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INTRODUCTION

Neuroinhibitory characteristics have been ascribed to a
numbér of substahces in the. central nervous system (McLennan,
‘1959;-McGéer,'McGeer and Mclennan, 1961). However, there is
strong evidence that all the activity of extracts or Factor 1
from the mamméiian central nervogé system, which block the
sensory discharge of cray fish receptor preparation (Florey;
1954, 1956; Florey and Mclennan, 1955, 1959), cen be totally
accounted for By ggggg—aminobutyric acid (Bazemore, Elliott
and Florey, 1956, 1957§ Levin, Lovell and Elliott, 1961;
Tovell and Elliott, 1963). " |

Wpethér or not gamma-aminobutyric acid or its metabolite
is an inhibitory transmitter or a modifiei of neuronal activity
remains to be definitely shown. At present, it is known that
gamma-sminobutyric acid is present in large amounts in the
centralinervoas systenm (Awapa:é; Landua, Fuerst and Seale,
1950; Roberts and Fraﬁkel, 1950; Udenfriend, 1950). It has,
at most, only very limited ability tb pass the blood brain
' Bar?ier (Van Gelder and Elliott, 1958); and it is evidéntly
produced in tﬁe brain. Part of the Factor 1 or. the chemically
determined ggggg;aminobutyric acid is present in the brain és
an easily extractable "Free" form in isbtonic saline solutions
and immediately active on the cray fish receptor organ. The

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

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

(1)
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receptor organ nor chemically detectable until it has been
released (Elliott and Florey, 1956; Elliott and Ven Gelder,
1960). Variations in concéntratidn of gamma-aminobutyric
acid or GABA * from one cerebral area'tqvanother have been
reported (Krzalic, Mandic and Mihailovie, 1962). Also, it
has been found that the total amount of GABA extractable from
brain that has been frozen in situ at the moment o: death is
lower than that in brain excised at room temperature (Lo#ell
and Elliott, 1963). o

Extensive studies are required 1'91_} the understanding of
the physiological role, factors affecting its formation,
storage, release and further mptabolism of GABA and other amino
fa&ids in thefbrain. It will be:shqwn in subsequent chapters
thatvnumerous factors canvrapidly change the proportions of
"bound" to "free" GABA in cerebral tissue extracts and that
fhe other amino acids.relatéd to the krebs cycle: glutamic acid,
glutamine,'aspartic acid,valanine and N-acetyl Aspartic acid
are gsimilarly bound or occluded and probably undergo similar
changes.,

Gamma-aminobutyric acid has been implicated in the nervous
system as an inhibitory agent (Elliott aﬁd Florey, 1956; Elliott
and Jasper, 1959); and as a participant in energy metabolism
through the GABA shunt pathway (for references see the review

* Throughout this thesis, the symbol GABA and Ach will be
used for the naturally occurring amino acid, gamma-aminobutyric

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



by Elliott and Jasper, 1959). To bbtain further evidence
for the phySiologlcal role of GABA and othe; amino acids
in the brain, the release of glutemic acid, glutamine,
aspartic acid and GABA in the mammalian (cat) cerebral
cortex have been measﬁred under a varlety Qf experimental
conditions Géhapter k). The present findings are compat-
ible with the postulated role of GABA as an inhibitory |
transmitter substance (Edwards and Kuffler, 1959; Dudel
and Kuffler, 19603 Kravitz,Rotter, snd Van Gelder, 1962;
Eccles, Schmidt, and Willis, 1963) and ofyglutamic acid
as an excitatory tra@Smitter.

The reiease of aéetylcholine has been measured
_ under “aroused" and “sleeﬁ' conditions and the results
are presented in Chapter 5, Studies summarized in Chapter
4 and Chapter 5 were undertaken to show to what extent
GABA and acetylcholine are 1ﬁvolved in the behaviour af
sleep and wakefulness and if an antagonism exists between

thelr activities.




