-synaptic respon~es of cuneate cells to the 

iontophoretic re1ease of glutamate. (Glutamate has no 

detectable effect on the terminals). The actions of GABA 

and glycine are reduced or completely blocked by picro­

toxin and strychnine, r~spectively. This latter inter­

action (strychnine-glycine) has also been observed in the 

spinal cord (Curtis, HBsl ~,Johnston and Johnston, 1967, 

1968; Werman, Davidoff and Aprison, 1968). While GABA-

'picrotoxin interaction has been demonstrated in the cray­

fish neuromuscular junction (Robbins and Van der Kloot, 

1958). These effects appear to be specifie since picro­

toxin does not suppress glycine-induced inhibition nor 

does strychnine modify the action of GABA. 

2) Synaptic inhibition and the depolarization of afferent 

terminals (as shown by an increased excitabil ity) have a 
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simi1ar time course under barbiturate anaesthesia, or 

fol10wing the administration of picrotoxin. However, the 

time courses are different in the decerebrated, unanaes­

thetized animal. Nembutal and picrotoxin depress syn­

aptic inhibition. Nembuta1 reduces the excitabi1 ity of 

afferent terminals but pro1ongs their interaction. Picro­

toxin, on the other hand, makes the ending~ more excit­

able whi1e diminishing their interaction. This action is 

identica1 to that of ha10thane, but un1ike picrotoxin, 

this anaesthetitic increases synaptic inhibition. 

3) Strychnine does not depress synaptic inhibition; on 

the contrary, it tends to increase its amp1 itude"and 

quration. 

4) Dorsal column reflex discharges and excitatory inter­

action between afferent terminals can be seen during severe 

hypoxia when synaptic transmission is no longer observed 

or is great1y reduced. 

The hypothesis that afferent fibre depo1arization 

can exp1ain presynaptic inhibition is based on the simi1ar 

time course of both events and on the pharmaco10gical b10ck­

ade of presynaptic inhibition by picrotoxin (Eccles et al., 

1963). But, the time courses do not fo110w the expected 

changes after Nembuta1, halothane or picrotoxin adminis­

tration. 

On the other hand the specifie picrotoxin-GABA 
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interaction is consistent with the existence of an in-

hibitory transmitter simi1ar to GABA. This amino acid 

appears to mediate pre- and post-synaptic inhibition in 

crustacea (Kuff1er and Edwards, 1958; Dude1 and Kuff1er, 

1961; Takeuch, and Takeuchi, 1966a, b), and post-synaptic 

inhibition in the mamma1ian 'cerebral cortex (Krnjevié and 

'Schwartz, 1967) and the medu11a ob1ong~ta (Obata, Ito, 

Och~ and Sato, 1967). GABA has been suggested as the 

ttansmitter mediating ptesynaptic inhibition through a 

depolarizing effect (Schmidt, 1963). However, Curtis and 
~ . 

Ryall (1966) ~emonstrated that GABA depresses the excit-

ability of the afferent terminals in the spinal cord just 

as it does in the cuneate. 

