
4 'll••u •••"'tet '-.tU ho~:'J' et ''"'"•"• I'U.1•• 
· ._.. a.aearoll 1ll :prtial N:t11uÎR .tt ~· ret;ùtr•eau ,; to:r 

'"' 

>.' 



ACDOWLEDGEMENTS 

I wish to express my gratitude to my director, 

Professer K. A. c. Elliott, for his able, patient guidance 

and understanding. His stress upon accuracy and planning 

will always be an example to me. 

It has also been a previlage to work in collaboration 

with Professer H.H. J~sper. For his enco-.rgementti am grateful. 

To Dr. H. M. Pappius, my appreciations are due for her 

correctiol'ls of certain parts of this thesis and to Dr. 

L. s. Wolfe tor his help in many nys. 

My indebtness to Dr. R. A. Lovell for orienting •e 

1nto this work, to Dr. E. A. Hose1n for teaching me the 

assays for acetylcholine determinations and to Dr. P. G. Sie 

for the neurophysiological preparations of an1118l.s. 

Thanks are due to my fellow-students, Dr. B. A. Lovell 

Dr. A. Lowden, Dr. M. W. Bpence and Miss P. Berger for 

their companionship and for many dtseussions. For the care ia ~he 

preparla.~ion of this thesis I am obligeti to Mr. c. Hodge 

and his st~f, Miss L. Feraan, Mrs. D. Pla.yford and 

Mr. r. M. Rajah. 

This work was investigated in the Donner Laboratory of 

Experimental:Neurochemistry of t'-e. Montreal Neurological 

Institute, I am thank:f~ to Donner Canadtân Foundation for 

their grant, wh1eh was given to Dr. K •. A. c. Elliott as his 

personal research funds. 

,~, .. 

. . 
·,,. 



TABLE OF CONTENTS 

INTRODUCTION ••••••••••••• · •••••••••••••••••••••• ;. • • • • • 1 

Chapter 1. Historical Survey••••••••••••••••••••••••• 4 

Chapter·2. Generàl Methods ••••••••••••• .- ••••••••••••• 15 

Preparations of Tissue Extracts •••••••••••••••••• 15 

Determination of GABA, Glutamie acid, Glutamine, 

Aspart1.c acid Alanine •••••••••••••••••••••••••••• 16 

Chromatographie Ninhydrin Method .................. 16 

Enzymatic method ••••••••••••••••••••••••••••• 18 

Chapter ). Factors Affecting the Bound GABA and Other 

Amino Acids in the Brain •••••••••••••••••• 21 

Introduction ••••••••••••••••••••••••••••••••••••• 21 

Methods.. • • . • • • • • • • . • . . . . • .• • • • . . • • • • • • • • • • . . • • • • • 22 

Resulta •••••••••••••••••••••••••••••••••••••••••• 23 

Effect of temperature and different media.... 25 

lffects of metabolic conditions •••••••••••••• 28 

lffects of pH •••••••••••••••••••••••••••••••• JO 

Effects of Sodium and Potassium•••••••••••••• 30 

Binding of other am1no ac1ds •••••••••••••• ~ •••• )J 

Location of Bound amino aeids •••••••••• ~ ••••• JJ. 

Discussion ••••••••••••••••••••••••••••••••••••••• 36 

Chapter .4. Belease or GABA and Other Amino Aeids 
• '> • •, ' ' "- • ' ... ~ 

From the Cat Cerèbral Cortex............... 42 
.r 

Intro~uction ••••. • •••• \t • • • • • • • • • •. • •. • • • • • • • • • • • • • • • 42 



Methods~ ••••••••• . . . . . . . . . . . . . ~ .................. . 
Description of the technique of preparation 

of an1aa.l s. • • • • • • • • ·• • ~ • • • ~ • • • ·• • • • .• • • • • • • • • • • • ·• • 44 

Sa:m.pling· and quantitative determination of 

amino acids •• ~••••••••••••••••••••••••••••••• 47 

Resulta ••••••.••••••••••••••••••••••••••••••••••• 50 

Discussion •••••••••••••••••••• , •••••••••••••••••• S3 

Chapter 5. Release of Acetylcholine During Slee'f) 

and Wakefulness •••••••••••••••••••• •.•..... 59 

Introduction ••••••••••••••••••••••••••••••••••••• 59 

Methods •.•••••••••••••••••.•• ,. • • • • • • • • • • • • • • • • • • • • • 61 

Collection, ass&J of acetlycholine........ •.• • 62 

Preparation or standard acetylcholint..solution 63 

Resulta •••••••.••••••••••••••••••••• ~ •••••••••••• 6S 

Discussion ••• ~••••••••••••••••••••••••••••••••••• 70 

Chapter 6. General Discussion •••••••••••••••••••••••• 15 

Su••arJ • •.•••• -...•..•.•..•.••••. •.•-• ••. , •.• • • . . . . . • • ..• 86 

BibliographJ ••••••••••••••••••••••••••••••••••••• · 90 

\ 



INTBODUCTIOli 

Neuroinhibitory oharaoteristios bave been asoribed to a 

number of substances in the. central nervous system (MoLennan, 

1959;· KcGeer, McGeer and Mclennan, 1961). However, there is 

strong evidence th&t all the activity of extracts or Jactor 1 

from· the mammalian central nervous system, which block the 

sensory disoharge of cray fish reoeptor pre,Paration (Jlorey, 

1954, 1956; ·J'lorey and Kolennan, 1955, 195~), can be totally 

accounted for by gamma-aminobutyric aoid (Bazemore, Elliott 

and Florey, 1956, 1957; Levin, Lovell and Elliott, 1961; 

Lovell and Elliott, 1963). 

Whether or not gaœma-aminobutyrio ~cid or its metabolite 

is a.n inhibitory transm.itter or a modifier of neuronal aotivi ty 

remains to be definitely shown. At present, it is known that 

gaœma-ami~obutyric acid is ~r~sent in large amounts in the 

central nervous system (A.wapara, Landua, Fuerst and Seale, · 

1950; Roberts and :Pra:rikel, 1950; Udenfriend, 1950). It has, 

at most, only very limi ted abili ty to pass the blood brain 

· bar~ier (Van Gelder and Elliott, 1958); and it is evidently 

produoed in the brain. Part of the :Pactor 1 or. the chemioally 
.. 

determined samma-aminobutyrio aoid is present in the brain as 

an easily extraotable "Free• for.m in isotonie saline solutions 

and immediately active on the cray fish receptor organ. Th.e 

other part is present in an occluded or ~Bound" form which 

is associated with solid matter and is not active on the stretch 

(1) 
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receptor organ nor chemically detectable un til 1 t bas been 

released (Elliott and Florey, 1956; E11iott and Van Ge1der, 

1960). Variations in concentration of gamma-aminobutyric 

acid or GABA * from one cerebral area to another have been 

reported (Krzalic, Karidic and Mihailovic, 1962). Al.so, it 

has been found that the total amount of GABA extractable from 

brain that has been frozen in situ at the moment of death ie 

lower than that in brain excised at room temperature (Lovell 

and E1liott,. 1963). 

Extensive etudies are required for. the understanding of 

the physiological role, factors affecting its fonnation, 

storage, release and further met.a'Qol18ll. of GABA and other amino 

acide in the· brain. It will be shown in subsequent chapt ers 

that numerous factors oan rapidly change the proportions of 

"bou.nd" to "free" GABA. in cerebral tissue extracts and that 

the other amino acids.related to the krebs cyclea glutamic acid, 

glutamine, aspartio acid, alanine and N-aoetyl Aspartio aoid 

are similarly bound or ocoluded and probably u.ndergo similar 

changes. 

Gamma-aminobutyric acid has been implicated in the nervous 

·system as an inh.ibi tory agent (Elliott and J'lorey, 1956; Elliott 

and Jasper, 1959); and as a participant in energy metabolism 

thro'll8}?. the GA.BA shunt pathway (for references see the review 

* Throughout this thesis, the symbol GABA and !ch will be 

used for the naturally occurring amino acid, gamma-aminobutyric 

acid or 4-amino-n-butyric acid and acetylcholine respectively. 



by llliott and Jasp•r, 1959). To obtain further evidence 

for the physiological role of GABA and other amino acids 

i~ the brain, the release of glutamic acid, glutamine, 

aspartic acid and GABA in the mammalien (cat) cerebral 

cortex have been measured under a variety of experimental 

conditions (;è:b.apter 4). 'fhe present findings are compat

ible with the postulated role of GABA as an inhibitory 

transmitter substance (Edwards and Kut'fler, 1959; Dudel 

' and Kuffler, 1960; Kravitz,~tter, and Van Gelder, 1962; 

Eccles, Schmidt, and Willis, 196J) and of glutamic acid 

as an excitatory tr~sm1tter. 

The release of acetylcholine bas been measured 

under •aroused• and •sleep• conditions and the results 

are presented in Chapter 5. Studies summarized in Chapter 

4 and Chapter 5 were undertaken to sb'ow to what extent 

GABA and acetylcholine are involved in the behaviour of 

sleep and wakefulness and if an antagonism existe between 

thèir activit1es. 



Chapter 1 

HISTORICAL SURVEY 

. . 

Most of th:l.e histori9al. review will-:,bé concemed wi th 

the lines of research related to the b~nding and release of 

amino acide and their physiological role in. the central 

'; . 

nervous system. The role of GABA from the neurophysiological 

and neurochemical point of view has been reviewed recently by 

a number of authors (Elliott and Jasper, 1959; Roberts, 1962; 

Elliott, 1965). 

Gamma-aminobutyric acid or GABA was for many years 
·' 

known as a putrefaction product or glutamic acid breakdown in 

plants and bact~ria (A.ckermann, 1910; Abderhalden, Fromme and 

Hirsch, 1913). The discovery of the presence of GABA in the 

brain (Roberts, Frankel and Ha.rman, 19.50; Roberts and Frankel, 

1950) stimulated biochemical research in the field of 1ts 

distribution and metabolism in the central nervous system. 

Udenfriend (1950) confirmed the identification of GABA as a 

normal component of brain tissue. 

In 1959 the metabolic relationships of GA.BA to the citrio 

acid cycle was shown (Beloff-Chain, Catanzaro, Chain, Masi and 

Pocchiari, 1955, 1956; Tsukada, Nagata and Takagaki, 1958; 

and the distribution and properties of the participating 

enzymes were worked out (Bessman., Rossen and Layne, 1953; 

Roberts and Bregoff, 1953; ·Roberts and Baxter, 1958). Isolation 

(If) 



of ·GA:B.A4l.pha ketoglutaric tranaallinase (Scott and Jakoby, 

1958) and succinic aemialdehyde dehydrogenase from Pseudomonaa 

fluoreacens was an important step towards the stu.dy of metabolism 

and an enzymatic determination of GAB.A and other related amino . . . . ' 

, acids. of the ci tric. acid cycle. ltetabolic inhibi tors have be en 

extensively used to find out the relationship between the 

metabolism of G!Bl and nervous activity (Elliott and Jasper, 

1959; Baxter and Roberts, 1960, 1961; Wallach, 1960, 1961; 

Elliott and Van Ge~àer, 1960; Ferrari and Arnold, 1961; Kaynert 

and Kaji, 1962;·Palm, Balzer and Holtz, 1962). 

· It bas been demonstrated tbat intravenous injection of GABA. 

does not alter the brain GABA. levels (Van Gelder and Elliott, 

1958). · This can be explained by the existence of blood brain 

barrier to GABA. and, therefore, the presence of GABA. in 

relatively large amounts in the brain is regarded as an indication 

of its t'ormation and metaboliam in cerebral tissues (Dobbing,l961) 

GABA. and other amino acids, and some electrolytes are also 

strongly taken up by brain slices against concentration gredients 

by me ans of an energy requiring transport systems. The 

absorption of these amino acide and GABA from the surrounding 

medium by brain slices and tissue mq be one of the 

mechanisms for the active removal of these physiologically 

significant smino acids (Stern, Eggleston, Rems, and Kr~bs, 

1949; Schwerin, Bessman and Waelsch, 1950; Elliott and 

Van Gelder, 1958). On the other band, the blood brain 
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barrier lim.i ts the access of various amino acids to the brain. 

· It bas also been suggested that the .blood brain barrier and 

amino acid transport mechaniam.s in the brain could be a way of 

;restricting physiologioal.ly active amino acide from interferitlg 

with neuronal fnnction and activity (Lajtha, 1962). Following 

intravenous injection, Lajtha and Kela (1961) found a rapid 

exchange of labelled amino acide between plasma and the brain. 

The rate of ·exchange inoreased when the level of the amino acide . 

in the brain was increased. Kechaniams for this sort of exchange 

do not require external energy. 

Recent etudies on the·interrelationships between carbobydrate 

and amino acid metabolism have sho~ that all physiologically 

aoti ve amino acids in the brain are rapidly produ.ced from glucose 

{Vrba, Gaitonde and Richter, 1962; Gaintonde, Marchi and Richter, 

1963, 1964; Gaintonde, Dahl and Elliott, 1964). Five minutes 

after intravenous injection of glucose-~4c to rat~, nearly 50~ of 

total radioactivity in the brain was .tound in alanine, glutamate, 

asparate, glutamine and gamma-aminobutyric acid. In earlier 

experimenta of ChaiJ?. et al and Tsukada et al (1955, 1956., 1958) 

i t was also shown that glucose carbon retained in the rat or cat 

brain and the adminàtered 1abelled glucose was incorporated largely 

into amino acide. The resulta of Gaitonde et al (1964) show 

evidence that GARA. is formed by decarboxylation of glutamate of 

hi~er specifie radioactivity than the aver~e for glutamate for 

the whole tissue. This finding also suggeets that GABA is :f'ormed 



ià :a aitochondrial pool iD which highly labelled glutamate 18 

derived froa alpba-oxoglu-tarate. Chaia .!1!! (1955,1956) 

follow•ct the path of glucose in different regions of the rabbit 
. - . ' 

. brain ·i! Titfe. I• the cerebral cortex greater aaoaata of 

7 •. 

alaDine, aspartic acid, clutaaic acid and glut•ine were tormeà. · 
. . 

than in the hypothalaaus while hypothalaaic tissu.e foraed more 

GUA f'r011 glu co se· tban d id either the e.erebral or cerebeller 

cortex. 

Florey ( 1954) · showed iq(tfenracts from the. central nervous 

syatea of wammals contaift a .a•bs~~· or factor which reYersibly 
• • ~,, ~ ' ' • ._7 ' - _, • 

1J1hibtts ·thé generati6a.' o! impl1].ae~b7 crustacean stretch receptor 

neurone. Tlle ••stance or tac;tor respôaibl.e t~r this iDhibition 
' " . '> l'~ \, -~ j __ ' - - ,_, • ; :~~~~ ; •"· ' -'l' • ~-> --~ ~ ':r: ' . 

. has been called •JaOJ;or· 1•: (BlliO:t~· $ij9-,,,P,l.,l.,_, 1~56). In· 

cru.ataeeae puritied pre})flrat.iall;S ot·:t:actor 1 bl.ock neurollllscula,.. 
. ' ... , :"'; ~.,... _J ~ ;_ :, ~- !- j _-: . 

tran~t8siont slow or sto~ the neurag~nic heart~beat, inhibit t~ 

· spo~taneoua actiYity or the ~tt-ltiae, and· nullity the effec.te ot 

acetylcholine on the ~teat:~-D• {.J'lore,, 1954) • Partially 

purilied extracts of the .,ceatraÎ n-r~s system have beea tound. 

to inb~bit sppnt.aaeoUf aftd. acetyleholine ~1;~ulated cœtractions 
' • • (~.: .- -~ ê • ' ,· • ' • .' :;.~ '~ ~. • ·: ' 

of guinea :Pi&, and _rabbit intestme (Fl:or~y;"~C)~3l. It also 

blocks synaptic tran•ission in the iD.terior aesenteric ganglion 
. ' . 

· ot cat and rabbit and in the stellate gangliol'l of the cat (Florey· 

and. Mclerm&ll,l955). If topi,cally appli,ed to the spinal cord of 

the cat, this blocks the monosynaptic tendon jerk reflex and often 

enhances ·the polysyaaptic flexor ret1ex. ·. Bazeaore, Elliott ald · 

Florey (1957) obtained cryatals showing higher Factor 1 acti'ri.ty 
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which they iclentified as Sa!Jl&-am.inobutyric ac id.· Molennan 

(1959) inaist~d that ~a.ctor 1 anP. GA.B.A. are not identieal. 

However, Levine, Lovell and Elliott (1961); and Lovell and . . 
· . Elliott ( 1963) showed elearly that G.AB.A., un.doubtedl.J, present 

' ' . - " . ~ ; 

. t 

in all bl'ain _e:z:traets, ~an ae.~oUD.t for all Factor 1 ac ti vi ty. 