Chapter 1

HISTORICAL SURVEY

Most of this historigai,review willibéﬂéonoerned with
the lines of research related to the binding and release of
amino acids and their physiological rolé in the central
nervous system., The role of GABA from tﬁe neurophysiological
and neurochemiéal point of view has been reviewed recently by
a mumber of authors (Elliott end Jasper, 1959; Roberts, 1962;
Elliott, 1965). . B

Qggggraminobutyricxagid or GABA was for many years
known as a putrefaction(piéauct 6r glutamic acid breakdown in
plants and bacteria (Ackermann, 1910; Abderhalden, Fromme and
Hirsch, 1913). The discovery of the presence of GABA in the
brain (Roberts, Frankel and Harman, 1950; Roberts and Frankel,
1950) stimulatéd biochemical research in the field of its
distribution and metabolism in the central nervous system.
Udenfriend (1950) cohfifmed the identification of GABA as a
normal component of brain tissue. _

In 1959 the metabolic relétionahips of GABA to the citric
acid cycle was shown (Beloff-Chain, Catanzaro, Chain, Masi and
Pocchiari, 1955, 1956; Tsukada, Nagata and Takegaki, 1958;
and the distribution and properties of the participating
enzymes were worked out (Bessman, Rossen and Layne, 19533

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

(&)
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of‘G@Bléﬁlpha ketoglﬁtéric'transaninase (Scott ahd Jakoby,
1958) and succinic aemialdehyde dehydrogénase from Pseudomonas
fluorescens was an important step towards the study of metabolism
ah@ anienéymatic determination of GABA and other related amino
_acids of the citric. acid cycle. Metabolic inhibitors have been
extensively used to find out the relationship between the
metabolism of GABA and nervous activity (Elliott and Jasper,
1959; Baxter and Roberts, 1960, 1961; Wallach, 1960, 1961;
Elliott and Van Gelder, 1960; Ferrari and Arnold, 1961; Maynert
" and Kaji, 1962; Palm, Bglzer and Holtz, 1962). |

It has been demonstrgted that 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 amoﬁnts in the brain is regarded as an indication
of its formation and metabolism in cerebral tissues (Dobbing,1961),
GABA and other amino acids, ard some electrolytes are also
sfrongly taken up by brain slices against concentration grédients
by means of an energy requiring transﬁort systems. The |
absorption of these amino acids and GABA from the surrounding
medium by brain slices and tissue may be one of the
mechanisms for the active remgval of theée physiologically
significant amino acids (Stern, Eggleston, Hems, and Krebs,
1949; Schwerin, Bessman and Waelsch, 1950; Elliott and
Van Gelder, 1958). On the other hand, the blood brain
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barrier limite the access of various amino acids to the brain.,
"It has also beenusﬁggested that the blood brain barrier and
amino acid transport mechanisms in the brain could be a way of
restricting physiologically active amino acids from interfering
with neuronal function and activity (Lajtha, 1962). Following
intravenous injection, Lajtha and Mela (1961) found a rapid
exchange of labelled amino acids between plasme and the brain.
The rate of exchange increased.when the level of the amino acids .
in the brain was increased. Mechanisms for this sort of exchgnge
do not require external energy.
| Recent studies on the interrelationships between carbohydrate
and amino aéid metabolism hgve shownkthat all physiologically
ective emino acids in the brain are rapidly produced from glucose
(Vrba, Ggitonde and Richter, 1962; Gaintonde, Marchi and Richter,
1963, 1964; CGaintonde, Dahl and Elliott, 1964), Five mimmtes
after intravenous injection of glucose4¥4c tdlrétp, nearly 50% of
total radiocactivity in the brain was found in alanine, glutamate,
asparate, glutamine and gamma-aminobutyric acid. In earlier
experiments of Chain et &l and Tsukada et al (1955, 1956, 1958)
it was also shown that gl@cose carbon'retainéd in the rat or cat
brain and‘the a&minétered-labelled'glucose was incorporated largely
into amino acids. - The results of Gaitonde et al (1964) show
~evidence that GABA is formed by decarboxylation of glutamate of
higher specific radiocactivity than the average for glutamate for
the whole tissue. This finding also suggests that GABA ié formed
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in ‘a mitochondrial pool in which highly labelled glutamate is
derived from alpha-oxoglutarate. Chain et al (1955,1956)
- follawéd the path of glucose in different regions of the rabbit
brain in V. _;ggg. In the qerebral cortex greater ancunts:of
alanine, aspartic acid, glutqnig acid and glutamine ﬁere formed
than in the hypothglanusvphile hypothalamic tissuebfo;meﬂ more
GABA from glucose‘thap.diﬂ.either the cerebral or cerebqllgr
_cortex. - ,fi}
Florey (195h) "showed thtt ‘extracts from the central nervous’
system of mammals contazn a smbstance or factor which reversibly