The present experiments demonstrate that pre­

synaptic inhibition is possibly mediated by a transmitter 

that, like GABA, b19cks the invasion oftermina1s by af­

ferent impulses (Dudel and Kuffler, 1961; Takeuchi and 

Takeuchi, 1966a, b). Fig. 59 illustrates a late depres­

sion in the size of the antidromic spike induced by a con­

ditioning pulse, a simi1ar depression is obtained by the 

iontOphoretic release of GABA. The increase in excitabi1ity 

of the termina1s can be explained by a direct interaction 

of afferent fibres (Barron and Matthews, 1938; Renshaw, 

1946; Lloyd and Mclntyre, 1948) produced by an accumulation 

of extracellular K released by nerve impulses (Orkand, 



FIG. 59: Effect of a conditioning stimulus (S) and ionto­
phoretic GABA (G) (200 nA) on the antidromic 
action potentia1 (upper traces) recorded from the 
superficia1 radial nerve, and the orthodromie 
action potentia1 (lower traces) recorded from the 
media1 1emniscus. Severa1 traces superimposed. 
Cuneate nucleus stimulation l/sec - 50 V - 0.02 
msec. Median nerve conditioning stimulus 135 msec 
de1ay, 6 V, 0.1 msec. Note the effect of both 
in abo1 ishing the dorsal co1umn reflex - second 
spike. Controls records (C). At this conditioning 
interva1 the afferent termina1s are 1 itt1e affected 
by the conditioning pulse, in most unanaesthetized 
anima1s they are depreseed. Synaptic transmission 
is consistent1y reduced. GABA can mimic this effect. 



100 

Nicho11s:and Kuff1er, 1966; Rang and Ritchie, 1968). The 

activity of interneurones may not be needed to exp1ain the 

.dorsa1 co1umn reflex nor afferent fibres interaction (Carl­

son, 1964), mcireover, progressive depression of synaptic 

transmission by hypoxia potentiates these two phenomena; 

this observation is hard1y consistent with an interneurone­

mediated depo1arization. 

The inhibitory effect of a conditioning perip~ ral 

stimulus on the 1emnisca1 or cuneat~ response to·stimulation 

of a second nerve, could be mediated by twotypes of trans-
, 

mitters: one like glycine and readi1y blocked by strychnine 

(Curtis, H3s1 i, Johnston and Johnston, 1967, 1968) and the 

other simi1ar to GABA and readily b10cked by picrotoxin. 

The absence ~f any c1ear action of strychnine suggests 

only a minor role for the glycine-type substances; on the 

other hand, the marked effect of picrotoxin indicates that 

the GABA-l ike compounds are more 1 ike1y to be concerned 

in this process. 

GABA could act pre- and post-synaptica11y. Post­

synaptica11y on the ce11 soma, or on the dendrites producing 

a "r emo te" i n h i bit ion. . Pre s y na p tic a l 1 y, as su 9 9 est e d b Y 

Wa1be'1s e1ectromicrographs (1965) GABA cou1d b10ck af­

ferent impulses at the termina1s through a mechanism ana1-

ogous to presynaptic inhibition at the myoneura1 junction 

of the crayfish (Oude1 and Kuffler, 1961, Takeuchi and 
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Takeuchi,1966b). 

The observations of Wa1berg (1965), with the 

electron microscope, according to which synaptic boutons 

of interneurones axons make simultaneous synapses with an 

afferent terminal and a dendrite from a cuneothalamic ce11 

(Fig. 47) does not support the hypothesis of presynaptic . 

depo1arization mediated by interneurones and responsib1e 

for inhibition. A similar observation has been made in 

the spinal cord (Ra1ston, 1968). However, it.can be 

postulated that either the same transmitter has a dif­

ferent effect at both places or two different transmitters 

are released simu1taneous1y. Both alternative are 

remotely possible; no examp1e of such behaviour has been 

described in the C.N.S. of mamma1s.* Moreover, e1ectron 

microscopic studies indicate the presence of on1y one 

type of synaptic vesic1es on these synapses and they happen 

to be the ones postu1ated to be inhibitory (Bodian, 1966; 

Uchizono, 1966; Ralston, 1968). 

The depression of interneurones and synaptic in­

hibition by Nembutal, is a consistent finding that gives 

support to the hypothesis that presynaptic inhibition 

*However, a double effect by the same transmitter was 
recent1y described in Aplysia (Wachtel and Kandel, 1967), 

the difference appeared to be related to the frequency of 

stimulation. 
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is mediated by interneurones. Further support for this 

hypothesis is derived from the facilitation of inhibition, 

and the excitation of interneurones, observed during the 

administration of halothane. 