!rhi~J important finding ·gave c~nsiderable stiaulus to. . 

. neuropJ:iysiological stud~es of. GABA. It is likely that GAB.A. . 

and ether amino aeids.ja.re tnvolveci in regul.ating some of 

phy-iologi,al activi'ty in the nervcius. structures and brain 
•• ·,;r.: . :, - •. . 

(Khan, Jaspe:r., lll~ott and Wolte, :l,9Q4h 
' ' •. '"' , ,· ,\ Y, 

The. etudies of the distribution of Jaetor l i:n the 

· m.ammâlian ':t>rain were · elaborated by Florey and Florey (1958). 

Factor 1 was shown to .be. ·pre:s,nt in ~he grey matter of ... ', . "- '_' ,, 

· e:z:t:rapyraaidal. çentera and .. was abeeJ~~ in the white· matter. 
. . ·- - ' ··.• .. /' .-. . ~--:. " ~>-~:;·- '~ ~ :v ;,. .. 

. On the basie of the distribution and different locatipn .of 

factor 1,. they· asaumed that inhibitory new:'Ons contain 

Jactor 1. ~~~1~~ the: i-t,l:é bf chemical transmi tter to 
"'· ' ·, ;' ~ 

Jaotor 1, these authors also suggested that its presence in . 

neurone causês ei ther a direct inhibition of other cente.râ ·or 

that it is oontained witllcin·the first and laet neurone of 

polysynaptio extrapyramidal pathways • 

K'Q.f:tler and Edwards (1958) stu.died the mechanism. of 

action of GABA in the central nervoua system and its relation 
. ' . ' 

' to synaptic inhibit~on. Thèir etudies present a strong case 

for a role of GABA as an inhibitory transmitter in erustacean 

neuromuscular junction. Sim.ilar conclusions have been dra1t11 .· · 

from the etudies on amphibians (Diomond, 1963). M~re recently 
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. :Florey and Ohapaan (1961) have put forth evidence from which 

they· concluded that GABA is not the inhibi tory transmi tter in 

the crustacean group. In direct contradiction to these findings 

of :Florey and Ohapman (1961) Kravi tz, Potter and Van Gelder 
~ ·' > 

(1962) have obtained, GABA from the .leg erlensor muscle of the 

crab. They demonstrated tbat isola.ted GUA from the above 

preparation exerted inhibitor,y activity on the crustacean. The 

GABA and related inhibitory substances have been found in large 

amounts in inhibi tory fi bers of peripheral nerve of crustacean 

cel).tral nervous system (Kravitz, Kuf'f'ler, Potter and Van Gelder, 

1963; Kravitz~ Kuff'J.er and Potter, 1963). 

Curtis and Watkine (1960) observed depressing action of 

GABA on various types of neurone when it was applied by pressure 

or iontophoretic injection in the spinal cord and brain. At the 

same time, there was neither any effect on membrane resting 

potentia1s nor on presynaptic fibers. All the experiinents 

mentioned Show that GABA and ~-alanine have a nonspecific 

depressant action on the whole surface membrane of neurone. 

This is t~e both for the chemically activated subsynaptic 

regions and the remaining electrically excited postsynaptic 

membrane. J'urthem.ore, Curtis and Watkins (1963) have shown 

that the amino acide studied can be classified into two distinct 

groupsa the excitatory amino acide like glutamic acid, aspartic 

acid, cysteic acid, cysteinic sulphinic acid and the inhibitor,y 

amino acide' ll!!!-alanine, GABA and taurine. 
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-.ldeace 'tba1; 'fll•~aa1DebU't7rlc acid •~ .~ aa7 De 
\ 

an Uh1b1'tor'7 traan1tter au'bataaoe 1a tlle •-•11a:a central 

nenoua •1atem 1• aoouau.l.atin& (lhu., laaper, :llliott aad 

Volte, 1964). leclea, Sc~ldt and Wil11a (1963), troa their 

ll1oreelec1;rode atudiea aasuae tJaat GJ.Bl a&J be 1D.Yo1Ye4 1a 

the act1oa of certain prea7B&ptic 1nhib1tor,r neurons. 

Iwaaa and Jasper (1957) ahowed that toplcal applloatlon ct 

QlBA solution cauaea a Yarle'tJ ot chance• 1n eleotrecortioal 

activ1t7. ot cata. In the aaaè 7ear Purpura, &iracto allA . 
QrQndtest (1957) coattraed ••~ changea. fhe aurtaoe aegattTe 

.' 

4eadr1t1c reapoaae to direct eleotrloal atta~atlo• waa replaced 

'bJ a aurtace poaitlTe re*'poaae acon tollowed. the applloatioa ot 

G.LBl aolut1oa. JJ.ao the 8u.t••• ••satl•• eoapeu.eat of 'the uau.al 

'blph&a1e •••k•4 reapeaae t.oé1 ;u.l.,.ic. •'tiaulation waa auppreaae4. 
;.: .;1 .:'' ,.<. •' • 

fhia iaport~t &nllP ct ex,e~ea'ta led PuJ'lU'a and Qrunteat 
..• 

(1959) to belleve that GJ.Bl.tnactivates excltator'7 .-.e:adritlc 
' :•", , '•, 1 ·-. .. ' ' ' '! "''· ~. ~ ,. ' ' ~ • .. •• .. ~ 

. . 
87Jlaps.-i ·u · the llauaiiaa brata. 

. . ~ ' 

. . 
It haa lteen ahowa (·J:ban,_ Jasper, hliott and lfolte, 1964) 

_ -.. ' . i , . r ~.. · ; · · • • ' -.lr,· t ' .. ; .. · :! 

that th~ cat ahowinc electrooort1cograa wlth arou•e4 pattera 
· ..... ' ' . . . ·. . .'· .. :.. i . 

af~er cèrY1cal section or local anaesthesia in the wakins 

aa11utJ.: aaall aoUJI.~ ,_t GAl!.t. will. leü o~t of ~he corte.:, . prn111eli 

'the pia -.rachnoid aeabrane haa been pi~rce4. , .. '!he releaae · GJ.BA, 

.howeveJ", · is . three tilles more in oat•: sh~w1ns ~~eep pàttern Yi th 
' ' ' . ' . ·:· .. :.· ·', :.·; ' 

aar,lted.apindies ·ro11ônng a14 'bra1a section, It tlle arouae4 

patt•rn vas conatantl7 aa1nta1Be4, no GJ.BA releaae could be 

cletected. Bea81Um and. li11hbein (1963), b.oweTer, ver, recentl7 
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have found a possible inter.œediate of Samma-aminobutyric 

acid metabolism, gamma-hydroxybutyrie acid which caused sleep 

in mammals, mi ce and rats. In all species, sleep was produoed 

within fifteen minutes and lasted, for one and a half to two 

hours. Preliminary investigations in rats showed that the 

sleep period corresponds to an increment of gsmma-hydroxybutyric 

acid in the brain of about two millimoles per kilogram weigbt of 

the subjeot under study. Sleep lasted as long as this level 

was exceeded. Preliminary data on human beings treated with 

this substance showed sleep to occur while the blood level of 

gam.ma-hydro_xybutyrate exceeded one millimolar. 

Grundfeat (1964) baa ahowa reeently that GABA causes 

hyper:polarisina inhibitOr"J postsyD&~tio potentials in the 

f'ibera of a ~u.aptt11 ausole of a gri.ssliopper. He o b1enecl that 

postaynaptic reapoDSea were iDCreaaed duriag depolarisation of' 

the musele fi ber wi th· a)pliet C\U"rent and were diminiahed, then 
'" . 

reversed, duriDg hyperpolaœtp.tion. G!J!!Dl&......ainobutyric acid 

was found to .be the activatox- of '\tle iDhibitOrJ' synaptic aembrane. 
' 

Picrotoxin blocked the a~tivation ot the inhibitory eynapses. 

In early work .of Elliott and l'lorey (1956) on the factor or 

substance in the brain whiob. il;ahibits the ac;tivity of' the· 
' 

cruatacean stretch receptor :uuron,. it •a• obaerved tbat part 

of this factor waa not immediately active. It could be released 

into the active f'orm by heat, wealt acid or alkali, hypotonie 

solutions or organic solvents, :freetdng,. and to. a large erteni iD 



salt :free nerose solution (Elliott and Van Gelder, 1960; 

Lovell and Elliott, 1963). All the bound factor was :found 

in the residu.e on centrifUging. These authors also found 

that the ratio of free to b.ound or·occluded Factor 1 in the 

normal rat brain.is :fairly constant but is changed by the 

administration of certain d:ruga an4 metabolic inhibitors. 

Radioactivity etudies using. GABJ..-l-14c h&ve shown some 

bin4ing of the added GABJ.. only in the insoluble residue of 

mouse or rat brains. !here was no biDding by brain acetone 

powder residues or to &nf other tissue (Sano and Roberts, 

12. 

1962). Sano and Ro'berts(l.96i) ahowed little or none of this 

binding in the absence of sodium chloride, and soditur2.1on 

could not be replaoed by other electrolytes. Elliott, Dahl 

and ~alazs (],.964) have applied the Jteib.oès of Gaitond.e (1964-) 

:for separation and estimation of amino acids of the supernatant 

and residue fractions of brain :from rats. Of the total glutamic 

, . acid, aspartio acid, glutamine, alanine and GABA in the brain, 

25 to 4 7~ radioacti vi ty appeared in the bound centrifuged 

residue fraction, while 48 to ·61% appeared in the case of GARA. 

Crude mitochondria from brain were :first prepared by. 

Brody and Bain (1952). Recently, the den$ity g~edient techniques . . 

have be en developed to refine brain crude IIi toohondria into 

several subcellular fractio~ in order to: study the distribution·. 

of important enzymes and plJisiologically active substances in 

brain homogenates (Whittaker, 1959; De Robertie, Pellegrino, 

Rodriguez and Salganicoff, 1962). · The preparation of these 



·. t • '· 

. ' ,, 
'"'-t."' 

,( 

subc.:éllular f'rac_t1ona iDvolTea ,hOil.Çgenisation of the tissue 

in salt tree sal~e· aolutl!.~Jhn:.. Elliott a.D4 Van. Qelder (1960) 

she~e4 't--t llUch · ot' the bQDD.d ·ttü.A.··. ia releaaed 1n such · 
' < ' ' ~- -,..' ~. • "< ~ ·, ', . . ,- -

solutions. HoweYer, Bilodeau ,(1962) f'ound that s1gn1:f'1ca.nt. 
•. 1 ~. • '- .: • \' • - • • . ', ' ' • • 

·J.t . - ' . . ' ~ ' ' . - ' . . - .. " : -, ·~ • \ 

. ao:q.u.ts o~ (}A.BA ~d ·glut.~o'iaèid are tou.nà 1n the crwle 

. mi toohondrial. :t:rètr,:n ~t·iattuue l:Lo•oa.enate~ o:t: ille rat 'brain • 

. · ···Su'btractionation o:f' t- o~de: mi~o~llondrial :ta.ction.into 
,:- '. ' +. ·: ·,";.' ~· 

· · ·· .. ~elil'i,. nerre · e~1Jlie, 81naptosoaes end pure mi'tochoDdrla 

revealed that most· ot ~ll$ .bolUld aino ac ida w:ere in the •nene 

· ,, · endi.Dg f'raoti~•· •.. Siailar .. rell\llts were obtained 'by. Bfall 

. ·Cl9i2., _1964:) .81\4. ,te~te1•, · Roberts an4 Iakefllda (1963). 01' 

the:.:~iotal G.AÎIA, 70' tô -~ wa~ ui the OJtoplaamio fraction; .. 
. ~1' . •· . ' ·, . 

·'·tb.ua, . .-.ôlÛJ 20 to 3~·reiaa1ne4. ljtolUld in eucrose ;tu;)mogenatee o:f' 
.: ·,· _.' '. -. '·.' ·, ;· .- • • 10 • , 

·'Z!a't b!'&ina. Elli~)'tt ad V'p.Gelder (1960) had f'otmd tha't only 
,._ . . . ,-. 

œnditions. 
, ' . •,- ~. : : -· 

. · It l'laa 'l»een pos"tu3.8. t::•a: l~t . the transmission ao:roaa a . . ' . l ,. . .. 

,·,:·auber:; qt 'sy~psea ~-~"~ent~â.l path.wq of atoD.omic and 

aa\o:r ..• one .. ~ccura '1-hro~'\tiïe •d.~tion of acetylcholi;ae. 
jo'':, .~<·i· 

In 'f1ew'Qf .the »~•· 6\ttpat of ·a~etJlcholine i.J:L· 'the cortex, 

·1t u·def,.nitèly -~~ inte:r;:tlst to.fiDl.ou~ whether ace'tJlcholine . . . . 

>. doea alH~ 'n4iVt;JaJ. activity~ ilany ee:rlier · ~xperiaenta have 
. . . . - ' ... .-· - ., f ,_. ; 

·.·.·'<pu.t ,~o.;"th'·s~ua•1l):'ou .·:.~t--c~~·4ll~'•uroaa are exoited bJ 
' . ' . ,--.· ' ' ,, 

'. :'.;- ~- ' . 

. -~ . ' ... "'-,;. 't ~ -

. ·:- ' ;' ' . .- ·! 
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However, these resulta ha:ve·often beeli in oonflict (Schlag, 

1956; Nakao,.Bal1~n, and Gellhor.a, 1956). Further.more, it 
~ .-~ 

has been sq.ggested that :the states of sleep and waking ma_y be 

due to balanced exoitatory and inhibitory SJn&ptic actions of 

reticular actiTating systea (Pavlov, 1927; KrnjeTiO and 

Ph~l1is, 1963; Krnjevic and Silver, 1963; Shute and Lewis,1963). 

To inorease further uaderstanding, detailed etudies have 

been ~e. Perfusion chambers have been inserted into t~e 

skulls of experimental animals. The fluid in the chambers has 

been analyzed for,quantities of acetylcholine and GABA in (1) 

intact a:aim.al.s with local &D.aestheeia and flaxedil, (2) encephale 

isolé preparations, (3) cerveau isolé preparations, 
' . 

(4), lllidbrain hemiseotion of the brain stem. (Jasper, Elliott, 

Sie, Khan and Wolfe, 1964}. 

. ' ,·. 



Cha:pter 2 

GEIBBAL·DTHOœ 

Pi.11J?j.'l!.@IOI'S OP .!CJ:SSUÉ EDRÀCT,S 

Rats •~igbing about 150 g. were âecapitated by aeans 

of a g\rl.llotinlt. · 'lhe:n .the head was not :frose:n, the brain 
. ·. , 

( two he:raispheres •àn4 brain stem wi thout cerebell'D.) was 

qÙ.i()ltlJ removed .•. 1fithin 2 minutes of deoapi~at1on, 1 t was 

d1-.:p.'%'se4 b7 meus et a Pot ter-El vehj ea ho11ogeniser in Ringer 

phospha"~'· ethanol, or other •dia, acoording to the data ,. 

1Qlen 'file brain ·was to be froz•n 1! st'h. the deoap1tated 

heaa 'Was pe:t;.itted to f!1l, .. tirecrtlJ 1nto liquid air. The brain 

w&t removed in the. frosén state and ho.ogenized 1n absolute · 

e~lian,pl •. kt bràin s,:l.:~ homogellates were used when proportioaa 
,, ... _ ·---' ." 

, of free to · bouD4 .aine? .~14.s were dèterm.i:ned. The saline 
\ ;· - ''. -. "" : . ::-·. 

•u•p-nsioll8. wer.e preparecl by homogenizing the brain usuallf in 
. "' ' ••. ,-~-1 

4 volmaes of ice-ÔQld · Rtiager phoepàate s.olut1on. Suepeneiens · 
; ,. " ' 

we~ cill:ltri.hged at 0-4 cJ.,e~~ea: ce-.tiarâcle e,i 15,000 x g .for 30 
.. '. ·,: . ' ' 

aiau,tes. ·· the amin? ac :ida foll:id in the supernatant. tlu.ids wer• 

call•d •:tre•"· fhoee :~'tl:œ .. _oèntrifqed reaidue·, corrected :tor 
- . . . . 

the, amou.nts of free aaino •. acide . oon'ta.il'led, in the !luid trapped.. 

in th.e re•idue, ·were •called "btUDt•. 