inhibits the ganeratlbn of 1mpulaes»by crustace&n stretch receptor

_ neurons. The suhstance or. factor respoaible for this inhibition

has been called "Factos: l" (Elliott and . Flggey, 1956). In

’cruataeoana purified preparations ot Factor 1 block nenronuscular

transmtslion, ‘8low or stop tﬁe neurcgenic heart-beat, inhibit the

3spontaneous activity of the inteatine, and- nullify the effects of
:acetylcholine on the intestine (Florey, l95h) Partiallr
 purified extracts of the central nbrvaus system have been found

to inhibit spontaneous &nd acetylcholins stinulated contractions

of guinea pig and rabbit intestine (Florey; 1953) i also

“blocks synaptic transmission in the inferior mesenteric ganglion |
"of cat and rabbit and in the stellate ganglion of the cat (Florey'

and'Mclennah 1955) If topically applied to the spinal cord of
the cat, thls blocks the monosynaptic tendon jerk reflex and often
enhances the polysynaptic flexor reflex. ‘Bazemore, Elliott and

- Florey (1957) obtained crystals shOWihg‘higher Fagtor l‘activity
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which they identified as gamma-aminobutyric acid. Melennan
(1959) insisted that Pactor 1 and GABA are not identical.
However, Lev1ne, Lovell and Elliott (1961), and Lovell and
vi;Elliott (1963) showed clearly that GABA, undouhtedly, present
‘in all brain extracts, can account for all Factor 1 aetivity._
This important finding gave considerable stimulus to
‘Tneuropnyaiological studies of GABA. It is likely that GABA -
 and other amino écide are involved in regulating some of
physiologieal activity in the nervous struetnres and brain
,(Khan, Jasper, Elliott and Wolfe,‘1964)s

| The studies of the distribution of Factor 1l in the
'mammalian brain were elaborated by Florey and Florey (1958)
‘Factor 1 was shown tc be. present in the grey mgtter of

'extrapyramidal centers and was abeent in the white matter.

v‘fOn the basis of the distributiOn and different 1ocation of

| Factor 1, they assumed that inhibitory neurons contain :
Factor 1. Assigning the rble of chemieal transmitter to
Factor 1, these authors also suggested that its presence in ; -
" neurons causee either a direct inhibition of other .centers or
that it is contained withinhthe'firat‘and last neurons of
polysyngptie extrapyramidal pathways. |
B  Kuffler and Edwards (1958) studied the mechanisu'of‘ |
action of GABA in the central nervous system and its reletion'
to synaptic inhibition. Their studies present a strong cgse
for a role of GABA as an inhibitory transmitter in crustacean
neuromuscular junction. Similar conclusions have been drawn

from the studies on amphibians (Diomond, 1963) MOre recently
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 Florey and Chapman'(1961) have pu£ forth evidence from which
they concluded that GABA is not the inhibitory transmitter in
the crustacean greup.'lin direct contradiction to these findings
of Flofey and Chapman (1961):Kra§;tz,'Potter and Van Gelder
(1962) have obtained GABA from the .leg extensor muscle of the
crab, They demonstrated that 1solated GABA from the above-
preparatlon exerted 1nhibitory activity on the crustacean. The
GABA and related inhibitory substances have been found in large
amounts in inhibitory fibers of reripheral nerve of crustacean |
central nervous system (Kravitz, Kuffler, Potter and Van Gelder,
1963; Kravitsz, Kuffler and Potter, 1963).

Curtis and Watkins (1960) observed depressing action of
GABA on varieus types of neurens ﬁhen it was‘epplied byApreseure'
or iontophoretic injection in the spinal cord and brain. At the
eame time, thefe was neither any effect on membrane resting
potentials nor on presynaptic fibers. All the experiments
mentioned show that GABA and beta-alanine have a nonspecific
depressant action on the whole surface membrane of neurons.
This is true both for the chemically gctivated subsynaptic
regions and the remaining electrically excited postsynaptic
membrane. Furthenmore, Curtis and Watkins (1963) have shown
that the amino acids studied can be classified into two distinct
groupss the excitatory amino acids like glutamic acid, aspartic
acid, cysteic acid, cysteinic sulphinic acid and the inhibitofy»