The results of this work demonstrate that although 

synapt'ic transmission (along the dorsal columns-medial lem­

nicus pathway) is depressed by the three anaesthetics in­

vestigated, their site of action and their possible mech­

anisms are different. Procaine appears as a non-specifie 

dep~essant of pre- and post-synaptic elements. Halothane 

on the other hand facil itates synaptic inhibition having 

no depressant effect upon pre-or post-synaptic structures. 

Nembutal preferentially depresses the post-synaptic membrane. 

These sites of action are likely to be related to differences 

in effect of these agents upon excitable membranes and pos­

sibly to their known cl inical manifestations. 

A reasonable approach to the understanding of 

the mechanism of anaesthesia is then to study the excitable 

process and the various manners in which it can be affected. 

The mechanism that generates the action poten­

tial momentarily increases sodium conductance; this process 

is different from the one that generates the excitatory 

post-synaptic potentials (EPSP), although Na permeability 

changes are involved in both. Excitatory post-synaptic 

potentials are chemically mediated; this impl ies the 
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existence of specific receptor sites (Cavall ito, 1967) 

in the post-synaptic membrane that can be activatad by 

compounds having a particular molecular structure (trans­

mitters), similarly they can be inactivated or '''occupied'' 

by compounds sharing a given configuration. This type of 

blockade is known as a "specific interaction" 

It is 1 ikely that anaesthetics have a preferential 

effeci on excitable membrane possib1y mediated by a physico­

c;;hemica1 interaction that modifies its ·ionic permeabi 1 ity. 

STABILIZATION: The concept of.stabi1ization 

refers to the action of those drugs and special circum­

stances which decrease membrane permeabi1 ity·to Na and 

K ions, with no significant changes in resting membrane 

potentia1. 

Blaustein and Go1dman (1966b) visual ize the 

mechanism of action of procaine as an ionic interaction 

on the surface of -the membrane by \th i ch the anaesthet i c 

disp1aces Ca++ (see Koketsu and Nishi, 1968). This mode 

of action satisfies the competitive re1ationship between 

the ion and the drug whi1e both of them stabilize the 

membrane. Recent observations on mitochondrial membranes 

support this idea (Chance, Mela and Harris, 1968). 

Stabil ization is a non-specific phenomenon which 

affects a11 excitable membrane and synaptic sites (both 

excitatory and inhibitory~ An anaesthetic operating 
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through this mechanism when given systemica11y depresses 

excitation, the excitation that initiates inhibition and 

inhibition per se. The resu1t of such an action in a 

given neuro1ogical function could Indicate its balance 

between excitation and inhibition. 

SPECIFIC INTERACTION: It refers to those com-

pounds that b10ck the generation of post-synaptic poten­

tia1s but which do not interfere with the generation of 

the action potentia1. C~rare, atropine and nicotine are 

examp1es of this kind of interaction. They b10ck the 

effect of ACh at various functiona11y different receptor 

sites. Nembutal can be considered as having some specific 

interaction (depression) with cho1 inergic (Krnjevié, 1967) 

and amino acidic (glutamate) receptors mediating post­

synaptic excitation, whi1e having no effect on inhibitory 

receptor sites. (It may facilitate the effect of GABA). 

This agent has a1so stabi1izing properties. For Blaustein 
. ++ 

and Go1dman (1966b) Nembuta1 interacts with membrane Ca 

stabi1izing the membrane; for Sato and co-workers (1967) it 

will increase K conductance. These two hypotheses are not 

exclusive of each other. 

INH 1 BIT ION: Thi s concept refers to those com- -

pounds that se1ecti\'e1y increase membrane permeabil ity 

(conductance) to K or Cl, driving the membrane potentia1 

to a new equi1 ibrium above or be10w the resting 1eve1 
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(Eccles, 1964). Changes in membrane charge (~ potentia1) 

produced by some physico-chemica1 interaction of the anaes­

thetic mo1ecu1es with the membrane cou1d faci1itate this 

particu1ar ionic movement (Bangham, Standish and Miller, 
${ 

1965). Ha10thane anaesthe~a cou1d operate through this , 
mechanism. 