!o 1·'8:11 of the su.pe.matant fitd.d ;: TOluEs of ·abeolute 

·· ethu.ol were added. fhe residu .. "aa auspe114ed·in lliDger 

· phoaphate to aa1œ it up to the .o~ginal Toluae all4 the :resultant 
. ' 

. " 

(1.5) 
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suspension was mixed with 6 volumes of 95. ethanol. The 

alcoholie solutions were eentrifuged after standing JO minutes 

at o-4 degrees centigrade. 
-· 

. DETEUINA,TIOH QP GAB4, GLUT.AJIIC j.CID, GLU!.AMID, ASPABTIC 

ACID JJ!D ,U.ANM 

Cbromatographic Nlphl4r1B lethod 

· For tha determination of GABA al one, the one dimensional 

chromatographie niuhl~n method of Levin, Lovell and Blliott 

(1961) as later JllOdified .'b7 Lovell, Blliott (1963) was used~ 
. . . 
The other amino acidst &r].an.ine, glutami.ei, glutamine and 

aspartic acid were separated by two dimensional chromatographie 

methode as used by Giatonde ( 19.61). ~he sol vent system 

consiàted of butanoll aeetic acidl uter .. - 121]15. v/v as 

first phase and phenol a water ~ 80120 -W/Jf1.as a ·second phase 
. . . 

with normal runnine; time of .18-20 hou;-a wa13_ used, Whatman 

No. 4paper was used for the glutamic acid and aspartic acidJ 

whereas Whatman No. 1 was used tor alanine, glutamine and GAIA. 

Amounts of extract which contained 1-20 Ug each of the amino 

aoid in question were applied to the paper, The chromatograms 

were dried overnight in a fume hood and then for 1 hour in an 

oven at 40 degrees centigrad:e. The pU.rpose ot this was to·reiiOY! 

traces of phenol and. butanol. The·.dried chromatograms were then 

dipped in·o~25. n1nh7drin in acetone and heated in an oven at 

65-70 degrees centigrade for 25 minutes, In order to identifJ 

the zone that corresponded to a specif~o amino acid the brâib 
- . ' 

extract and a knol!fn amount of the amino acid in question were 

4PP11e~ to the paper. Different dilutions ot· standard solutions 
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containing 2.50 micromoles per ml of each Üino acid were 

also spotted on separate sheets as standards. The standard · 
: ' 

·spots also helped in locating the amino acid in question. 

The coloured zones ot paper, thus iclentified, werè eut into 

fragments and treated with 2 ml or rreshly prepared· o·.5% 

ninh7drin in 80% v/v etnanol-water at room temperature for 

15.minutes. Then :3 ml. of ?C'J/, ·v/v acetone-water were added. 

Atter 15.minutes, the fluid was transferred to a centrifÙge 

tube. The paper was re-ext~acted for 15 min~tes with a further 

3 ml of 7~ acetone and the combined fluids were then 

centrituged to remove small outtings of paper. · . The absorption 

of· thi.s solution was measured at 575 m1llimicrons in a 

spectrophotometer against similarly prepared ninhydrin ethanol 

àcétone.extraet from a part of the·p~per wh1oh showed no colour. 

Mixtures or the ac1d and neutral amino ac1ds were sim1larly 

spotted, ohromatographed, developed, and read against paper 

blanka~ To determine the recovery, standard solutions of each 

· am1no ac1d alone, and with extract, were also applied to 

different sheets of paper. Besult1ng spots were eluted and the 

absorption was measured. The recovery of 5-10 ug or eaoh am1no 

acid applied w1th lOO ul of extracts was 86-102%. To estimate 

the total (uncombined plus acetylated) aspartic ac1d an al1quot 

of the ethanol extract was mixed w1th an equal volume of 0.05 

H sulphuric ac1d and heated 1n a sealed tube for 1 hour on a 
~ 

hot sand bath. An al1quot of this mixture was' taken· for 



chroaatograpey. The amount of aspartic acid found, mimas 

the amount tound wi thout byd~CP.)l~l;fi was taken as the amount 

of N-.lcetyl aspartio acid. 

EBZ!14TIC METHOD 

In some experimenta, the method of.Jakoby and Scott 

(1959), as m.odified by JaltoiJ (1962), was used for the 

18. 

en.,..atic determination of saœma-aminobutyrio aoi4. lhen this 

method wa..s to be used for GABA, the etp.anol•x~racts were dried 

UD.der a. .stream of air at é;o0c. The re sul ting residues were 

takcn up in a m.easured voiœ.e of.distilled water and cèntrft~è4~ 

fhe enz~e preparation.w~s aade ·from Pauedomonas tluorescéps 

cella~ aoc'ording to the · fl,"&etionation procedure used by 

Jak:oby (1962). 

The dried psuedomonas cella were gently dispe;r:sed with a· 

glass rod in 10 volum.es ot potassiùm. phosphate buffer · solution 

pH 7 .• 35 oontaining· 0.01~ ,JI!ercaptoethano~, stirred several times, . 

. al1d oentrifuged. Then :'tb:e, supe~a:tan.t .was discarded. The 

residue· -was suspended in,,a:ri· ·êqllal volwru~ of potassium. phosphate 

btif:ter and dispersed in;~·àÎl' uluasonio disintegrator for 15 
t - ~~ 

minutes. !he re~ul taut sua~·ension ;wail diluted wi th 2 volumes of 
. . J. . v. 

potassium pllospha~fl, b'1~.ffer and oen"'rifugeci1 at ··15 ,000 g. for .,0 
1 . ,i ' 

minutes. The .super.rU..iut 1raà :raoved. and kept cold. !l'he residue 

lf&S agâin disintegrated :Ln t the ultraaonic. d-isintegrator; the 

second l\1U.pernatant was 'th'èn added to the :tirst. To thie orn.d• 
'", ",, 

é:xtraot 1~ protaaj.ne sulpbAte solu.tipn was added. The resu.ltilti 

.;· ,. 

',! • 



19. 

precipitate wasèeatrihged and the residue disoardecl. !ro 
' ' 

the supernatant 35 g •. of 8.111moniwa ·sulphate per 100 ml were 

added with gentle and const~t stirring. The fo~ed precipitate 

was c~ntrifuged and discarded. A second amDlonium sulphate 

fractionation was·then carried out by adding 21 g. of ammonium 

sulphate per original 100 ml of supernatant at 0 degree 

centigrade. The precipita:te· which, salted out, was rem.oved by 

centrifugation and dis sol ved in a small v.olue of phosphaté 

buffer solution. The meroaptoethanol concentration was 

deoreased from 0.1% to o.ol~ and the solution poured into 10 

volllllles of. acetone at minus 15 degrees centigrade. 
. . . 

fhe suspension was .. filtered with suction ·to remove the 

precipi tate which wàs t·he:n suspended in a small volume of 

phosphate bu.tfer. The insoluble materia:l was apu:Q.. do~ ·and 

discarded. The resulting supernatant was adjusted to a 

mercaptoethanol concentration of 0.05~ and dialysed over.night 

against 100 volumes of 0.05! phosphate·bu:ffer. J.fter the 

. dialysis, ·any insoluble material was removed QY centrifugation. 

The super:natant was di vided into parts of 1 ml in small sample 

. tubes· for storage in :the de.ep freeze. . . 
'. 

The enzymatic method of determination of GABl. depends on 

the. fons. tion o.f NADP~ the absorption of which is measured 

in a spectrophotomet-er •t .. 340 Jnilliaicrons •. In the presence of 
" 'W-_._ .. 

added e:xce.s$ of. alpha-keto. glutarate, G.ABA is transaminated to 

succinic s~.J.debfde whicn, is then .o~dized to suce ina te, NAD? 
./,-,;y;~ 

'. 
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:se;~}:v; a-. ,the bi.drô.~eli .ion àcCeptor. The amount of 
~''_';, ·,~-~- ·-~.' . :- ·- . ' - . ' •/ . ";.' ',. ' ; 

-:RA.DPH· is· ·a· measure· of th& ·-G.Pi:•·or1ginally present in 
' 

the samplE3B• .. 

The ~eaction Jli:x:t;urt~ apeoifièdll!rl Jaltoby (1962) 
~ ;_ '. -': ' :}~-- . . . 

~ . 

ool:lsisted . of. the following: ' 
. . 

J ...: fris ~hJdro~ ... ,.,"thfl-am.ino•f'ethane ohloride pH 7 • 9) . 
• 
r,0.05 Ill; '1.·5 i' sodiu sulphate ·o.5 ml; 1iADP (20 mg/ml) 

{).(),'Dû;' . o.o2 ., alph~riogiutarate 0.1 ml; enz,.. 
1 ..; - •• }_ • ·' -~ 

'-;repal-ation 0.05 ml - 0.2 ml'• and an amount of tissue 
(" " ... .' -. 

e:rlre.ê$ contai~ .0 • 5 .: 20 miorograms of G.A:BA. The 
, A ·." ;:} , 

. tot.al volume waê iaade up to l Ill wi th distilled water. 

·. Prelim1I1fU7··:~ro.ps <With standards were carried out with 

ensyme·preparàt~on ·to dete:rmine what volume ·of the 

eD.Byme solution gave maximum O.D. at :540 mu ~thin 15 · 

minutes. 
+ " 

Xeroapto~thanol; sodium. sulphate, IA.DP , water, the 

buf:fer ~d sample, or standard were pipet~ed first into 

the 1 ml ·quartz celle. The enzyme was kept ioe-oold a:nd 

added just before the alpha-keto glutarate. The addition 

of alpha ketoglog.tarate initiated the reaction. The 

absorption of the solutions at :540 millimicrons was then 

followed witb. tim.e until the mu:imum was reached. The 

maximum optioal densi ty was proportional to the GAB.l content · 

of standard or tissue sample. 



. KQ!OU .ü'JIC!II'G .. PQI~UBD ·G.lti AiD,.O!DB. AIIII'O ACIDS 
. IN THE BRAIN . . . ( ''·. . '' 

' 

Introduction 

Part· of Factor 1 or the chemically det·ermined gamm.a

aminobutyric acid content of the br&in · is present in a "free" 

fora. It is immediately active on the crayfish stretch 

receptor preparation and is chemieally detectable as GABJ.. 

in the supernatant when the brain has been suspended in 

isotonie saline solutions. The other part is present in an 

occluded or bound form. It is assooiated Wi th a;mlid matter 

and is neither active on the stretoh receptor nor chemioally 

detectable until it has been released. The release is 

achieved by the ·action of mild agents auch as heat, . . 
hypotonie~. dilute ac id or alltali, freezi:ng' o'r ethanol 

(Elliott and Florey, 1956J. Elliott and Van Gelder, 1960; 

Lovell and Elliott, 1963). The nature and subcellular 

lo·oation of this bound GA.BA is not clear. It has bee:n reported 

to be present in the mitochondria (Bilodeau, 1962; lcy'all, 1.962, 

1964; Weinstein, Roberts am Kakefuda, 1963). However, it 

bas been found that much of the bound·GABA is released by the 

sucrose solutions which are used·for the preparation of 

mitochondria (Elliott and Van Gelder, 1960). The finding that 

the total am.ount of GABA, oliemically determ.ined; a brain 

tissue that bas been frozen .Y! ~; is, at the moment of 

death, lower ~an in the'. 'brain e;z:oised at·· room temperature . ~ . 

(21) ''· 
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(Lovell u.cl ~il•tt, 196}), . auneat a .rap1t post aortea· 
. 

iae:re&ae 1.a t-he 't-8"-1 QI.B&.. eoateat ot tàa braln. It will lHa 

saon U. tla.1a .. ola&pt.Z. t:&Y.t o'ther ta.otora caJL npül.,- .iatluace 

tll.e }):roport1o• et 'Nu.ù. G.us.L aa4 aaiao .ae14a relatat. t,o Ireb '.a 

cycle are s1a1larlJ boua4 aad tollow a1a1lar ahans ... 

ltQH! 
Salha exuaew tor clewra1aat1oa. ot proport$-ou ot tree 

to àom:a4. -~·.u4 .. atur aa1ao .ulla ...... prepared. &8 ••••r1'be4 

1a lp.fpl. l!'tg4a (OU.pur .2). Water ez'tract waa oàta1D.e4 111 
-

. ._oae:a1.z1ng rat. brain. Uaaue .. 1a" . .teu .. QliiiMa e:t. u:t~.,. ~ina 

it s.-. lto111:a&· watar, and a.o141f71ae· wi'th aoetio a~ te JIILS. 

·xt waa' oeatr1f'1lce~. lilla. al.coul •xtracta· wu• .&4a. tor ·the 

4etera1aation ot t'Ile total aaouat et GJ.Bl aa4 otller aaSae ao1û, 

the rat brailla oJa:ta.iJled at-tw 4i~uaap1tat1oa ot' tae aal:u.l. vere 

we1gl'le4, . ad imiaa41ately .hom.ogea1ze• 1a tou . vol\11188 ef 90~ 
.. ' 

Y/Y cold e-tàaaol. 'fu tiaaue watar· 'Droap:t. :tM~ tl.u.l ethaaol 
' ' ~- ', 

ooaoeatrat.ioa o:t -.~· .eGftet. to a'Hat 75-· ·· 'flie hO..gaat .. 

were •a1lirJ.f'Ne4·;at.~~.&W.ü .JQ.oeo x & ter :50 aS..utea •. 
1 ' '• ' 

The aupemataata vere apotted., &a· 4eaoti-a.ec 1Jl Ok&P*er 2, 

tor the fi.U&Jl\i'ta:tive det.eraiaati.Ga at QA.i,l., .. aaâ .. otllez .••S•• 

.ac ida. va.. the: ltra1». waa. to \a tre sea la· •1il tk• llaa4 waa 

-~•••4 ta :tall, aa 1t. waa-a.-Nd.., 4.1raotl7 uto 11quU.a1r. 

!be brai:D. ••• reu.:v:e4 1D. t.~ traaen atate ud hauaau•A 1a 

9o~ ethaol. . !he a&liaa anr•:t•. an praJUe4 bt llo•pa1-

siq t.u rat. braill 1». .tour volllllea ot 1oe"'OJ.4 :·11Jlcer :Mo&J)aa.te 

solution aa4 oeatrifu&tal· the auapea•lon at 30,00 ~ 1 tor tit

teea •1nutea at o-~ ••sr••• ou.t1gra4e • 

. !o an aliq uot ot the auperaatu.t 11h1ck oonub.e4 1a 'the tlu14 
' ' 



the free amino acids, 3 volumes of 90~ (v/v} ethanol were 

added. The residue which contained the bound amino acide 

was weighed and made up to thé original volume with Ringer 

phosphate. fo this, 3 volumes of absolute ethanol were added. 

The two alcoholic solutions were centrifuged clear and amino 

acide in the supernatant were deter.mined chroaatographically. 

Bound amino acid was taken as the amount of an amino acid in 

the residue from the saline suspension minus a correction for 

the free amine acid present in the fluid trapped in the 

reaidue. !he volume trapped was taken as being approximatèly 

. equal to the total volume of the residue and i ta amino ac id 

concentration which was equal to that in the supernatant saline 

fluid. 
BESULTS 

In· experimenta in which the brain was fro zen in si tu wi th 

liquicl air or.excised at room temperature, Lovell a,nd Elliott 

(1963) have shown that a rapid increase of 35~ in the total 

GABA content of the brain occurs imm.ediately post mortem. Since 

freeziDg re1eases bound GABA, it was impossible to show. whether 

this post mortem increase was.due to .an increase in the bound 

or free GARA or both. Fig. 1 shows variations in the prqportions 

of free and bound GABA that are found when the solid excised 

brain is allowed to stand at room temperature before 

homogenization in cold saline medium and separation of the 

free and bound GARA. by centrifugation. It is noticeable that 
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the izlitial rapid post mortem increase is followed by a 

ateady increase with tiae. fhis increase is almost all in 

the free form. 

About 66?' of the total Factor 1 aetivity in 'the who1e 

brain was reported to be present in .the bouù. tor.m. by Van 

Ge1der and 111iott (1958). If correction had been app1ie4 

for free Factor 1 in the fluid remaining in the eentrituged 
. r· 

tissue residue that oontained the bound, the figure would 

have bee~ 58~. In the experimenta of Lovell and Elliott (196') 

and in the present study, a 1ower proportion of bound GABA 

h&s been obtained which is equivalent to approximately 40~ of 

the total. Such 1ower figures are obtained when the brain is 

homogenized in ice-cold saline solution instead·of at room 

temperature as was previously the case. 

Effect of Temperature and Different Media 

Resulte summarized in Table 1 show that the proportion of 

GABA in the bound for.m is considerably higher in suspensions 

prépared at room temperat~e or at 38°0 than in suspensions 

prepared in a co1d mediWil. :fig. 2 shows resulte of typical 

experimenta showing ehanses in free and bound GABA in brain 
r , 

suspensions that are prepar.ed in the cold or at, ro om temperature 

23°0, and then kept standing cold at room temperature or at 

;a0o, (also see Fig. 3). It is apparèntl.y.evident that .a lower 

proportion of bound GAB.A. is presènt when the suspension ie 

' ' 
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!a'Dl.e 1 

Effect of temperature of homogenization and medium 

on free and bound GABA. 