~ amino acidss beta-alanine, GABA and taurine,
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lvidcnee that ‘.llgpaninebutyrie acid on %QBA may be
an 1nh1b1tory transnitter substance in the mammalian central
newvous system is acoumnlating (Khen, Jasper, BElliott and
Wolfe, 1964). Eecles, Schmidt and Willis (1963), from their
microelectrode studies assume that GABA may be involved in
" the action of certain presynaptic inhibitory neurons.
Iwams and Jasper (1957) showed that topical application of
GABA solution cauiel a varietly of changes in electrocortical
activity of cats. In the saiolynar Purpura, Girade and
Grundfest (1957) comfirmed aich éhanget. The surface negative
dendritic respaﬁse to diroct)olectrieal'stinulation was réplaccd
by a surface positive respense soon tollowed the application of
GABA lalution. Alao the lurtaco ncsntivc eonponent of the usual
biph;lac evokad response to. thnlnmic stinulation was supprea-cd.
This 1nportant group et oxpirilohts led Purpnra and Grunfest
(1959) to believe that GABL 1nact1vates exeitutory axq‘cndritic
lynapsos 1n the namnnlian brain. o

It has been shown (Khan, Jaaper, Elliott and Volfe, 1964)
‘that the cat showing electrocortieosr&n with aroubed pattern
aftor cervical aection or 1oeal anaesthesia ‘in the waking
aninal snall amount of GABA will leak out of the eortex, previdcd
the pia arachnoid menbrane has been piercod. Thc release GABA,
'however, is three times ‘more 1n cats shewlng sleep pattorn with
marked -pindies following mid brain section. If the aroused
pattern wes gqnstantly maintained, no GABL releéQQ could bde

detected, Bessman and Fishbein (1963), however, very recently
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have found a possible intermediate of gggggfaminobutyric

acid metabolism, gamma-hydroxybutyric acid which caused sleep
in mammals, mice and rats. In all species, sleep was produced
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 ggggg-hydroxybutyfic
acid in the brain of about two millimoles rer kilogram weight of
the subject under study. Sleep lasted as long as this level

was exceeded. Preliminary data on human beings treated ﬁith
thls substance showed sleep to occur while the blood level of
5___§3hydroxybutyrate exceeded one millimolar.

Grundfest (1964) has shown recently that GABA causes
hyperpolarizing'inhiﬁitq;y postesynaptic potentials in the
fivers of a juiptﬁgf.nnselevdrea grdeehepper. He observed that
}poeteynaptic responses iere inereased during depolarization of
the musele fiber withaaipiied,cnrrent»and were diminished, then
revereed, during hyperpelamination. Qggggpaninobutyric acid
was found to be the activator of the inhibitory eynaptic membrane.
Picrotoxin blocked the aotivation of the inhibitory synapses.

In early work of Elliott and Florey (1956) on the factor or
substance in the brain which inhibits the aetivity of the
crustacean stretech receptor neuron, it wal observed that part
of this factor was not immediately active. It could be released
into the active form by heat, weak acid or alkali, hypotonic

solutions or organic solvents, freezing, and to a largc extent in
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salt free sucrose solution (Elliott and Van Gelder, 1960;

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

in the residue on centrifuging. These authors aléo found

" that the ratio of free to bound or occluded Factor 1 in the

normal rat brain is fairly constant But is changed by the

: adﬁinistration of certain drugs and metabolic inhibitors.

. Redioactivity studies using GABA-1-*4C have shown some

binding of the added GABA only in the insoluble residue of
"ﬁpuse or rat bréins. ‘There was no binding by brain acetone

"“powder residueﬁ or to any other tissue (Sano and Roberts,

1962). Sano and Roberts}(lSGi) ghowed little or none of this

bindihg‘in the absence ofvsqdium chloride, and sodiumv.ion

could not be replaced by other electrolytes. Elliott, Dahl

| anthalazs (1964) have applied the methods of Gaitonde (1964)

- for separation and estimation of amino acids of the supernatant
and residue fractions of bréin from rats. Of the total glutamic

’¢{acid, aépartié acid, glutamine, alanine and GABA in the brain,

25 to 47% radioactivity appeafed in the bound centrifuged

residue fraction, while 48fto‘6l% appeared in the case of GABA.

Crude mitochondria from Brain iere first prepared by.