DEPOLARIZATION: It is the opposite of stabi1 iz­

ation, drugs producing this effect are a1so cal1ed 1abilizers 

(Shanes, 1958). They act by increasing the conductance to 

al1 ions. Veratrine ·a1ka1oids are representative of this 

group. Its effect is b10cked by stabi1izers but not by 

inhibitory substances. 

Lorente de No (1947) demonstrated that ether can 

b10ck nerve transmission through depo1arization; an obser­

vation that 1ed some investigators to consider depo1arization 

as the mechanism responsible for anaesthesia with a large 

group of inhalation agents (Van Harreve1d, 1947; Carpenter, 

1954; Wyke, 1960; Bennet and Hayward, 1967). 

Anaesthesia can be produced by one or a com­

bination of the above mechanisms. Drugs that produce un­

consciousness and ana1gesia can be classified by their 

dominant mode of action. Whether they have c1inica1 app1 ic­

ations or not, depends on other factors not considered in 

this work. 

"The 1ack of structural specificity in anaesthetics 



106 

the reversible nature of the anaesthetic process, and 

such correlations as there are with physical properties 

have been taken as indications that anaesth~sia is produced 

by a "physica1"· rather than a chemica1 mechanism. All 

evidence wou1d indicate that anaesthesia does not depend 

upon participation of the drug itse1f in chemical reaction 

at least in the genera11y accepted sense of the word" -

(Butler, 1950). 

Moreover, we must be careful in not drawing con­

clusions from the correlation of some physico-chemical 

properties of anaesthetics and their bio1ogica1 effect (such 

as their teratogenic action (Smith, Gaub and Moya, 1965; 

Andersen, 1968) since they may not be invo1ved in its 

mechanism of action; not in concluding that the effects 

of a given anaesthetic on the various systems are due to 

the same physico-chemical properties. 

Final1y, since anaesthetics are capable of 

interfering with ionic movement at the membrane level, a 

basic function of membranes in general; it is not surprising 

that they can alter a varietyof cell functions in other 

~ stems, functions not directiy related to the anaesthetic 

state, but dependent on trans-membrane ionic exchange such 

as the effects on Na movements across frog's skin (Gott­

lieb and S~vran, 1967) or the interference with glucose 

transport in red cel1s (Greene and Cervenzio, 1967). 
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Anaesthetics, then, depress synaptic trans­

mission by a physico-chemical phenomenon that inter­

acts with excitable membranes altering their functional 

ionic permeability. This effect can be also obtained 

with a variety of compounds lacking any cl inical applic­

ation. 

/ 



SUMMARY 
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The work analysed in this thesis was designed 

to study the effect of three different anaesthetic agents 

on synaptic transmission through an afferent relay station 

- the cuneate nucleus. 

The experiments were performed on 91 cats; in 

59 cases in the absence of local or general anaesthetics~ 

decerebrated by the removal of the supratentorial por­

tion of the brain. 

Five-barrelled micropipettes were inserted into 

the cuneate nucleus. The central barrel~ filled with 2.7 

M sodium chloride was used for recording or stimulation 

of the various synaptic elements. The other four barrels 

were used for the administration of various substances~ 

including anaesthetic agents. 

The afferent terminals of the dorsal columns 

fibres were excited by a microelectrode inserted into 

the cuneate nucleus, the antidromic nerve spike being 

recorded at the periphery from the superficial radial 

nerve. 

Cuneate neurones were excited directly by the 

iontophoretic release of an excitatory amino acid, glut­

amate; their discharge was recorded through the central 

barrel of the multibarrelled micropipette. 

Several tests were used to study synaptic trans­

mission through the nucleus such as the response of cuneate 
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neurones and the media1 1emniscus compound action poten­

tia1 to e1ectrical stimulation of a) periphera1 nerves, 

b) dorsal co1umns, or c) the cuneate nucleus. 