Homopnization Temperature of No. of Jll per g. tissue Percent . 
Medium Homogenization Animais !Bound + Free] Bound. Bound Total 

Rlnpr..fJhosphate oo 20 131!.19 328:33 40:4 
0.32 M Sucrose oo 2 61,67 407,327 15,18 

Rinler-Phosphate 23° 11 199 .t 25 346:40 57±4 
0.32 M Sucrose 23° 3 65:5 379:60 17 .t 2 

Rinler-Phosphate 38° 3 232:39 404:66 57±2 

Bat cerebral h..S.apherea were hoaopn1ze4 ill Jlin&er

pboaphate aolut1oa at the t .. perature shawa an4 the 
0 

auapena1cm •• oentr1tuse4 at 0 • •r.:ree• aeans th• 

GAU. to\lllll in the au)Mir!J&t..-t, "b01UU1• ae«Dê the 

ŒlBl toun4 in the r.,.14'Cle eorreote4. ·for tbe aaount 

ot tree GAB& ~sentt 1n solution 11J the tl u14' 

rema1n1q 111 the r.es1duë. 
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àeiD& .-..'bi.tqed. J.l.l oatritqationa· ~re â.oae at 0°0. 



prepared cold. However, once the suspension has been 

prepared, warming or cooling it does not ·cause any appreciable 

immediate change. In suspensions prepared and kept at 0 degrees 

centigrade the total GABA and the proportions :f'ree and bound 

do not change markedly wi th time. The extra bound GABA found 

in ~spension prepared at room temperature or at 38 degrees 

is released wi th time in the cold. Du.ring its standing at . 
38 degrees, a marked increase in the total GABA ocours. ·This 

inorease is evident in the f'ree :f'orm. though it cannot be 

stated whether it is direètly produced :f'ree or produced in the 

bound :f'orm and rapidly released. 

Ef'f'ects o:f' Ketabolic Conditions 

Resulta illustrated in.li'ig. 5. ahow.the changes in bound, 

free, and total GABA in brain auspenaions shaken at 38 degrees 

centigrade. In the presence of' ozygen and glu~ose, the total 
.. 

GABA does not change a grea-t deal although there is a rapid 

iJl1 tial release o.:f' 'Qound GABA. Und el." ana,robic conditions 

(or on standing, li'ig. 2) the total' GAB.l increases rapidly, all 

in the f'ree f'orm. With brain slioes in the presence of oxygen, 

Elliott and Van Gelder (1958) found no change in the total 

GAB! (determined as Factor 1}, but they saw that the absence of 

oxygen there was a decrease rather than an increase in the total 

GABA and· some losa from the slioe to the mediua. Presumably, 

loss of' glutamate from the alice tc the aediua under anaerobie 

conditions prevents its conversion to GABA. 
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Effects of pB 

~ig. 4 Shows that the binding of G~ is most stab1e at 

about pH 7. At ~igher or lower pH values much GABA is rapidly 

released from the bound fora. 

Effects of S:odium and Potassig 

~ig.· 5a shows that, as potassiUJR·, ions are substi tuted 

for sodium. ions in the isot~nio saline medium in which brain 

suspensions are prepared, the proportion of GABA left in the 

bound form is decreased. Elliott and Van Gelder (1960) foUnd 

that suspension of brain tissue in salt free sucrose solution 

caused liberation of much of the bound GABA (esttmated as 

Jactor 1). Table l shows the amounts of GABA found free and 

bound when the brain is suspended at 0°0 or at room temperature 

in saline or in sucrose medium.. It is apparent that the amounts 

of bound G.A.BJ., and the proportions of the total GABA that are 

in this form, are much lower after suspension in 0.32 ! sucrose 

than those found after suspending the tissue in war.m or cold 

saline medium. The temperature of homogenization in sucrose 

medium makes &lmost no difference. 

Elliott an~ Van Geldèr (1960) reported that the amount of 

bound GABA found when the brain is suspended in sucrose medium 

is increased by the presence of some sodium chloride in the 

medium. As is shown in Yig. 5b, quite low concèntrations of 

sodium chloride are effective. Replacement of the sodium ion by 

potass~um ion decreased the proportion of bound GABA considerablJ. 
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Fic. 5a and 5b alao demonstrate the f'act that the proportion 

of GAB.l which remains in the bbund form ia independant of the 

relative Yolumes of tissue and medium.; 

BigdiBC of Other Aaino Acide 
1 . . 

Resulta sUDIIIl8rized in Table 2 show that alanine, glutamic 

acid:~ glut•ine·, aspart~c .acid and 1-acetyl Aspartic acid are 

aleo occluded in brain tissue. The amounts. of bound glutamic 
-acid and aspartic acid are greater than those of GAB.l.but the 

- . 

proportion ot the total, that is, bound is lover. As in the 

case lfith GABA, this billding is much less sipif'icant in liver 

and kidney tissue than in brain. 'fhe binding o t other 

uncombined udno acids present in liver and kidney tissue is . 

also lesa ma:rkeci than in brain. 

Table 2 also shows that, like boulld GABA, the ·other bound 

p.inq acide are releaeed cœpletely by heat, mostly by 

hOJROgeni•ation in ll&ter ~ and to a considerable extent by 

homQC8Jl.izati.on in 0 • .32 f! sucrose solu'.~Qn. 
' . 

Table 3 shows that; as 1.8 the case w1. th GABA, the total 

amounts of alàaine, glutaœic·acid, clutai~_. and aspartic aoid 

found in the brain frozen &n situ are conaiderably lower th&n 

amounta found if the brain is remoud. ;.ad extracted at room 

t•petatu:re. 

Location of' .lsva4· Amino Ac&g.a 
. . : .. 

The binding of GABA and other amino acids is not a 

•imple occlusion or ~rtefact within unbroken cells may be 

concluded frœ the fact that bound GABA could not be released. 



Table 2 
34•a 

•:!"'' Binding of various amino acids by rat tissues 

;• 

Alanine Glutamic • Aspartic • Acetyl • Glutamine • GABA 
-· a cid a cid aspartic acid 

~ 

Bf">~~in homogenate in &inger-phosphate solution 

-
Free umoles/g 13 5.1 r.e I.J 2.3 1.3 

Bound umoler/g 0.52 2.S5 0.49 0.52 1.06 2.0 

Percent bound.· 36 
.... 

6I 29 2I 29 32 
' ·--~ 

-Brain homogen ,.zed in Ringer.-pboaphate; suspension then pa~s.ed th~ugh Einanuel-Chaikof f 

Bound Ulll()lea/ g · 0.47 2.2 I.O I.? l ,, 

rain in Ririger-phosphate solution-hea:ted 15 m:i.ris. at IOO' 

Percent bound f 0 ( o 1 Ô ( 0 . J 0 J 0 1 
Brain homogenizêi in water · . . -

Percent bound 1 Io 1 7-5 1 · 3.5 J 9 .. ml .. · 4 1 2.4. ] 
Brain homogenized in.32 M sucroae solution 

~ercant bound 1 12 1 t I7 j 9 ! Il · .. · 1 17 : 1.}9 1 
iver homoganized ininger-phos)>hata solution C 

ree Ulnole• g ).3 0 • 0 

our.td umoles g 0.44 0.22 0.27 0 

erc ent bound 2 - 4 -
1 

Contd. 
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Table 2 Contd. 

Kidney bomogenized in Ringer-pbosphate solution 
.- -

-- ·-

i 
'\. ..... 

Alanine Glutamic As partie Acetyl Glutamine .. 
• • 

a cid a cid aspartic acid 
-, 

Free UDioles/g 0.64 8.2 0.89 0 0 
"-

Bound umoles/g o.I; 0.32 -o.I4 0 0 

Percent bound 
" 

2 4 I4· - -
Each figure ·1• the aver~e or t'WO- cloaely agreeing results and 

·' 

-- means awouats n9t ch4111dcally d.ete:nrû.ned. All homogenizations were 

done at room teoiperaturiJ.- Tpe suspensions were centrifuged at 0° C. 

-
GABA 

0 

0 

... ! ! 

: 
:}; 

- ' 



Table 3 

Total uncombined aaino acil content of brain removed 

·at room tempera~ure or trozen in situ before ,xtraction • 

Brain 

trozen in -
~1 

situ. -
Brain re-

aoYed at 

.Alanine · ' Glut;pic !, • Glutam1ne 
aold 

o.84i:0.1(S 6.6+0~2(.5) 2.Sj-0.1(5) -

1.4±0.2(4) 8~7±0~9(4) - ).,..0.3{4) 
room tem-

2 perature. 

Percent 

1ncrea:se 

at room 

températurr. 

67 )2 38 

1.7+0.1(5 -
' 

2.8±0.){') 

64 

uaoles per g tissue ± Î:itandard deviation ;mUnber,,. or 
determinations in parenthesis• 

J.spartic 
ac id 

1.2st0.14 
(5) 

2.:3+0.){4 -

1. !he animal 'tfaS deca'Pi tated ami. the l1e&d. 4ztOJJJ;1•4 t•ediatel7 

into 11qu1d air, the frozen .brain lias removed 1 we1ghed.and· 

extractedwith 9- ethanol • . 
2. The animal was decapi tated, ·Ule Îl"ain was removed at rooa 

temperature and d1aperâed in 9~ ethan,ol,: wH1h1n 2-3 ainutes 

of decàpitation. 



:;6. 

from the brain tissue or b7 grinding the tissue wlth 

sand (Van Gelder ~d Elliott, 1958}. This is alsoe 

evident from the resulta of experimenta in whieh saline 

suspensions were passed through an Emanuel Chaikoff homogenizer 

which ensured that the suspension contains no particles larger 

than 27 micro in d.iameter. As shown in Table 2, the amounts 

of bound a:mino acids found in the centrifuged.rJ?esidues were 

about the same as after simple homogenization. 

Bound GABA, as well as other bound amino acids, can be 

graduall7 extracted b7 consecutive washings with saline medium. 

The brain t1ssuè was suspended and homogenized in a fresh aaount 

of salil'le atter each centrifugation. An aliquot of the 

supernatant flu1d obtained at each centrifugation was mixed 

with :; vols~ Ot 9~ v/v et~ol (final ethanol concentration 
< •• 

75. v/v) and centrifuged to discard the precipitated pro~eiils. 

·The res1due obtained after the centrifugation was also treated 

With ?Sf, ethanol. A complete separation of the supernatant 

fluicl from the residue obtainel àtter each centrifqation ooul.d 

not be possible. The volume of the solution lett with the 

residue in the bottom ot the tube was estimated and a correction 

was appl1ed to allow for the amount of am.ino ae1ds left in the 

supernatant flu1d wh1ch rema1ned in the res1due. Table 4 

shows the resulta of auch an experiment. 

DISCUS§IOlf 

The strange deorease in the proportion of GABA found in 

the bound torm when the tissue. is hoaogenized in the cold is 
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Successive extrac.ions of 8Jlino acids of brain tissue with 

potassium free Binger saline 
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explanation of e:xperi•ental ·procedures, see'text. SNF stands tor 
,, ' :;;.· . ' 

free amino acid in the S'Jipernatant.f'luid. 



not understood. It is probable that the low proportions of 

bound GABA and other amino. acids found when the tissue is 

homogenized ~t 0 d:egree centigrade in saline medium may 

represent the proportio,n in-vivo •. It mignt be due to an 
> ', •- ~-.· .~ ' ' • ' ~ n • • 

. . ~ : ' ~ .,.._ . . 

effect or the rate or~·Jiwaboll.sa of ~he tissue' fragments on . . . . 
,. 

:the distributioa of elenrolytes. Fig. 5a sh~ws that the 

proportion of the bo\ldd' OABA is sensitive to electrolytes·. 

Als.ot in the cold. ~there is less metabolism and so moré sodium 

and lesa potassiwn ions. ~ cells. Resul.-ts of Fig. 5b show 
. . 

that pot.assi'fœ releas•il:~: -.e of the GABA in the brain. These 

experimenta al80 suggeet that·· the Na ion is essential for 
f - • 

maximum bui-fd.ing·. 

With brain slices iJ:J. the. presence of oxygen and glucose, 
' 

Elliott and Van Gel der . {l9S8·) fo~~ no change in ·the total 

GAB! determined as Fact~r 1. · 1be r~te of removal of GABA 

38. 

must be equal to the. ~a te· of formation .in the slices. TheJ 

o'btained. full reco'V"ery even whèn G;ABA was added to the medium. 

This indicates that the' reversible transàJDination rea.ctio.D. 

between GABA and· alpba 'ke'toglutanite, whicb yields succinic. 

semialdehyde and gl.utamic acid, is not affected by Yariationa 

in the concentration of GABA in tbe medium or abtorbed in the 

tissue. The alices were able to absorb relatively large amounts 

of GABA fraa tlle med.iUDl. In the absence ot o~gen there was 
. . 

a decreaae in the total GABA and soae loss tram the alice to 

tale ••U•. Pras altlr, i.a tàe :altaeace or oxidatiTe en~rq. 



production, glutamate diffuses from the sl1ce to the medium 

and beeomes unava1lable for conversion to GABA. In brain 

suspensions, no absorption of' GABA from the medium into the 

tissue partiales occurs. The GABA content of a brain 

suspension remains constant if oxygen .and glucose.·:ar·e supplied. 

In the absence of oxygen, the total amount of GAiA'increasee ld.t~ 

t1me (Fig. 2 and Fig. 3) •. Evidently, the glutamate ·J>;resent in 

the tissue suspensions 1s àccessible to the glu.tamic decarboxy

lase. It seems that the production of GABA from glutamic 

acid by the action of glutaa+c;.decarbol:J'lase continues in 

the absence of oxygen; but removal of GABA 1s checked due to . . ' 

the lack of alpha-kato glutar1c .. acid for the transam1nat1on 

reaction and oxy-gen for oxidation or .succinio semialdehyde 

wh1eh is fed back into the oitrio ac1d cycle in the brain 

suspension. The am.ount of oxygen which would: be required . 

per unit time to oxidize su.ocinio semialdehyde .to Eiuccinio 
. ' . 

.. acid would be "'fliValent to :t}ne ~ount ot GABA that accumulates. 

!his rate of oxygen usa.ge is
1

equal to about 10% of the rate of 

oxygen uptak:e of the brairi tisstie s~spension. Thus, 10% would 

be an es.timate of the proportion of the total metabolism that 

involves the ~ABA sJ;t~t 1n a'·b:r~iri ;sus:t'nèion. Fig. 4 shows 

that, the i;,: .• :b111'âdi:Q<.8 of GABA is m:ost stable at pH 7. At higher 

or lower pH;values much of the bound GABA is rapidly released. 

This, apparently, suggests.that the binding could be enZYJilatic 

in nature. However, Elliott ( 19.65) bas pointed out in his very 
!" ;:t:, • 

,, ! 

. ' ,, 
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recent rev1ew that b1nd1ng oould be of two types -

lo,osely .'bound and more f1rm1y bound. The effeot ot pH on 

the stability or bound GABA prov1des 1nsuf'f1c1ent ev1deneè to 
4:' 

d1ff.erent1ate between the above ·stated two type.s of b1nd1ng. Â . ··; ' 

;t1m1làr 4!ff'.ect of pH on the b1nd1:ng of ace'tf"lcholine has been · 
' . . 

reporte(\. (11\rodld.n. and.. Elliott, 195,.3) • It is; Pr~bable 'Çhat · v~r-

. tuaily·· al~ t~e · physiolog1call; aot·l,'V'e GABA fbun&'ib. 'the braln 

1~ present. in more.firmly .bound form. 
. . ' ... . . 

Ao1d.or alkal1, or .. .. .·. 

" 
var1ous pther agents, can .release it. 

. ' . . 
'l'he·t>hysiologio~. 

· role of. GABA must, ttierèfore., be closely. oonhe~ted wi th the 

relationship between free, loosely bo:Wld., and more firmly bound · · 

forme. 

Table 3 shows th,at the total amo~ts of alanine, glut~+c ... 

aoid, glutam1ne, aspartio ac1<l1 ' and G.A.BA round ~n brairi· tfssue; 
. . . . 