Brody and Bain (1952). Recently, the density gredient techniques
have been developed to refine brain crude mitdéhondfia into

| several subcellular fractions in order to study the distributiop-

of important enzymes andfﬁh&siologically active substances in

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

Rodriguez and Sélganicoff, 1962). - The preparation of these



vlsnhcellular fraotions inyolves hnnpgenization of the tissue
'ﬁwshewed that nuch of the boand &KBA 13 released in such
-ﬁ.solutlons. However, Silodelu (1962) found thet significant
fanounxs of GABA end glntﬂlib aeid are found in' the crude
”.vmiteehondrial fractien ot suereee honogenates of the rat br@in-
' Subfractionation of the orade mitochondrial fraction into
'f’w_.myelin’ nerve endinil, gynaptosoneﬂ and pure mitochondria

.V;fending fraction' Similar relults were obtained by Byall
(1962, 1964) end Weinetein, Roberts and Kakefuda (1963). Of
. the.total GABA, 70 to aeﬁ was in the oytoplasmic fraction;
"g?thue, onlw 20 to 30ﬁ raneined bound in sucrose homogenates of
'f:;;net braine. Elliott and Van Gelder (1960) had found that only -
20 to 30¢ or Eactor l activity reneined bound under such

f1%7nnnher 93 synapses in the centrel pathway ot antOnpmic and

revealed that most of: the bound unino acids were in the "nerve

'conditlons.}°'

130'

fin salt free saline aoluthqnmﬁ Elliott ‘and Van Gelder (1960)

It hae been postuﬂated that the trananission across a

_jjjnotor neurone oecura'through the mediation of acetylcholine.
“?'In view of the proﬂwéc ontput of acetyleholine in ‘the cortex,
,Lﬁtit is- efinitely of 1ntereat to. find out whether ‘acetylcholine

;*%?f‘does altﬁr neqrenal aetivity. Hany earlier experinents have f

'Tlé?f?pux forth‘auggeﬂﬁiona that cort&é,l.nenrone are excited by
| 4eaeetylch01%ne (reldberg, laws, 1950, Elliott, Swank and Henderson,
.,flgso,- HacIntonh and Oborin, 1953,ﬂ Stbne, 1957; Mitchell, 1963),

R

yod e
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‘However,-these results have often been in conflict (Schlag,

1956; Nakao, Ballin, and Gellhorm, 1956). Furthemmore, it

has been suggéste&ﬁthat the states of sleep ana waking may be

due to balanced excitatory and inhibitory synaptic actions of

reticular activating system (Pavlov, 1927; Krnjevic and

Phillis, 1963; Krnjevic and Silver, 1963; Shute and Lewis,1963).
To inéfease.furthpr understanding, detailed studies have

: been made. ~Perfusion chambéra—have been inserted intb the

skulls of experimental animals. The fluid in the chambers has

been analyzed for‘quaﬁtitiesiof acetylcholine and GABA in (1)

.:_intaetmaninals with iocél»anaesthesia and flaxedil, (2) encephale

18016 preparations, (3) cerveau isolé preparations, -

: _(4);ni§hrain‘hsmisectioh df the brain stem. (Jasper, Elliott,

Sie, Khen end Wolfe, 1964).




chapter 2 v ' %
' GENERAL METHODS

IV?BERABAQION§ OF !ISSUE EXTRACTS
" Rats weighing about 150 g. were decapitated by means

of a gg;llqtine. Iheq.the head was not frozen, the brain

(teo heﬁispheres*end brain stem without cerebellum) was
fqnickly removed. Within 2 minutes of decapitation, it was
diqpersed by means of a Potter-ElvehJem homogenizer in Rlnger
t;phosphate, ethanol, or other media, aecording to the data
sought. : _

* - Vhen the brain waa to be Irozen in a; 'the deeapitated
head ‘was pernitted to fa&l direetly into liquid air. The brain

| ‘fvan removed in the trozen state ‘and homogenized in gbsolute

V'ethanol.; Rat brain sdline homogenates were used when prOportione
;;or free to bound alino aﬂids were determined. The saline '
«psuspensions were prepared by homogenizing the brain usuelly in

4 volumes of ice-eold Ringer phosphate solution. Suapenaiene
were centrituged at 0-4 degrees eentigrade at 15,000 x g. ror 30