Synaptic inhibition in the nucleus was studied 

by observing a) changes in the post-stimu1ustime histo­

gram of cuneate neurones being stimu1ated direct1y by 

glutamate, b) the inhibitory effect of a conditioning 

pulse on the ampl itudes of the media1 lemnisca1 action 

potentia~ evoked by direct electrica1 stimulation of the 

cuneate nucleus. 

The effects of GABA and glycine on the post­

synaptic membrane and on the afferent terminals were 

studied. The interaction between these amino acids, and 

picrotoxin or strychnine was also studied. 

The time course of changes in the excitability 

of afferent terminals was determined simultaneously with 

that of synaptic inhibition. The dorsal column reflex changes 

were correlated with the excitabil ity of the terminals. 

Finally, a comparison was made between the phar­

macological properties of two functionally distinct groups 

of cuneate neurones; the cuneotha1amic re1ay ce1ls and 

other cell s (II interneurones"). 

The results of these experiments indicate that: 

l .Procaine depresses afferent terminals, the anti­

dromic invasion of relay cells, and the post-synaptic 
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membrane of all cells. 

2. Nembutal preferentially depresses the post-

synaptic membrane of all cells; it depresses the duration 

and intensity of synaptic inhibition. It also reduces 

the excitabil ity of the terminals and the dorsal root 

reflex. 

3. Halothane depresses synaptic transmission in 

the dor sa 1 co 1 umn-med i al 1 emn i sca 1 tract. 1 t does not 

depress the trans-synaptic excitation of "interneurones". 

Halothane has 1 ittle' effect on the excitabil ity of the 

afferent terminals and potentiates synaptic inhibition 

as well as the actions of GABA and glycinè. It has no 

effect on the post-synaptic membrane. 

These results are consistent with the idea of 

multiple mechanisms of action responsible for the synaptic 

disruption observed during the administration of anaes­

thetics. These mechanisms could be in turn explained 

through functional changes in membrane conductance to 

various ions. 

ln brief, procaine acts as a non-specific 

"stabil izer" of all excitable membrane, Nembutal as a 

depressor of post-synaptic excitation, and halothane as 

a potentiator of the inhibitory process. 

Further experiments on'synaptic inhibition and 

the function of interneurones support these.c6nclusions. 



They also suggest the possibility that GABA may act as 

neurotransmitter in the cuneate nucleus. 
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Present ideas on presynaptic inhibition were 

discussed according to the findings of this work. These 

observations do not agree with the widely accepted hypo­

thesis that afferent terminal depolarization can explain 

this phenomenon; rather they sugges~ a mechanism of pre­

synaptic inhibition similar to that described in the cray­

fish neuromuscular junction. This assumption is supported 

by the similarity of action betwen GABA and the hypo­

thetic inhibitory transmitter of the cuneate nucleus. It 

is further suggested by the specifie antagonism between 

the action of picrotoxin and GABA on the various structures 

of the nucleus as well as the depression of synaptic in­

hibition induced by picrotoxin. 



CLAIMS TO ORIGINALITY 

The work presented in this thesis is original 

in its tota1ity; it represents the,first comprehensive 

study on the effect of anaesthetics on synaptic trans­

mission in the C.N.S. 

The following points summarize my c1aims to 

original ity: 
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1. The development of a surgical preparation which 

combines two techniques of decerebration. This new prep­

aration, because of minimal b100d 1055, made possible 

to maintain the cats in good systemic conditions through­

out the experiments, it a1so facilitated the reliable 

identification of the media1 lemniscus and the pyramidal 

tract. 

2. The application of the surface "perfusion" for 

the topical administration of inhalation volatile anaes­

thetics to neurones 10cated in the cuneate nucleus. 

3. The suggestion that a mechanism of anaesthesia 

may be through the potentiation of inhibition. 