. lroz.en ~ri situ; ~e considerably iower than the. •o~ts round if 
' 

the braitl is.removed. ande:ttrao~ed ~t.room temperature. Present-

17 ~· there is insuffioient eyideno~ to put forward .. · ~;,1, deta4;te4 · , . 

hypothesis concerning the mechenfsm:.'responsible for this 

rapid inorease in the amount ot amino acid 1n: the brain. It 

is known, ·of' course, tbat thè brain containiJ. proteolyt.ic 

e•;vmes. )Fhus, K1es and. Schwimmer (1942) }la,te .ètesor~~d an act

ive cathe~111rl.; ,·and ·ü_~ell and ~iohte~,(~954), a protein~se 
active at pH 7. Disrup~ion or the tissue structure might result 

in rapid. activity by proteolyt1c enzymes;· but this oo~ld not 

acoount for th,e · stlddlim increase in G.l:aA,, which is not we1;1ent 
' t,J A~ , \ : 

1n proteins, unless the glut~ate produoed by proteolysis 

·.is ·rapidly available 'tb glut~ié.~ decarbo):7lase.·. Althoug~. 1t 
' - " \_ .. 

••,.,; 



.. ';' 

at roOJJt"~empel_'ature ;JÜ.y ~eall7 be due to an ac.celerat1on of 
' ' ' ' ~~. - - . 

"•, .. _. ,. ,• . 

of nèrve eèlls. and myeli:n. protein in vivo~ • 
. . ' ' ' ,, '« 

Pres~nt restdt~ ~d .those .of E.lliott apd Van G~lder ( 1960) ' 

show that >1nuch of· the bound GAB;"> ts released 1.n. sàl.t-'free · 
• L' ~;- ' • • • • : !' ' ':' l,.. -.- . -

. sucrose solutl;cm. · -Tl!ll-,ls1,., thel\'e. is prohabl7 ··m.ofer,· ~·~: .on~. ro:rm · .. 
. . . . . ' . l'. ,::; ' ·;..;'.' ~- ' 

of bound GABA in the brain. ·One 'for~, whi6h remains bound 
. ." .. 

· in suspen.ions pTèp~è·~ in SU:èrose solutloni (''.f~id;'-:;))', i.s . 

evidentl7 .occluded in su:bcellular 'pax-tiicles, most llkel7 in 
• - .- •• , .• !. •• ; ;· 

. ' 
certain nerve ending part:lcles. l31lode~u ( 1962), has found 

. . \• 

that 20-JO% of.the total GABA and glutamic acid'i-~mai~ed''in crùde 

mitochondrial fractiort in suerose homogenatëê 'of rat 'brains. ;f. 

The other form is rel'eased in the absence of sodium o; bJ ,.'·.·JI.'. 
~: 

. the presence of high potassium. Other am1no 'ac1ds ·&.lso seept, · · 
"~ -, 

to be bound in :these two differentwqs. 
. .. 

. . ~ '·: 



Ohapter 4 

RELEASE OF GARA AND OTHÈR AKINO AOIDS.liOK THE CA! 

· CEREBRAL COR!EX 

Introduction 

Florey (1954) demonstrated tha;t extracts from the 

central nerTous system show inhibitory propertiee on the 

· discharges from the slow a~apting neurone in the crayfish 

receptor organ. The inhibitory agent was called Factor 1. 

Bioassays on the crayfish stretch receptor preparation 

showed that GABA behaves as Factor 1 and oould account for 

_much of the aotivity in the 'brain · (Bazemore, Elliott, and 

Florey, (1956, 1957). More recentl.y i t was proved that · 
.. 

this subs~ance could account :f'or all the Factor 1 activity 

in the brain (Levin, Love,ll, ~·and Elliott, 1961; Lovell and 

Elliott, 1963). 

Severa]. critici•s must be refuted before.we can have 

full confidence in olassifying a substance as a synaptic 

tranàillitter. ·The' substance must exist in sufficient amounts 

in the pre-s1Jl&p:io _ terminale, the tissue must con tain a 

synthes.izing enzyme systeJll, stimulation of the pres;rnaptio 

nerves must release the substance in adequate quantities 

from the .pre-synaptic terminale. The action of a substance · 

on the post-synaptic cell must be identical to that of the 

synaptic action. The re should be an inactiva ting enzyme 

system in the region of the synaptio cleft. When the aotiona 



of druss are tested by micro-electrophoretic in3ection, 

the pha.rmacô~og o:f' the syné.ptic' transmissio~ and o:f' the 

post-synaptic action:must bEt similar. 
< ! ~: ' . 

Thérè are extensive etudias on the production, atorage, 

and nèurophysiological and neuropharmacological roles o:f' 

GABA. Eccles, Schmidt, and Willis (i963) are o:f' the opinion 

that GABA may be involved in the action o:f' presynaptic 

inhibitory potenjials. At pres.ent, a transmitter role· o:f' 

GABA bas been proved in crustacea.n stretch receptor .. .., " . 

neurone (DUdel and x.ui:tier, 1960; Kravitr;, Potter, and 

Van Gelder, 1962)~ Curtis and Watkins (1963) have suggested. 

a possible role o:f' glutamate and aspartate as excitatory 

transmitter substances. To obtain turther evidence :f'or 

the transmi tt er role o:f' am.ino acide,. q1lant1tàt!.v;&t''i"el.aase 

o:f' samma-aminobu,tyrio aèi~,glutam.ic acid, aspartic acid, 

and glutamine have been measured. 

Jlethods 

These operations were aarried out under the expert 

directorship of Dr. H.H.· Jasper, Pro:f'essor o:f' Experimental 

Neurology at the Neurophysiologi~al Labratory o:f' the 

Montreal Neurological Institute. A collaborator was Dr. 

P.G. Sie. 



DESCRIPTION OF THE TECHNIQUE OF PREPABA.TION Olf ANDIALS 

FOR EXPERIMENTS ON CORTICAL PERFUSATE :FOR GABA AND 

OTHER üUNO ACIDS 

There were actually 4 types of preparatio~s used& 
. ~ ' ' '• 
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(1) The intact animal under flaxedil and artificial 

respirations 

These animale were prepared with ether anaesthesia 

for the operative procedures, i.e., placement of the 

animal in the stereotaxie instrument head holder, and 

oareful injection of local anaesthesia (l~ J1Upercaine), 

preparation of the scalp and all contact points. Additional 

precautions ~ainst ·pain wére taken by injection of the 

Gasserian ganglion with nupercaine repeatedly throughout 

the experiœent. Injection of the occipital nerves was 

also done.; and, in ad di ti on, ·the inj eetion of the external 

audi tory mea:tu.s was carrièd out to pre't•nt pain from the 
:. -, .. 

ear plugs. ~he animal was then per.mitted to recover from 

anae.sthesia and kept on a cura:rizing dose of flaxedil to 

prevent moTement. The doaàge was kept very 1ight in order 

that slight moveeents might oocasionally ocour. The 

perfusion chambers were made of plastic. and aealed into the 

akull &fter removal of the dura, beneath the point of. 

insertioni Thé cross-section of the chambers was approsimately 

1 cm2• They ~ested gently on the surface of the cortex; and 

the junctio:awith the pia'was sealed with a·small a:mount·o:t 



agar jelly. The temperature of the anjmal was maintained 

at 35-37 degrees centigrade. Care was taken that the 

solution in the chamber was alea heated to this temperature. 

The area of the cortex 1,1sed-wae usually the middle 

suprasylvian gyrus. Sometimes, the chamber was placed 

forward on the post central or post oruciate gyrus. The 

chambers were.often plaoed bilaterally over homologous 

areas of the two .. sides and 'perfu,.sion was oarried: on 

simultaneously from t~e two hemispheres. 
' 

·(2) The "encephale isolé preparatio:rft 

This is the classical brainstem section of Bramer (19)6) 

with the complete section of the cervical cord at the 

junction wi th the medulla .at 01 ·• It is performed und er 

ether anaesthe-.ia. Artificial :respiration was carried out, 

as described above, but f'laxedil was not utilized, as it was 

unnècessary for. this preparation. Other details were·aimilar, 

with caref'ul local anaesthesia of the scalp and injection 

of the Gasserian ganglion as well. 

(3) The "earveau isolé preparation": 

This is the classical brainstem section of Brem.er at 

the level of the supeTior colliculus. In experimente 

conducted here, there were some variations in the section, 

at times, variation was in existence between the superior 

and inferior colliculi, which would be a midbrain section 

somewhat below the standard level.of Bremer'e cerveq·isolé.· 
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In this preparation, due to seotioning of the pain pathways 

of the head, injection of pain pointe was-not neoessary. 

Control of this section was obtained by recordins the surface 

cortical electrical activity. When complete, the record was 

composed largely of spindles. 

(4)"Heaisection of upper midbrain": 

This is a for.œ of hemi-cerveau isolé ~reparation in 

which a section is made at the level of the superior colliculus 

of only one half of the brainstem.. This section was made by 

a blunt disector and was not al ways complete. I~ was spmetilles 

slightly extended to the opposite aide, so that affects were 

occasionally seen on both s1des. However, a control showed 

tha t arousal stimuli auch as pinching the tail, blowing puff• 

of air into the nose, or olfactory stimulation would produce 

arousal or blocking·of ~e spindle waves on the intact aide 

only. Therefore, i~ a sense, one half of the brain was asleep 

and the other si de awake; at leaet wben maintained in a 

waking state by arousing stimuli. 

"General Commenta on Technique": 
' .· 

The surface electrocorticograa was taken continuousl.J by 

silver ball electrodes applied inside of the chamber gently 

resting on the surface of the cortex. These electrodes were 

about 0.5 mm in diameter and were inaulated, e:xoept for the 
very under .surface of the ball. !his caused shori~ciréu1 t1ns 



by the fluide to be u.nimportant in the recording. · Un til 

records·were tak:en with Elliott solution.(Elliott and 

Jaaper, 1949) in the ohamber, and finally, when a sleep 

tracing or spindle tracing was desired, the animal was 

left quiet, unstimulated. When it was desired to have a 

wak:ing traoing, the corticograa was moni to:red continuousl7. 

On the appearance of spindlès, a brief puff of air was 

delivered to the :tac•· This aeeaed to be adequ.,ate f&r 

oausing arousal in thê animal with the intact midbrain. 

The olfactory.ro11;te w~_a.J.ào ext;remely useful for this 

purpose since the olfactor;y arousal pathways were not 

sectioned in the enc•J>hai.• iaol4 and intact preparations. 

~amElipg and Quantita~iTe Determination of Amine Acide 
. ' . ~ ,, : 

Jleaàured amounts of·l ml Elliott solution were placed 

in the pertusion chambers and were wi thdrawn after 15 minUtes. 
~- ~ . 

Fresh solution then replaced this, so that it was an 

intermittent sampling'technique with the solution betns 

changed ·every 15 minutes. In the pr•paration for GABA 

determination, the piarachnoid was ·· punctured only in points 

relatively :tree of vessels, in 6-10 places under disseotillg 

microscope control. 

In caee of slight bleeding, the surface was liberally 

washed. One waited for coagulation of the bleedingpoint 

to occur before proceeding to the perfusion experimente. 

Unless this penetration or puncture of the pia was done, 



little GABA appeared in the fluid. All samples obtained 

were under artifioial respiration. The cerebral cortex 

was washed with Elliott solution and this solution was 

left in contact with the cortex for 5-10 minutes. In the 

cases of encaphale isolé and Oerveau isolé preparations, 

48~ 

a continuons superfusion technique was used. The rate of 

flow of Elliott solution into and out of the ohamber was 

lesa than a drop per minute. In the case of neuraxially 

intact animale, superfusate was oollected from the chamber 

every 5-10 minutes by careful suction with a polyethylene 

tube. When the. GABA release was small, as in the case of 

enoaphale isolé and neuraxially intaot preparations, 

samples from both aides of.the same preparation were pooled. 

Samples obtained under the.various conditions were stored 

in the deep freeze and later lJQPhilized overnight. To the 

lyophilized samples containing i1lorganic sal ts, 3 ml of 

acetone containing 5~ 6 N BOl per g. of dry residue was 

added. The extraction was repeated 3 times and the acetone 

was drawn off in a flash evaporator. The,residue was taken 

up in 1.0 ml of distilled water and was put on ion e::x:change 

cation columns. The H ion for.m of Dowex 50 was suspended 

in distilled water and, after stirring, the smallest 

partiales which did not settle rapidly were poured off. The 

resin was suspended in 4 N HCl so that an equal volume of 

acid remained above the resin surface. The temperature was 



TABLE 5 

RELEASE OF GABA 
FROM THE SURFACE OF THE CEREBRAL CORTEX 

ECoG No. of GABA Released 
Preparation 

Sam pies 
).lg/hr./ cm 2 

Pattern Average% S.D. 

Neuraxially intact "Aroused" 4 0.60 :t0.20 

Cervical section "Aroused" 6 0.66 * 0.26 
"Encephale isole" 

Mid-brain section "Sieep" 17 2.09 :o.6o 
"Cerveau isole" 

Left mid-collicular 
hemisection 

Right hemisphere "Aroused" 2 0.80, 1.01 

Left hemisphere "Sieep" 2 2.12, 2.60 

These experimenta were ca:rried out in collaboration 

with Dr. H.H.Jasper, Dr. K.A.C.Elliott, Dr. P.G •• 1e 

and Dr. L,S,Wolfe ot Montréal NBnrologioal Ialt1~Ute. 

For e%P1anation of the ezper1aental details see tezt• 
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raised to 100 degrees centigrade. After occasional stirring 

for about 1 hour, the supern.atant, which was ye1low, was 

.decanted and the prooess was repeatèd seve.ral times unti1 the 

supernatant was co1our1ess. The resin was well washed with 

distilled water. A column (15 cm x 0.5 cm) of resin was 

pr-epared.. A 1.0 ml sample of the Unk:nown sam.p1e was pasl:led 

throùgh a column and washings with 10-15 ml of disti1led water 

were also passed through. The amino aci4s were displaced with 

2 N :rœ,. The eluate was collected and evaporated down to 

dryness; and the residue was used for quantitative chromatographie 

analysie for glutamine, glutamic acid, aspartic acid and GABA. 

In some experimenta an enzymatic method for GABA was also 

used (General Kethods, Chapter 2). 

Resulta 

Resulta summarized in Table 5 and. Table 6 show no 

significant differences in the amounts of GABA, glutamine, 

glutamic acid, and aspartic acid re1eased into the perfusion 

fluid, between.the encephale isolé and the neura.Xially intact 

preparations. ~so, no significant differences were observed 

in the amounts of the various amino acide released from the 

two aides of the oat cerebral cortex of the same animal 

preparation, exoept in the case ot midbrain hemisection 

preparations. In ail cases, the chromatograms developed showed 

that there are other aQidic and Qasic amino acide which are 
' 

also releas~d in all.the aboTe-mentioned neuropbysiologioal 



!.ABLE 6. 

RELEASE OF AMINO ACIDS 
FROM THE SURFACE OF THE CEREBRAL CORTEX 

Amlno Acld ReleaHd 
ECoG No. of Preparation ,qg/hr./cm 2 

Pattern Samples 
Glutamlc GAIA Glutamlne As partie 

Neuraxially intact "Aroused" 8 9.2 0.7 1.0 2.1 
:t.0.8 :t.0.2 :t.0.6 :t.l.O 

Cervical section "Aroused" 6 . 8.6 0.7 1.1 1.8 
:t.0.2 :t.0.25 :t.0.15 !.0.4 

Mid brain section "Sieep" 13 5.7 2.0 1.1 1.7 
:t.l.O !. 0.7 :t.0.3 :t.0.4 

Left mid-collicular 
hemisection 

Right her{,isphere "Aroused" 2 7.2, 7.0 1.1, 0;8 2.0, 2.0 2.5, 2.0 

Left hemisphere nsleep" 2 5.0, 4.5 2.6, - 2.2, 2.2 2.5, 2.0 

These experimenta vere carr1e4 out in collaboration w1th 

Dr. H.H.Jasper, Dr. K.A.C.Ell1ott, Dr.P.G.Sie and 

Dr. L.S.Wolfe of Montreal Bèurologlcal Inst1tute. 

Por explanat1on of the ezper1aental details see text. 



animal preparations. 

To get a more detailed pic.ture, extensive etudies 

would be required for the separation and quantitative 

measurements of each amino acid under different pbysiological 

conditions. The àeparation of aapartic acid from glycine 

and alanine required special care and was not entirely 

satisf~ctory. Double controle and standards were run. 