C minutes. Ihe aninp acida found in the supernatant'fluids were

called ”free" ‘ Thdﬂetim;zﬁe;eentrifnged:fesidneg cofrected fdr
‘the amounts of free amino acida contained in the fluid trapped
in the reeidne, were called "bound".
To 1~m1 of the supernatant flnid 3 volu-en of abaolute
. iethgnol were added. The resldue was suspended in Ringer

| ~’phq§phgtp t0~?akeit up to_tthoriginal volume and the resultant

‘Ju '

(15)
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‘suspension was mixed with 6 volumes of 95§ ethanol. The
alcoholic solutions were centrifuged after standing 30 minutes

at 0-84 degrees centigrade;

ETERMIN. ON GABA C ACID, GLUT NE PAR C
ACID NE
hromatographic Ni n thod

" For tha determination of GABA alone, the one dimensional
~chromatographic ninhydein method of Levin, Lovell and Elliott
(1961) a8 later modified by Lovell, Elliott (1963) was used.

fhe other amino acidss alanine, glutaminé,glﬁtamine'and '
aspartic aclid were seﬁarated bﬁ two‘dimensional\chromatdgraphic
methods as used by Gilatonde (1961). 'The solvent sjstem
consisted of butanols acetic acids ﬁater,fhiztgsj,v/v as

fifst phase and phenolt water - 803120 .w/w.as éisecond phase

with normal running time df‘18-20 hours was used, Whatman

No. L paper was'used;for th; glutamic acid and aspartic acidj
‘Whereas Whatgan No. 1 was used for alanine, glutamine and GABA.
Amounts of extract which contained 1-20 ug each of the amino
acld in question were appiied‘to the paper. The chromatograms
were drled'overnlght in a fume hdod‘and then for 1 hour in an

- oven at’hb}degrees céntigrade. The purpose of this was to remove
traces of phenol and butanol. The :dried chromatograms were then
dipped 1n'0:25ﬂ.n1nhydr1n 1ﬁ aceﬁone and heated in an 6ven at
65-70 dggrees centigrade for 25 minutes. In order to identify
the zone that corresponded to a speclf;c1amino écid the briéin
éxtract and a known aﬁount of the amino_acid-1n.questionkwere

éppliéd to the paper. Different dllutions'of standard solutions
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containing 2;50 nidroﬁqles per ml of each amino acid were

also spotted on separate sheets as Standards. The standard -
spots also helﬁed 1nylpcat1ﬁg’the'ém1nc acld in question;

The coloured zoneslof pgper,.thus identifled, were cut into
fragments and treated with 2 ml ofurreshly prepared 0,5%
ninhydrin in 80% v/v ethanol-water at room temperature for

15 minutes. Then 3 mlfof”?bﬂ‘§/v acetone-water were added.
After 15 minutes, the fluld was trgnsferred to a centrifﬁge
‘tube. The paper was re-extracféd for 15 minutes with a further
3 ml of 70% acetone and the combined fluids were then
centiifuged to remove small cuttings of paper;‘,The absorption
of this solution was measured at 575 millimicrons 1in a
spéctrophotométer against similarly prepared ninh&drin ethanol
acétonelextract from a part.of the paper which:showed no colour,
Mixtures of the acid and neutral amino aclds weré similarly
spdtted,'chromatographed, developed,‘and read against paper
blanks. To determine the'recovery, étandard solutions of each
‘amino acid alone, and with extract, were also applled to
different sheets of paper. BResulting spots were eluted and the
absorption was measured. The recovery of 5-10'ug(of each amino
acld applied with 100 ul of extracts was 86-102%. To estimate
the total (uncombined plus acetylated) aspartic acid an aliquot
of the ethanol extract was mixed with an equal volume of 0.05 |
N sulphuric acid and heated in a seaiéd tube for 1 hour on a

hot sand bath. An aliquot of this mixture was taken for
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chrcmatography. The amount of aspartic acid'found, minus
the amount fcund without hydroi¥sis was teken as the amount

of N-Acetyl aspartic acid.