4. The first report on the direct effect of anaes-

thetics on the afferent terminals of the dorsal column 

fibres. 

5. The simultaneous observation of the effects of 

Nembutal or halothane on the excitability of afferent 



termina1s and on synaptic inhibition. 

6. A systematic study of the pharmacological 

and physiological properties of functionally different 

types of cuneate neurones. 

7. A description of the effects of picrotoxin, 
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strychnine, GABA, glycine and hypoxia on the excitabil ity 

of the dorsal column afferent termina1s and on the anti­

dromic dorsal column reflex discharge. 

8. The use of ~ypoxia as a tool in the study of 

presynaptic inhibition. 
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APPENDIX 

After the completion of this thesis, the dif­

ficulties in interpreting the results observed during 

stimulation of afferent terminals (Wall, 1958) became ap­

parent. With ·this technique one could stimulate both the 

non-myelinated portion of these endings, not functionally 

involved in synaptic transmission, and the terminal boutons, 

directly involved in this process. It is reasonable to 

suspect that neurotransmitters'maynot affect the non-

mye 1 i nated fibre, thus ha~fÎ ng "no effectIf on "the ter­

minals", if the stimulating electrode is not accurately 

located. Only intracellular recordings, from the boutons, 

would selectively detect actions upon these endings. 

Furthermore, the iontophoretic release of various 

substances using Curtis and Ryall 's (1966) technique in­

troduces electrical artifacts. Measurements of the stimu­

lating current - delivered through the central barrel of 

the five-barrelled micropipette - showed a reduction in the 

strength of the latest part of the pulse when GABA+ or 

glycine+ were simultaneously released by iontophoresis. 

This reduction was not observed during the release of 

sodium ions, normally used as a "control". These artifacts 

were seen with pulses of more than 0.1 msec. They could 

not be demonstrated with stimulating pulses of 0.02 msec. 
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The capacitive artifact made impossible measurements of 

current in the short pulses, used throughout this thesis 

for investigations on the terminals. 

Nine more experiments were performed in order 

to study further the effects of GABA, glycine, glutamate 

and K+ (KG1) on the afferent terminals. In four of them 

GABA was administered iontcphoretically, as before, but 

careful controls were made of the stimulating current in 

long pulses.(O.l msec). In the other experiments the 

cuneate nucleus, on the one hand, and the dorsal columns, 

on the other rand, were stimulated using two glass micro­

pipettes filled with 2.7 M NaGl. Antidromie reeording was 

made from the superfieial radial nerve. Orthodromie re­

eording was made from the medi~l lemniseus. GABA, glycine, 

glutamate and KGl (0.1 M) were given by eontinuous super­

fusion of the dorsal surface of the medulla (including the 

region of the spinal éord and the dorsal columns). 

The latest part of the stimulating pulsewas 

reduced in amplitude by the release of GABA through one 

of the lateral barrels of the five-barrelled pipette. How­

ever, the reduction in the ampl itude of the action poten­

tials appeared greater than could be aceounted for by the 

change in the stimulating pulse. 

GABA when given by continuous superfusion of the 

cuneate nucleus (0.1 M in Ringer loeke), depressed bath 
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synaptic transmission and the excitabil ity of the ter­

minals; it increased the dorsal column reflex. This amino 

acid had no significant effect on the excitability of the 

dorsal column fibres. Intravenous picrotoxin (2 mg/Kg) 

blocked the effects of'GABA. Potassium chloride depol­

arized boththe afferent terminals and the dorsal column 

fibres. The observations with glycine and glutamate are 

not conclusive enough, further experiments are required 

with these amino acids. 

These results give further support to previous 
• 

discussions; they indicate the need for caution ~n the 

interpretation of ch~nges in excitability of "the ter­

minals", as determined by the electrical stimulation of 

the cuneate nucleus. The greater dorsal column reflex, ob­

served during the superfusion with GABA, could be explained 

by increased permeability to potassium at the terminals. 
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