From our re sul ta i t was apparent that no . change occured 

in the amounts of aspartic acid or glutamine released under 

the various experimental conditions. Tables 5 and 6 

demonstrate tbat the amount of GABA released from 6erveau 

isolé preparations was three times as rapid as that released 

from the cerebral cortex of the intact cat. No distinction 

was made between the gradation of spindling, i.e., good or 

poor, as this did not signifioantly affect the release of 

various amino acids. .However, the electrical aotivity of 

the oat cerebral cortex was the only cri terio.n for differentia ting 

bet1reen the enoaphale·isolé and the.ô':erveau isolé, or the 

neuraxially iniact and o;~rveau isol.é preparations.· In some 

experimenta, when a continuous waking state wa8 maintaiiled by · 

periodic stimulation of the brain stem reticular formation, no 

measurable GABA was collected in.the perfusate. Glutamic acid 

rèlease was decreased under ihose conditions under whioh 

GA.BA release was increased. 



Discussion 

Synaptic transmission consista in the iDduotion of 

permeability change and consequent ion movementa across 

the poat-aynaptic cell membrane. The total process consista 

of the movement of the substances across the post-sy~ptic 

membrane. Depending on the area and structure of.the pre 

and post-synaptic membrane, the concentration change of the 

ions in the synaptic areà is brought about by the arriving 

.nerve impulses. It may be sufficient to cause ion movements 

across the post-syn•ptic membrane. These, in tur.n, may be 

enough to ·alter the excitability of the post-synaptic cell. 

Intracellular recordings by Aljure, Gainer, and Gru:ndfest (1962) 

bave confirmed that GARA does not activate i:nhibitory post

synaptic membrane in the add~ctor muscle of the dactylus of 

walki:p.g legs of cancer borealis. No effect of GABA. on the 

non-synaptic membrane of the muscle fibers was observed. It 

did not alter the rates of movement of ~t and e1- as determined 

from the responses of the membrane potential to changes in 

outside concéntration of the respective ions. 

The states of sleep and waking may be due to balanced 

ex~itatory and inhibitory actions of the reticular activating 

system. It could be inferéd. from the resulte of Table 5 and 

Table 6 that GABA or a derivative may be involved in the 

control of apparent inhibitory effeots of the sub-cortical 

origin and thereby perhaps governs the sleep meohanisms. 
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It also seems likely ,. therèfore, that GABA must have a 

dual function. This may be involved in activating the 

inhibitory synaptic membrane and in blocking excitatory 

post-synaptic potentials. The blocking of excitatory post

synaptic potentials may be caused by interference with the 
' . 

excitatory transmitter or with its release. Purpara and 

Grundfest {1956) conclu.ded that GABA inactiv~1;es excitatory 

axodendritic synapses in the mammalian brain. Kuffer and 

Edwards (1958) have dell.onat~ated that the effects are 

very similar when the inhibi tory nerve · is atimulated or 

when GABA is applied to the isolated crustacean stretch 

receptor. Stimulation of the inhibitory nerve apparently 

controle the excitability of the stretch receptor neurone. 

Their etudies furnish further support to the theory of the 

dual role of GABA. Eccles, Schmidt, and Willis (1963) believe 

that GABA may be involved in the action of certain pre

synaptic inhibitory inter-neurone. 

The present resulta indicate that GABA is released under 

physiological conditions in the mammalian brain. The two 

hypotheses of the invol vement of GABA in intermediary 

metabolism and in central inhibition are not necessarily 

mutually exclusive. A chemical substance -.y be an 

intermediary metabolite involved in the energy metabolism 

and simultaneously be a modulator of functional activity 

of the central nervous system. The present etudies 



concerning these :l!OllJB of GAB.A. in the central nervous 

system are not su:tfioiently olear to decide whether one 

or.the other, or both roles, are exercised. The early 

suggestion that GABA mdght be a specific.transmitter 

substance at inhibitory synapses could be further supported 

by the present resulta. However, it is logical to say that 

the resulte summarized in Tables 5 and 6 provide no direct 

evidence on this. If there is a oontinuous gradation 

between neurosecretion and quiekly acting and quickly 

. disappearing transmi tter, i t is necessary that there be a 

post-synaptic inactivating enzyme for the transmitter, as 

in the case of acetylcholine• There is, however, no rapidly 

acting inaoti va ting . enzyme present. The only enzyme known 

to be capable of destroying;GABA is GABA-glùtamate.transaminase. 
,' . ' 

The absorption.of G.ABA from the su.r;-ounding·meQ.ium by slices 

of brain could perhaps represent a mechanism for the removal 

of active GARA (Elliott, 1965). 

Interest in GABA in crustacea steas from .Physiological 

.experimenta demonstrating thàt externally applied GABA 

mimi cs the e:ffeot of the naturally released inhibi tory 

transmi tt er compound. This has been d.aonstrated at a synapse 

of the central nervous system; at peripheral neuromuscular 

junction;(Boistel and Fatt, 1958; Grandfest, ReuDen, and 

Rickles, 1959~~ and at stretch receptor cella in the 

crustaceans (Kuffler and Edwards, 1958,}. In addition, GA.BA 



has a pre-synaptic action causing a reduction in the amount 

of transmitter released from e:xcitatory nerve terminal.& ·at 

crqfish neu.romuscular junotions (Dudel and Kuffler, 1961). 

l'evertheless, it is doubtful whether it is valid to consider 

. GABA as àn antagonist.to acetylcholine. The effects of 

~ugs and other pharma~ological agents on the proportions . ~' ... 

of .tree and ~ound and. the rapid absorption of G.ABA by 

brain slices against the concentration gredient suggest . . 

that GABA may be physiologically active only in a bound form. 
~ ' . . 

Elliott (1965) suggests that the Mmore firmly boundM GABA in 

nerve ending particles representa a storage state, a.rtd.·:. that 

Mless firmly bound• material representa G.ABA absorbed on 

receptor sites. Pree GABA represents.the substance in 

transition between.these sites. 

Curtis and Watkins (1963) showed thât glutamic aeid and 
' . ,, ' ' 

as»artic aaid may behave as excitatory substances. This 
' . ~ 

suggestion was further supported by ~he evidence of 

Krnjevic an(l ~fh1llis ( 1963.) whc believe that these amino 

ac ids . are .•. excita tory .:.transmi tter substan~s. In our experimenta, 

glutÛlc{ ;.cid,. aspar-:t·te ac id, gaama,....inobutyric ac id., ar).d 
~ . ,: ... :~· ' . 

... . . ~ 

. surfaces. " The ·rate of rtüease of GABA- was 1ncreaaed. during 

... 

the E.Co.G.* •sleep• pai*•~· The rate of glutq1:c.acid. 

was increased abo~t :,50% when the E.Co.G. pattern ind1c'ated 

•arousalM •. This suggests that an e:xcitat6ry eff'eO't of:glu .. 

tamio acid is involvecl in the production of re.st wa'ta 

E.Co.G. signifies Electrocorticogram. 



electrooortical aotivitf• .!fhere were no.obvious cha.Dges 

in the amounts of asparti4 acid and glutamine that came 

out of the cerebral cortex ~er the different experimental 

conditions. 

Inhibition bas b&en uaed in historical perspective to 

describe a varitty of neurophysiologie~ prooesses which 

retard, decrease, or .arrést the activity of neurone and 

which raise the threshold or blook synaptio or neuromusoular 

transmission of normally adequate exoitatory prooesses. A 

signifioant difference exista between the amounts of GABA 

and glutamic acid released per hour in the ë~rveau isolé 

and encaphale isolé preparations. The higher rate of GABA 

output in the sleeping state seems well correlated with the 

slow wave spindle aotivi ty of E_.Co. G. The sleep pattern 

may be the result of inhibition produoed by GABA. 

To turther inoreàse our understanding concerning GABA 

and other amino acide, the precise study of the modes of 

action of neurone in the cortex and brain stem and of the 

inter-relationships between their aotivities is vitally 

important. One can soarcely doubt tha metabolic basie of 

nervous exhaustion that progresses over a period of many 

hours and which requires, for its elimination, the recovery 

prooess· of sleep. Nothing, however, could be said for 

certain pertaining to these metabolic changes. What is the 

nature of this progressive build up of metabolio exhaustion? 



Phys!.olog1eally speak1ng, o11e 1s aware of the necess1ty 

of ion puaps for the maintenance of the ionie compsition 

of the inter1or of the nervè cella; and of the_necess1ty 

for the metabolio ~eple11ishment of synaptic transm1tters. 

However, we do not know, why over many hours, these processes 

should depleta or fa11 to maintaill the integrit7 and.functional 

activity of the 11erve cella and synapses. 



Chapter 5 

BEirEASE OF ACEIYLCHOLINIPURING S.LEEP AND WAtEPtJLNESS 

Introduction 

The central nervous system shows continuous nervous 

activity, and assuming the role of acetylcholine in sy

naptic transmission, its continuous release in the 

absence of external stimuli is to be expected. Therefore, 

the presence and distribllltion of acetylcholine and of the 

cholinesterase enzyme in the central nervous tissue, the 

ability of such tissue to synthesize· acetylcholine and 

its release under certain conditions, all provide strong 

evidence in favour of acetyicholine's being a chemical 

transmitter across a number of synapses in the central 

nervous system. It has, however, been difficult ,to 

obtain direct evidence in support of this view (Feldberg, 

1945, 1950; Crossland, 1960; Mitchell, 196)}. 

Despite existing technical difficulties in experimenta 

on the intact brain, reasonable attempts have been made 

by several workers to correlate the release of ac~tyl-

choline with nervous activity. However, conclusions from 

stud1es on the release of acetylcholine .in the cent~al 

nervous system seem to conflict. Feldberg (1945) claims 

that the release of acetylcholi.p.e from the cerebral cortex 

is independent of electro-cortico act1v1ty of thel cent~al 

nervous system. On the other hand, Elliott, Swank, and 



Henderson (19.50), who studied the amounts of acetylcholine 

left in the brain tissùe and the release of acetylcholine 

into a plastic eup on the cortical surface, are of the 

bel1ef that the release of acetylcholine is related to 
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the spontaneous electrical activity of the cortex. Macintosh 

and Oborin (19.53), also using plastic cups on the cortical 

surface of cats, have shown more def1nitely the release 

of acetylcholine under different experimental physiological 

conditions. It has been show.n recently by means of micro

electrodes, that temporary alterations in the resting 

membrane potential are associated with the excitation and 

inhibition of neurons in the central nervous system (Curtis, 

1961). Single cells in the.cerebral cortex have been sel

ectively activated by the iontophoretic application of 

acetylcholine through micropipettes (Krnjevic and Phillis, 

1961) •. 

The release of acetylcholine may be a result of the 

activityof cholinergie synapses or may be a by-product 

of cellular metabolism. If we consider the two possibilfties, 

we must expect to find cortical neurons which are cleatly 

either excited or inhibited by acetylcholine. As far as 

the second possibility is concerned, acetylcholine released 

by metabolic processes may or may not affect the excita

bility state of the sur+ounding neurons. 

In vie1-1r of the output of acetylcholine, it is clearly 

advantageous to find out whether acetylcholine does alter 
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neuronal activity. A technique similar to that of Elliott, 

Swank, iillli}ife:acb~al!bltl9j8): r: MaciGto~r·h ~ ~-,~qrw d 1953) has been 

used in the present experimenta to study acetylcholine 

release from the cerebral cortex of neuraxially intact 

cats un4er flaxedil and local anaesthesia; in encephale 

isole and cerveau isole preparations; and after hemi-

section of the upper midbrain. 

Methods 

Cats weighing 2-5 kg were anaesthetized with ether. 

The trachea was cannulated and a catheter inserted in 

the femoral vein. The head was fixed in a stearotaxic 

frame. In experimenta with neuraxially intact animals, 

the animals were paralysed slowly with flaxedil, about 

1 ml of 1 mg in 16cc of distilled water. Encephale 
-

isole preparation section was done at the c1-c2 level. 

Severe shock was checked by giving intravenous injection 

of 0.25 cc pitressin and 0~25 cc epinephrine before the 

section was made. Cerveau isole preparations were 

made by dissection of the mesencephalon at the inter

collicular lev.el. The upper midbrain hemisection pre

paration was made by section, at the level of the super

ior colliculus, of only one ·half of the brain stem. 

This section was made by a blunt disector. The detailed 

procedures are given in Chapter 4. 

The monopolar electro-corticogram was carefully re

corded throughout the experiment with these preparations • 

• r·. ·' 
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Recording electrodes were placed on the cortex under study 

as well as on other areas. Burr holes, 12 mm in diameter, 

were made on both aides of the midline suture. T~e dura 

was carefully opened and the posterior part of the later

al, supr~sylvian, and electrosylvian gyri were exposed. 

Cylindrical plastic chambers having volume 2 • .5 cc, 10 • .5 mm 

internal diameter were fitted into the threaded burr 

holes. The chambers were sealed to the surrounding bone 

with dental cement. Leakage from the chambers over the 
. ' 

cerebral cortex of the brain was checked with gel-foam. 
lo· 

Collection of samples wàs eommenèed ·tw6hours after the 

animal was. anaesthetized. The ,cerebral cortex was washed 

with saline solution (Nac1·9.0, KCl 0.42, Cac12 0.24, 

Ba&eo
3 

0.2, g~ucose.2.Q g(l). Body temperature of the 

cats was maintained wi th an eleetric blanket at 37 't 2 

degrees centigrade. 

Colleètion, Assay of Acetxtcholine 

The plastic cups were filled.w1th R1nger solution 

containing. Neostigmine (100 mg/liter) and left twice for 

1.5 minutes before starting the collection of samples. 

The washtngs were removed with a peirethylene tube and 

discarded. The chambers were filled with 2-5 ml of 

Ringer solution eanta1ning fresh Neostigmine, which was 

left in contact with the cortex for 15 minutes. Then 

the cortex was :~;into grad.uated . eentrifuged ·tubes 

and stored in the deep freeze till b16l$~ays we~e dqne • 

. ... . 



Preparation of atfMKd f1Cet~:lcholine solutions 

I. Stock solution A 
100 ~ ot Ae~Cl dissolved 1n. 
100 dl ~1sj~~l~d ~a~er g1?es 

' concentr~t put 1000 wtl cc. 

II. Stock solution.B 
1 cc .of 1boo~·ugtoê· d.Uuted to 
100 90 g~yesL,QI~eentration 

III. Stook solùt1on c 

. ' 

10 ug/cc. · 

s·· cc ct 10 ug/êe··d1luted to 
'50~.~e g1Yes: cortêen.trat1on 
1 ugfec • 

·•. 
joutine sj(pard 801)\ttous ' 

Stock solution C ml addad: '" ul .· d1luted w1 th 
salble to 

1.' o. os ~;a Jt..e. m1 · 

2. 0.10 100 4•0 1Bk 

). 0.20 200 4.0 ml 

4. 6.)0 )00 4.0 ml 

. s. 0.40 4oo 4.0 mi 

6. o.so soo 4.0 ml 

7. o.6o 600 ·4.0 ml 

6). 

ng, nanacra.a:= 
m11liaicrog;ram 
12 • .5 • . 

2,5.0 

so.o 
75.0 

100.0 

125.0 

1,50.0 



Bioassays were done as soon as possibles between 12-16 

hours after the 'collection of samples. The frog 

rectus abdominis muscle was prepared as described by 

Macintosh and Perry (1950). The muscle prepared was 

sensitized tor one hour in a 5 ml muscle bath contain

ing Ringer Locke without Neost1gm1ne. The oxygen sup

ply was maintained steady and. the solution changed 

every 15 minutes. The same muscle was again left, tor 

1 hour, in contact with Ringer Locke containing Neo

stigmine. Sensitivity of the muscle was checked by 

adding freshly prepared 4.0. ml standard solution of 

acetylcholine of varing concentrations• 12.5 ng-50.0 ng. 

The samples and standards. for as say were made up in the 

same medium. The contraction during the :3 minute·s was 

recorded in ink on a kymograph. Assays were alternately 

run on each of the two muscle p~eparations at nearly 

regular intenals. On each musci'e; standards were 

run ini ti ally and ar ter every unknown. . The quanti ty 
' of unknow.n used was, as far as possible, suoh as would 

64. 

give a contraction of the same magnitude as the standards. 