ENZYMATIC METHOD
In some experiments, the method of Jakcby and Scott

(1959), as modified by’Jakoby~(1962), was used for the
‘enzymatic detezminatich of’gggggsamiﬁcbutyric a0id. When this
method wasg to be used for GABA, thevethanol“extfacts wefe dried
’under a stream of air at 50°G. The resulting residues were
' taken up in a measured vclune of distilled water and centrirugéd.
The enzyme preparatlon wae made ‘from Psuedcmonsas Iluorescegs ”
cells, according to the fraetionation procedure used by
Jakoby (1962)

- The dried psuedomonas cells were gently diapersed with a
glase rod in 10 volunes of potassium phosphate buffer solution
PH 7. 35 containing 0. 01% mercaptoethanol, stirred aeveral times,

>~,and centrifuged. Then the supernatant was discarded. The

'residue was suspended in- an equal volume of potaseium phcsphate
‘buffer and diSperaed in; an ultrasonic disintegrator for 15
minutes. The resultant suspensicn was dlluted with 2 volumes of
potassium phosphatq buffer and centrifuged at: 15 000 g. for 30
'mlnntes. The . supernatant waa rencved and kept cold. The residue»
was again disintegrated in the ultraBOnic disintegratcr; the
second supernatant was then added to the first. To this crude

extract 1%,prctamine sulphate\eolutign~waa added.'”The;resultihg

s
[y
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~ precipitate wasicpmtriynged'énd-thé’residue discarded. To
the sﬁpernatént 35 g.jof ammonium sulphate per 100 ml were
added with gentle and constant stirring. The,formed'precipitate
was centrifugéd'and diséarded. A second ammonium sulphate

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

* sulphate per original 100 ml of supernstant at O degree

centigrade. -The precipitate which, salted out, was removed by
cehtrifugatioh'and dissolved in a»Small>Vb1ume_ofﬂphosphat¢
buffér soiution.- The mercabtoethanol cohcentration was‘
decreased from 0.1% to 0 01% and the solution poured into 10 |

* volumes of acetone at mlnus 15 degrees centigrade.,

H The anspension was filtered with suctlon to remove the
precipltate,which was then suspended in a small volume of
phosphate bufiéf; The insoluble material was spun down and
_discarded. The resulting supernatant was adj#sted to a
mefcaptoethanol‘concéntratidn of.O 05% and dialysed overnight
against 100 volumes of 0. 05 M phosphate buffer. After the
,dialysis, any insoluble material was removed by centrlfugation.
" The supernatant was divided into parts of 1 ml in small sample
_tubes for storage in the deep freeze.

; The enzymatic method of determlnation of GABA depends on
fhé formation of NADPH, the absorption‘of which is measured |
in a spectrophotbmeter at 340 millinicrons. In the presence of
added excess of alpha—keto glutarate, GABA is transaminated to A
succinic semialdehyde whach is then ozidlzed to succinate, N‘ADP+
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” servlng as the hydrogen ion acceptor. The gmount of
) *NlDPH is a measure of the GABA eriglnally present in
the samples.e.h%

The reaction mixturg apecifiédhw'Jakoby (1962)

consisted of the following' | .
M - Tris (]:mdroxy-methyl amino-methane chloride PE 7.9)
;b 05 mlg 1.5 M sodiun sulphate 0.5 ml; NADP (20 mg/ﬁl)
0. 05 ml; 0 02 N alphakdtoglutarate 0.1 ml; enzyme
“nreparatlon 0. 05 ml - 0 2 ml; and an amount of tissue
| extraét containing'ﬂ.s -.20 micrograms of GABA. The
total volume was made up to 1 ml with distilled water.
*Prelimlnary~;nps.with standards were carried out with
enzymenﬁréiafgtion-to determine what volume of the
enzyme solution gave maximum Q. D. at 340 mu within 15
minutea. | ,

: Hercaﬁtogthanol;:sodinm sulphate, NLDP+, water, th§
buffer and sample, ot standard were pipetted first into
the 1 mi'qnéftz cells, The enzyme was kept ice-cold and
added just before the alpha-keto glﬁtarate. The addition
of alpha ketoglutarate initigted the reaction. The

‘ absbrptiOn of the solutions at 340 millimicrons was then
followed with time until the maximum was reached. The
" maximum optlcal density was pr0portional to the GABA conxent