T~e sens1tiv1ty was not always the same for different 

rates of contraction. Therefore, standards with dif

ferent concentrations·of acetylcholine were run at 

intervals during the series. Each unknown was assa7ed 



2-4 tim,es. '!'.he unknown samplewas.~st1mated .. from:the 

curve of the stand.ar_ds w1th diff~rent concentrations 

of acetylcholine ; and, from this,. the amount of acetyl-

choline in the sample -used wa.~ calculated ( Crossland,

E_lliott, and Papp1 us, i9 55) • · After each b1oassay, . the 

muscle was rinsed tw1ce w1th R1nger .Locke witqout Neo

stigmine. Six minutes were given'to relax the muscle 
·' 

bef ore starting a new 'unkno-wp sample or standard. · 

All results were expressed in ng per minute (ng,_i.e. 

nanagram=m1llim~crog,ram or ;lo-9 .. g) ... ~ 
J.' ' \ ~ " 

In a few e-ipet-iments whei"e th,e acetylcholine out-

put was low, samples from similar prep-.rations were 
·' pooled and bioassayed. Some samples were treated with 

. .. . 
0.1 N NaOH to about pH lJ, and:: allowed to stand at 

room temp·erature for, JO ~inutes ~ They were then 

neutralized with 1 N HCl. These samples, when tested. 

on tne frog rectua'abdom1n1s·musc1e preparation, were 

inactive • 

. ~ . Resùlts- . 
'.' ) 

• 

As is shown by the resulte s~ar1~ed in Table 7 

and Table 8, the release of acetylcholine from the : · 
• .. 

encephale 1soiè ·preparations' (Table '7), is co:ns1derably· 
. l . ·. '" 

higher than that from thé cerveau isole preparation.s 

(Table 8). The results of these tablés verift that 



TABLE 1 

The release·of acetylcholine 1n encephale isole pre
paratiq:g 

Cat No. 

SK-18 

SK-21 

1 . 

SK-2.2 . 

SK-24 

1 ' ., ,, .. 

Sample No. Acetylcholine refease ng]a1n. 
( 15 minute : Sà.mPies) · . 

I; 1.20 

I 0.?8 

II 0.72 

III o.65 
IV e.64 

v 0.54 

I 1.20 

II 0.97 

III 1.30 

I 0.75 

II 0.70 

III 0.87 

IV, o.65 

v 0.70 

Me~S.D. 0.84*-0.)0 (14). 

For explanation ·or etp•:rimentfll. procedure, see te:xt. The•• 

èrper1ments were carried out in collaboration with Dr. B.H. Jasper, 

Dr. I.A.C. Ell1ott, Dr. f•G• S~e~and Dr. L.s. ·Wolfe ot 

Montreal Neurological Iast1tute. 



'l'ABLE § 

AcetJ;tchol1ne output in cea;eap isole preparation 
and Values obtained from SUOG1tBSiTe ,sâm.plea-. 

Cat No. Sample No. Ach release ng/min. 
· (15 minute samples) 

SK- 31· I 0.21 
II 0.22 

SK-3~ I 0.51 
·II 0;28 

For explanation ·or the experimental· procedure.,. see text. 

'l'hese experimenta were carried out in collaboration with 

Dr •. H.H. Jasper, Dr. K.A.C. Elliott, Dr. P.G. Sie and 

Dr. L.S. Wolfe of :Montreal Neuro1ogical.Inst1tute. 



L1berat1on of acetylcl\oline during collective periods 
in encephàle isole preparations 

Co:tlect1on .· peritgs 

10 ain. 30 ,min. 

68. 

·15 mU1 • 
c,at BK (A) Total A,ch q 7.10 . 12.60 26.50 ng 

ng/m1n~ '' ·. ·· · ···o·~71 ( 2.8 kg) o.a4 o.aa. 
' 

CatlSl{ (B) Total Ach ng· 18.00 31.50 
C3.0 kg) ng/m1n. · · 1.20 1.05 

SK (C) a.oo 16.00 Cat Total Ach ng 33.00 
(2.9 ~·kg} ~/m1n:i· · o.ao 1.07 1.10 

Por eçlànat1on ot ·thé exper1•~ntaJt'proced.~e, . see text. 
.. ·'.,,i:.' 

These experimenta were carr1ed out in collaboration with 

Dr. B.R. JasJ>er, Dr. K.A~C. &lliott, Dr. P.G. Sie and 

Dr. L.s. Wolfe ot Montreal lteurolog1cal Inst1tute. 

ng 

ng 
ng 

•' 

ng 
ng 



TABLE 10 

Acetzlehol1De rel·ease from. t}!e cor\@1 of cats with lett 
beaisectiop, tollowed. br '''com!lèt!. seetton at the 1nter• 
collieular midbrain leyél . · · 

keh :telease ng/1d.p. 
( 15 minute sa.JDples) 

Cat Ko. Sample Neuraxiail~ intact Hemisection Cerveau isole 
No. Left ·., .-Bight Leftl .. llight Left Right 

SK-41 I 
II 

III 

+ Mean.;..S.D. 

1.50 
1.46 
1.50 

1.48! 
o.o; 

1.44 
1.51 
1.42 

1.46! 
0.05 

0.56 .. 0.8) 
o.sa o.s; 
0.52 ô;8J 

+ . ' + o.55_ o.s;_ 
o.o3 o.e -

o.s~ 
o.sa 
0.52 

o.sJ! 
0.01 

For explanation of experimental proced~e, see text. 
, . . 

0.44 
.0:.~ 
O.)) 
. + 

0.44-
0.11 

These experimenta were carried out in collaboration with 

Dr. H.B. Jasper, Dr. X .• A.C. Blliott, Dr. P.G. Sie and . 
Dr. L.S. Wolfe of Montreal Neurological Institute. 



the variation in acet7lcholine output from any pre-. 
paration between·successive 15 minute collection 

periods is small. Larger variat-ion in acety-lcholine 

release occured from animal to ani~ and under dif-
. . . 

ferent neuroph7siologieal prep~àtions. The time course 

of the accumulation of acetylcholine in the unchanged 
.;;·l· 

fluid in the eup was a1so,, followed in encephale isole 

preparations (Table 9). The anaesthesia was maintained 

at a constant depth for such preparations; and the fluid 

was left in contact with the·cortex for periods .of 10, 

15, and JO minutes without being changed in the eup. 

Table 9 gives the result of J such experimente. It 

demonstrates that during these pèriods the acetylc~oline 

liberated in the cups increased in an approximately 

linear manner. Ontil JO minutes, no equilibrium was 

approached between the acetylcholine in the eup and that 

in the cerebral cortex. The linear release of acetyl-

70. 

choline with time may be simple diffusion. The above 

experimente also sugg~st that the acetylcholine recovered 

in the eup solution was released from the cortical neurons 

immediately beneath it. 

piscussion 

From various studies, it has been learned that in 

the per1pheral nervous system, neurons of the same functioa&l · 



type are neurochemically alike and produce the same 

transmitter substance. All motor neurons, all pre

ganglionic autonomie neurons, and the post-ganglionie 

parasympathetic neurons produce acetylcholine. There 

is sufficient evidence that many central nerve eells 

· do the same. All neurons which eontain and release 

acetylcholine are rererred to as cholinergie. 

Resulta of Table 9 suggest that the acetylcholine 

is liberated from the cortical neurons underneath the 

eup. This suggestion, however, could be criticized 

because 1t is impossible to avoid tissue damage caused 

by operation. Liberation or acetylcholine has also 

been suggested by Elliott, Swank, and Henderson (1950); 

.and by Macintosh and Oborin, (1953), who f·ound that 

acetylcholine release·was abolished from the cortex 

slabs which had been undercut but had an intact blood 

supply. They also found that the output of acetylcho

line from the surface of the cortex depends on the 

depth of anaesthesia, and is approximately proportional 

to the spontaneous electrical activity of the cortex. 

These findings have been confirmed by present experi

menta. 

Tables 7 and 9 show a steadier increase in the 

acetylcholine output in the case of the encephale 

isole and neuraxially intact animais than that in the 

case of.the cerveau isole preparation (Table 8). 

,i 

71. 



The resulta of the electrocortieogram in our experi

menta were the bases on which the validity of this 

increased electrocortieal aetivity was established. 

From our experimenta it is impossible to supply 

72 •. 

direct evidence as to the postulated role of acetyl

choline as the centrai chellical tranSmitter substance. 

However, our resulta suggest th.at the states or sleep 

and waking may be due ta the balanced excitatory and 

inhibitory synaptic actions or the reticular aetivating 

system exerted through neurons which release acetyl

choline, glutamate, and GABA in the cortex. 

Observation of the release of acetylcholine by 

. nerve impulses is one of the princip~ experimental 

bases for the hypothesis of cholinergie transmission 

in the peripheral nervous system. More recently, 

there bas been investigation leading to quantitative 

measurement of the output of acetylcholine by a single 

impulse at the motor synapse. The release of acetyl

choline from the eaudate nucleus in response to stim

ulation has been studied by Mitchell andSzerb (1962) 

in experimenta ·on anaesthetized cats. These authours 

suggest that· there are a large number of cholinergie 

nerve endings in the aaudate nucleus which cari be 

activàted'etther directly or by restricted cortical 

stimulation. Very recently, Mitchell (1963) bas shawn 

the spontaneous and· evoked release of aoetyleholine 



.. 

from the cerebral cort.ex. The·:·rate of release was 0.1-

5.5 ng Ach/min./cm2, and was roughly proportional to 

the electrical activity of the brain:cortex. Direct 
' ' electrical stimulation of the cortex or excitation by 

transcallosal or peripheral stimulation increased the 

rate of Ach release from the.primarr .somato-sensory 

cortex. This increas.~ in t:tte rate of acetylcholine 

release depended on 'the trèquency of stimulation. 

This definitely suggests·that tewer cholinergie nerve 

endings were aetivated b7 a sens.ory nerve t7pe stimula-

ti on. 

It is also possible t:o eonclude f-rom the prev1ous 

work of Mitchell (1963) and. from our results that the 

cerebral cortex does have many cholinergie nerve end-

ings. The se nerve endings may lie .in the pr1mary patn

ways or in the other associated·circuits whioh include 

cholinergie intracortical SJnapses. According to 

Grundfest (1957), a single neuron may possess membranes 

. upon whieh the re are both exei ta tory and inhi bi tory · 

chemically sensitive areas. These give rise to grSded 

post-synaptic potentials. Whether one or more chemical 

substances can bring about these actions at the membrane 

is still largely a matter of opinion. Eccles (1960) 

thinks that it may be that a single neuron may possess 

membrares upon whilh 1t generates, in all its ~oten

tia+ities, one sart or transmitter. It is possible, 

~- _; .. ,. 



however~ that the secretion of the same t~ansmitter 

substance by a single neuron may produoe depolarizat1on; 

and, therefore, excitation at. one post-synaptic site1 

.whereas, by causing hyperpolarization, it may produce 

inhibition in other receptor sites. 

Previously, i t was demonstrated ths.:t t_he ascend-

1ng reticular activat:ton' of '.the:- cerebral cortex· which 

produoes its typical desynchronization of cortical 

eleotrical actlvity and arousal or alerting responaes 

in behaviour may be mediated by acetylcholine. It has 

become very evident, however, from our resulta, that 

there is another component to the ascending reticular 

system whose effects upon cerebral cortical act1v1ty 

·bas been synchron1zing as opposed to desynchronizing. 

This is of inhibitory character rather than of exoi

tatory in its effect. Slow, rhythmic s·timulation of 

this system ·ha~ been shown to facilitate the sleeping 

rather than the waking state. It is very likely that 

the states of sleep and waking may be due to balanced 

excitator7 and 1nh1bitory actions by the reticular 
r 

activating system. It is,therefore, suggested that 

excitatory effeets of the so-called arousâl response 

of brain stem origin may be cortically mediated by 

acet:rlcho11ne and glutamic aoid; while GABA or ether 

similar compounds may be 1nvolved in the mediation of 
1 • • ~ ' 

apparent blh1b1 tory errects ·or the subcortical region. 

This is, perhaps, 1nvolved in the sleep mechanism. 

:•,, ;1 T 



Qbapter 6 

. General p1scu!l!on 

The etfect on the proportions of bound.and free 

GABA.of the teml)erature of the. saline medium~ in 

wl}1.ch the.brain ts homogenized in the l)reparat1on of 

b:rain suspensions is remarkàble. Van Gelner.and. 

Elliott (1960) bave reported~hat the fraction of 

the total Factor I âcti'V'ity round in the bound cçm

d1tion in the whole brain is 66.. However, in these 

experimEÜ'lts. no correction ~or tree Factor I rema:ining 

in the supernatant fluid included in the.· centrifuged 
~ . . ,. ~ ' . ' .. 

restdue had been applièd. Upon application of this 

correction, the figurébécomes 58~. More recently, 

experimenta by Lovell $nd Elliott (1963) and expert• 
l . ,f 

ments in the present study have given a lower per-

centage of GABA in the bound form. These f1nd1ngs 

occurred when the brain ~as homogenized in ice-eold 
. ' 

saline sol~tion 1nstead of at room temperature, 

which was prevtously the case. What is the cause for 

there being more bound GABA at room temperature.than 

at 0 degrees centigrade? It is shown 1n Fig. 5a 

and Fig. Sb that the b1nd1ng of GABA is affected'b7 
. 

changes in concentrations of _sodi~ and _p9ta;,s1um 

ions. ·the'different percentag• ot bound GABA might 

be due to the different distribution of the electro-

.< 75) 
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lytes between the medium and tissue ·partiales resultiDS 

from the different metabolie rates of the homogenized 

tissue fragments. 

No ·change: wa~ feund. .in the total G.ABA ;c determiaed 

as Factor 1) in brain slices in the presenee.of OXJgen 
. .. 

aild glucos'e(ElliQtt and V~ ,~elder. 19.58). The rate 
; .• ~ ." .. ·, • . ' i ' . -,_~ . • 

ot to.t':JJAtion .r,f G.AB<l: froJl glutamate through C1\ttu.1c 

deearbb%7lase enzm mun, thereforer be equa+ to the 
;. ~ . 

rate <!f r~moya~. of G:~~ a~ succ1nic semialdehyde in 
. t- ~ -·~ 

slices in the presea~e :'iii' ~*gen and· glÙeose. The brain 
. . ,r • . 

; -;-. 

sl1ces could absorb G~ ànd other am1no ac1ds against the 

coneentratio:n ~ed1ebt'fJ:'OJA•Jàle JD.ed1um• Onder anoxie con

d1tiQns·th~r~ was a~'di;c~es.se 1n the total GlBA côntent, ,.,. . . . . . 

and also, G~ leaked from the slice to the medium.. Pi:'e

sumably, in the absence Qf tz1dat1ve energy production 

glutamate diffuses from:the· sliee into the llt41Ü"andbe

eomes unavailable for conversion into GABA. In br4~ 

suspensions,. on the ot._r hand, no absor-pt1cn of GABA from 

the medium into thè tissue particles occurs. 'the total 

GABA and the prQportions of rree and bottnd do nôt ebange 

radicall7 with time in suspensions prepared and kept at 

ô deg:rees ~entigrade (Fig. 2). While this remaics·,sta.nd-

. i~ at 38-degrees, a marked increase in the total GAIA 

occurs, - ·~~~e~tly an increase in the free torm. It 

cant"ot be said whether this is directly produced: tree or 

produced in t~e bound form and then rapidly released. As 

Fl'g. 2 and Fig. :3 show, in the absene.e of oxygen the total 

amotint of GÀBA increases ·.with time.. fhe .. glutamate 



})resent in the tissue· suspensi~ns .is .ev1dentl;r 

accessible to the glùt~ic decarboxilase. 

It is demonstrated in present stud1es concerned 

with the metabolisin of GABA. (1"1g. :3) that the total 

·GABA content of a brain suspension.remains constant 
.. 

if oxygen and glucose are supplied. However, the GABA 
. .;.' 

content increases under anaerobie condi tt ons. Evi-

dently, production from glutamate present in the 

suspension continues, but removal then stops because 

• of a laek of alpha.-ketoglutaric aeid for the trans

amination and oxygen for the oxidation of suceinie 

semialdehyde to succinie aeid. It is suggested, 

taking into account the resulta of Fig. J, that the 

aaount of oqgen that would be ·raquired per·un1t 

time to oxidize succinic semialdehyde to succinate 

is eq~ to appro:z:imately 1~ of the rate or· oxrgen 

uptake of the brain tissue suspension. Thus, 10% 

1s an estimate of the -proportion orthe total meta

bolism involving the GABA shunt in à brain suspension. 

~hese results are in contradiction with McKnann et il 

(i960) and Albers et al (1961) who.elaimed as much 

as 40% of the oxidat1ve metabolism of the brain tis-
. . 

sue could go through shunt pathways. 

It 1s shown in the resulta of Fig. 4 that the 

binding of GABA is most stable at about pH ?. At 

hi~her.or lower pH values, mueh GABA is quickly 

·rele.ased in the baund forlb. Furtbermore, these 

resulta are very similar to the effeet of pH on the 

' 



'• 

However, 3-.t seems ins:ppropriate to think of GABA 

simply as an antonym of acetylcholine. There is no 

mechanism whié:h ha.s been discovered up to the present 

time for the rapid destruction of GABA comparable to 

cholinesterase enzymes which destroy.aeetyloholine. 

Previouswork and recent work done from this 

i&tlcl~acy- led Elitcitt (1965) to believe that in the 

brain there '·are at least .five stàtes of GABA which 

shoul:d be given consideration: :rree extracellular, 

freè intracellular, loosely bound, more flrmly bound, 

and convalently combined. There is only a smal.l amount 
~ . . 

of GABA in the brain whtch.is present in extracellular 

fluid. However, ~s has been sho'Wtl in the present 
!;'}<·'~t;. ~ 

st.udy, GABA can be release<t ·into · extracellular fluid 

under certain neurophysiological conditions 1It v;vo. 
1, ' • ' ·:_ 

When brain ti~sue is ·· hçœogen~zed in a saline 

medium, only ·a.fJout: 5~ of the total Factor I activity 

is free which is immediatelY active ott the' èrayfish 
t ~ ~.io/" ' . ' 

receptor organ or chem1cally determined in the super

natant fluid. The proportion of the inert or bound 

form is not affe.cted by · v;ariation in the mechanical 
, -,.., ,· 

conditions of ,the: preparat+on of ti_ssue suspension 

(Table 2). 
. . .• 1 ,, ' 

Thé GABA.tqundln the·solid matter after 

centrifugation, which fs about 50-60% of the total, 
-. .. . . 

' ,., ' 

contains at least two torms of bound GAB.A. - loosely 
' ' ' ... "':"' .- . 

and more f1rmly bound~ " ... ~~~·brain tissue is homogen-

1zed in Q .J2 }! sùèrose J?l~•1::um -only 18-2~ of· the total 

.. ' 
::::.""." 



GABÂ remains boun.d. The loosely bound traction that is 

released in sucrose media in the absence of 10 m:ll •odium 

or calcium ehloride is, perhaps, in some physicochemieal 

binding with membraneous material. The physicoehemieal 

binding eould be either hy~rogen, Vander Waals torees, 

or Columb's type. From a comparative point of view, 

the following observations are worth notingl Virtanen 

and Miettin~ (1953) reported that, in the pea plant, 
' . 

GABA, alanine, and Homoserine are present in bound but 

soluble fractions. Since proteolytie enzymes did not 

release these ami~o acids, theretore, they were not 

bound in proteins, they were appar~ntly bound to .sugars. 

Gottschalk and Partridge (1950), furthennore, have dem

onstrated the reaetivity of the aaino group with redue

i~ sugars; beta and gamma~amino aeids were more inelined 

to be bound to form eomplex peculiar structures with 

sugar eomponents- of membranes·than alpha-am~no acide. 

Resulta presented.in Chapter 3 eorieerning the ehanJZ:e in 

the proportit'\nR of free and bound GABA suggest that 
; 

changes of th1.R ne.ture woùld hardly· oceur if the 

b1nd1ng of GABA were artefact, produced upon the dis

integration of the tissue. The s1gn1f1gance of differ

ences i;n levels of bound anél free forms of GABA produced 

by drugs and other-faotors are suggestive of the 1mport- · 
' . 

ance of th1s bi. nding in the phys1olog1cal rote of GABA; 

and probably of glutamioaoid, gluta.mine, aspartie aoid, 



and alanine. It appears improbable that the relatively 

large fractions of amino aeid.s foundto be retained by 

the tissue residue after extraction with saline media 

would be linked with the •am.1no aeids .A!:P sy·stem•. 

Also, GABA eannot be attaehed to. the amino aoid s~eoific 

r.ibonucleie acid which is involved 1n protein synthesis 

(Lipmann et al, 1959; Zamecnik et al, 1958) because GABA 

is not known to be a protein constituent. The firmly 

bound form whioh remains·l:>ound·in suspension prepared 

in sucrose solutions is ev~dently occluded.in subcellular 

partiales most likely, in certetin nerve end1ng particles 

(Bilodeau, 1962, unpublished; B.yall, 1962, 1964; and 

Weinstein et fl, 1963; ~Table 2 and Table 4))also seea 

to be bound in these two different ways. Also, it is 

probable that isolated mitoohondrial. fraetiçms would be 

capable of absorbing GABA and other amino acids in the 
; 

presence of sodium or calcium. 

The findlng by Lovell and Elliott (196') that the 

total amount of GABA extraetable from brain tissue 

whieh ha.s·been frozen in situ at the moment ofdeath is 

lower than that in brain tissue excised at room temper

ature indicated a rapid post mortem change in the total 

GABA.content~ Like GABA, other amino acids in the brain 

. have also been found to increase in amount immediately 

arter death unless the ti~sue is 1.mmediately frozen. 

so. 
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Iii's~integration of the tissue structure might result 

in rapid activ1t7 by proteolytic enz~mes. However, this 

alone could not account for the sudden GABA increase 

which is not present in proteins. · Possibly the glutamate 

produced by proteolysis is especially accessible to 

glutamate decarboxylase. Resulta of Table J suggest· 

that some protein in the brain is peculiarly susceptible 

to post mortem bydrolysis. 

Much evidence has been ~ut f~rth concerning the 

inhibitory phenomenon and probable inhibitory agents in 

the central nervous system. Eccles et al (1963) bas 

demonstrated that GABA is involved in the action of certain 

pre-synaptic inhibitory ii'J.terneurons. Besults summarized 
. . . 

in Table 5 and Table 6 provide evidence that GABA and 

other amino acids are released under physiological 

conditions in the mammal. In cats showing an· •ar.oused• 

electroencephalographic pattern either,with local 

anaesthesia in the wak1ng animal or following cerViQal 

section, only a small amount of GABA will leak out of 

the cerebral cortex into the perfusion chamber. In 

some experimenta, when a continuous waking state was 

maint~1nec1 by "'eriodic stimulation of the brain stem 

reticular.format1on, no measurable GABA was present in 

the perfusate. The release of GABA, however, from the 

brain of a cat showing a sleep pattern with marked 
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spindles following •1dbrain section, is quite marked. 
, . , 

Ecoles, Schmidt, WUl.1 ·s.'7 ' 196:3) .f ;·amel·· kravitî ~: Pott er 
1 . 

and Van Oelder "(î962)''f1nd the action of GABA to be 

similar in ·~ important aspec.ts to that .of the nor

mally occurr1ng 1nhi~itory neuron~ transmitter. It 

is thought th•t GABA,blooks by se-lectively increasins 

the movements of specifie ions across the nerve cell 

or membrane. However., 'there is no mechanism for the 

rapid destruction of GABA in ·contràst to the cholin-
• • • l 

T ,. 

·estrase enZTJle& which deatroy acetylcholine. Per}J.aps, 

where true·transmission occurs but with long-last.ing. 
' 1 • ' 

effetts, the necessity of: a rapid-acting destructive 

enzyme may not exist. ·Tnere are·some b1ocheinical 

situations in which diffusion or active absorption 

ca.n account for the inactivation. lt is evident that 

almo~t any substance will be metabolized 1n an organ1sm 

sooner or later. Therefore, the 1nactivatory system 

may nôt be necessary for the defunct1on of the trans

mi tter~ Absorption of GÀBA 1nto on.e of the ·bound · forms 

may serve the same role as enzyme destruction~ 

There is now considerable evidence sunnorting the 

82. 

hypothesis that GABA can be given a transmitter role at 

inh1b1,tory nerve endings to muscle or to stretch re.ceptor 

neurons incrustacea. In the nerve eells .. where GABA is 

intracéïiularly involved in·metaboltsm·1t::1s~quite 
. 

dlfftcU.lt t?·accept it as a transmitter substance. 



Rowever, there mà7 be other neurone or parts of neurone 

where it cou.ld be an end product and. coW.d function as 

a transmt tt er· agent tn the central nervous system. 

The eY14el1o-e ·that acetylêholine is a transmitter agent 

is indirect and inferential. Therefore, one shou.ld l').ot 

set more. "rigorous criteria tox: GABA or for other rèlated 

substances than one can set at present for any other 

kind of agent wh1ch on~~. ~tls-pects must med;at~ · srnaptic 

excitation.. In our e,xpertments glutamic ac id, glutamine, 

and.aspartie aeid, as well as GABA, were round to leak . . 

from the punctured cortical surface. Whereas· the rate 
~ ' ;· 

of release of GABA was increased during the sleep con-

dition, the rate for glutamate was increased about 5~ 
. . 

whèn the elèctroencephalographic pattern indtcated arousal 

wh1ch sùggested that an exeitatory effect of glutamate 

is involved ~n the production of the waking state. 

Therefore, glutamat~ may behave as an excitatory trans

mitter. No obvious changea have been round in different 

Ph1siolop:ieai condit~6da rin vivo.tn the amounts of 

aispartate or glutemmé t:hat exuded. 

GABA and glute:mtc acid are involved in the oild.àttve 

metabol:tsm of the nervous system as well as 1rt hèurmtftl 

function. 
. . 

There are at least two'pathways in the nervou'S 

system by which al-phs.-ketoalutar1.c acid could be metâbol1aed 

to suecinate. The chemical direct citric acid cycle 
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pathwa7 via succ1nyl Co.A, and a shunt pathway through 
·, 

glutamic acid,. GABA, and suocinic semialdeh7de. A new 
'· 

concept of the regulation of the function seems to be 

invol"'ed because of the roles of GABA and glutuate in 

tralJ:Spôrt:JÎ.e.Oh&llisms, metabolism, and their phJ'siolog1eal 

action whichare interdependant. All the amino ac1ds 

related to Kreb's cycle exist in bound an,d free forms. 

In conjunction with physiological action, it is reason

able to assume that release or other factors which 

change the state of the am.ino acids in the brain might 

affect the utilization of the amino acids for energy 

production. ·Bound forme of these amino acids may be 

involved in the regulation of the1r physiological acti9ns. · 

Inhib1tory effects are demonstrated by a.pplying. tbem 

during excitation of neurons by acetylcholine· or by an 

electrical current. Krnjevio et al (1964).de•onstrated 

a particularly convenient and quiok àethod of testing 

neu.+on$1 ~xcitability in the cortex. The metho(l utilizes 

the fact that cortical neurons are very readily exoited 
• ' ' 1 

by L-glutam_ic ao1d released from a mioropipette by 1on

tophores1s. Furthermore, it bas been suggested by 

Krnjevicand Phillis (1963) that the.ascending reticular 

activation of the cerebral cortex which produces its 

typical desynohronization of cortical.electrioal 

aotivity is l1kely to play an important role in setting 

the level of excitability. This excitab111ty is mediated 

by acetylcholine whioh 1s released by cholinergie neurone 
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in the cortex. ·"fhe 'l"esults summarized in 'Chapter 4 and 5 
' 

in. whieh acetylcholi:ne and GABA were analyzed in cor-tical 

perfusate from ence~bale and cerveau isole preparations 

in.the cat cerebral cortex sbowed that there i~ an inverse 

relationship between GABA and acetylcholine releàse in 

the above neurophysiological conditions in vivo. There 

is a higher rate of liberation of acetylcholine in the · 

encephale isole and in the intact animals with a deàyn

chronize4 actiTated electrocorticogram, while there was 

a very low rate of liberation in the cerveau isole state 

with continuous spindles in the electrocorticogram. 

The states of sleep and waking ma7 be due to bal

anced excitator7 and inhibitory actions of the reticular 

act1vat1ng system. !he present stud1es suggest that the 

inhibi tor7 s7stem is e:x:ereised by GABA in oppos1.tion to 

the cholinergie e:x:citator7 system in the cortex~ The 

chol1nergic fibers orig1nat1ng in the brain stem ret1cular 

formation, by liberat1ng an 1ncreased amount of acetyl-

choline, may control the phenomena of wakefulness. 



Ven Gelder and Blliott (1958} observed pre

vio:usly that.the proportion of GABA in tne brllin in the 

bound state was about '6o~ of the total wben the brain 

was homogenized at·room temperature. However, we 

have reeently round that.when brain tissue in homo-· 

genized. in iee~cold saline the proportion of bound GABA 

is only 4Q%. Once the suspension has been prepared, 

warming·or cooling does not cause any· immed\ate change 

in,.free or.boll.Dd GABA. Under anaerob1cêond1t1ons or 

on. standing at room temperature, the total GABA.in 

brain sus~ensions increases steadilY with time. This 

increase is largely in the free form,. In the presence 

of_· oxygen and glucose., the total GABA does not change 

appreciably, àlthough there is a rapid fnitial'release 

of boitnd GABA. It seems.that under anaerp)i>it con

ditions, loss of p:lutamate from the sl1ce to the.medi-. 

prP-vents·- its. conversion to GABA. The binding_ of GABA 

is susce~tible to pH changes; and is most stable at pR ?. 

·:rt has been demonstrated that in a salt-free · .. 

tacr~saotic sucrose solution much of the bound GABA.1s 

released ... - The b1nd1ng ot GABA found when suspensions 

are mad.e ~ tn 1sosmotic suôrose medium is"increased b7 

the presence of the sodium ion. Replacement of the 

sodium ion by the potassium ion in saline or sucrose 
1 

(86) 
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solution•·considerably décreases the amount of bound 

GABA. The proportion of GABA remaining in the bound 

form i:;s 1ndeperident of the relative volues of tissue 

and m.ed1um. Like GABA, alanine, glutamic ac1d:, glutaaine, 
. . . 

. asp~tic acid, and N-a~etyl-Aspartic acid are also ëound . "'· . ,. . 
or·occluded in brain tissue. The amount of bound 

gluta.ic and aspartic acids is greater than that of GABA, 

but the· proportion of the total is lower. The binding 

of'these amino acids is less marked in the liver.an~ 

k1dney than in th~ brain •. The bound GABA, as well as 

the other amino acids, can be graduslly released from 

the binding material by repeated extraction w1th saline 

medium~ However, approx1mately 8-1~ remained bound . . 
even after 5 extractions• This may correspond to the 

,more firmlv.bound form of these am1no acids. GABA 

S:nd other amino acids are rapidly released from tbe 

bou"d form by hea:t, h7noton1c1ty, dilute acid or alkali, 

freezing, or et,hanol. The total amounts of GABA, 

a~anine, glutamic acid, glutam1ne, and aspart1c ac1d 

round in the brain frozen in situ are a good deal lower 

than the amounts round 1f the brain is removed .ànd 

e:z:tracted at room temperature. 

G.ABA and other amine acids are. released'trom the 
'. 

cat cerebral cortex if·the p1a-arachno1d is Punctur6d. 

The quantitative ~elease of GABI., glutamic acid, aspartic 

· ac1d, anq glutQJDine from the cortices of' flaxed111zed 

cats was determ1ned in the 'follow1ng experimental 
", i 

' .... 



1 

preparat1or:u:,neuraxially intact ,•encephale isole", 

•cerveau. isole", and midcoll1eular brain stem section. 

!lectr1cal act1vity from the cortical surface was 

reeorded. The am1no acide were collected in chambers 

perfused wtth llliot's solution.· In neuraxially intact 
. ' 
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' 
cats, o.6ot0:;'20(4) ug GABA/hr/cm2 was releaaed as d.eterm.ined 

chroJD.&j:'dgraphically. In •encaphale isole" cats 0.661;0.26(6) 
_., .. 

ugGAB./hr/ca2 was.releasecl_f:ls.determined ehro•tographcal.lJ'. 

and 0.86±0.11(5) as deter~ned by a:d. enz~tic method. In 

both the above preparations, the electrocortieal acti.v1ty 
~ 1 ' ' • 

showed mostly arr are~sed pattern. t GAB.A. release was llalOh 

. more lower when the reotieular forJD.&tion wàs stimulated 

to mainta.~n c•a•t~t 'aroiiJaJ.. In •cerveau ·tsole" cats with 

good. sleep spindles in the !.Co.G there was a marked inerease 

in GABA releasel'a 2.09±0.60(18) u~/hr/cm2 ohromatographical17 
'· .i • 

and 2.57±0.44(13) ttg/hr/ea2 enz~at1eally. Atter mid-oolliculsr 

hemiseotion. GABA.releast .1ncreased on the side of 

hemisec-tton. 'Glutamiè acid. release was decreased under 

conditions in wnich GAaA .was 1ncreased ("encephale isole" 

8.55±0.20(6) Ùg/hr/em2, "cerveau isole" 5.65±0.99(13) ug/hr/ca2). 

No change was round in the amounts of . aspartic ac id or glut&:(l1d.ne 

released under the.various experimental conditions. 

In experimenta in which acetylcholine and GABA 

were analysed in cortical perfusate of èncephale isole 

and cerveau isole preparations in the cat cerebral cortex 

there was an inverse relationship between GABA and ace-

c ' 



tylchol1ne release. 'fhere was a h1gher rate of liber

ation of acetylcholine 1n encephale isole and 1n the 

intact animals, while the reverse is true 1n the 

cerveau isole w1th continuous spindles in the eleetro

eort1cogram. 
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