.of standard or tissue sample' o




f¥f dhgp%grrj

UND GABA AND OFHER AMTNO ACIDS

L W

Introduction

Part of Factor 1 or the chemicéllyvdetermined gamma-
amindbutyrie aéid content of the brain'ig_presentvinVQVnfreen
form. It is immediately active on the crayfish stretch
receptor-preparation'énd is chemicailyldétectable.éS”GABA iy
. in the'supérnatant when the brain'has been suspended in |
isotonic saline solutions; The other part'is‘pieéent in an
occluded or bpuﬁd form. It is associated with solid matter
and is neither active on,the strétch%receptor‘ndr chemicaliy
detectable until it has been released. The release is
'achiéved by the action o:'mild agenta such‘asrheat, |
hypotonicibx;diiuxe acid or alkali, freezing,ﬂbr‘ethaﬂbl
(Elliott and Florey, 1956; Elliott and Van Gelder, 1960;
Lovell and Elliott, 1963). The nature and subcellular
location of this bound GABA is not blear. It has been reported
to be present in the mitbchondria (Bilodeau, 1962; Ryallg 1962,

1964; Weinstein, Roberts and Kakefuda, 1963). However, it
has been found that'muéh of thé bound GABA is relessed by the
sucrose solutions which are used for the preparation of
mitochondria (Elliott and Van Gelder;v1960). The finding that
the total amount of GABA, oﬁemicaily detérmined; in brain
-'fissne thaﬁ‘hgﬁ‘begn_frozen’;g situ; is, at the moment of

death, lower th@h in thejbgainve;d15¢d at room temperature

o)
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(Lovell and lliio;t,'lQé}),,suggost,a,rapid poat~inrtal-
inereass in the total thi.eontent of the brain., It will be
. shown in this dhi@tai that other factors ocan rapitiy Anflnence
~the praportion,ot bound GAEA snd saino acids related to Ireb 8
eycle are similarly bound and follow similar changes,

Saline extracts for doterninitio#,or proportions of free
%o bound GABA and other amiuo acids were prepared as described
in Qgggxgl;gg_hgﬂ_ (Chapter 2). VWater extract was obtained by
‘hanoganiziné‘fii.Bxain tissue ia four vnlnnnc.ot~ult0x, heating
1t 1n bolling water, and aoidityins with aoetic acit to pE’ Se
‘It was centrifuged. 'Whem alcohol axtract. were made for the
deternination ‘of the total amount of GABA and other amine anids,
the rat brains obtaimed aztor dgcapitation of the animal wsre
weighed, and 1mh‘diate1y homogenized in Iour volulnl of 90%
v/v oold ctnanal. The tissue water- hrnnsht thm rilal ethanol
condentratioh of the extract to about 75%- The homogenates

| were aontritnsnd*atuahont~39;000 Xx g for 30 nlnutol.

The supornatantl were spotied, as deacribed in Chapter 2,
for tho qnantitativo dotorninntinn of GABL and othnr anine
acids. th; the brain was to be frozen 1g_g;§g.thcwhnadvval
sllowed te fall, as it was savered, diroétiy:into liquid air.
The brain was remeved in tha frosen state and hanasnnis.d in
905 cthnnol. The salinn extraets were prsparad by homogeni-
zing the rat brain 1n fonr volunos of icesgold Ringer phospha&e
solution and centriruginsrtho\sulponaien at'}0,0G'x.s for fif-
teen minutes at O-A degrees centigrade.

To an aliquot of the supermatent which contained in the fluid
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the free aminb acids, 3 volumes of 90% (t/v) ethanol were
added. The residue which contained the bound amino acids
was weighed and made up to the original volume with Ringer
phosphate. To this, 3 volumes of gbsolute ethanoliwere added.
The two alcoholic solutions were centrifuged clear and amino
» acidé in the supernatant were determined chromatographically.
Bound amino acid was téken as the amount of an amino aeid in
the residue from the saline suspension minus a correction for
the free amino acid present in the fluid trapped in the
residue, The volume trapped was taken as being approximatély
Aegnal to the total volume of the residue and its amino acid
concentration which was equal to that in the supernatant saline
fluid.,
' RESULTS |

In experiments in which the brain was frozen in situ with
liquid air or excised at room temperature, Lovell and Elliott
(1963) have shown that a rapia incréase_ of 35% in the total
GABA conteﬁt of the brain occurs immediately post mprtem. Since
freezing releases bound GABA, it was impossible to show whether
this post mortem increase was. due to an increase in the bound
or frée GABA of both. PFig. 1 shows variations¥in‘the proportions
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 GABA by centrifugation.' It is noticeable that
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indicates the average obtained with 5 %0 7 brains and
the vertical bars show the standard deviations.
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the initial rapid post mortem increase is followed bj a
steady inorease with time. This increase is almost all in
the free form. | |

“About 66% of the total Factor 1 activity in the whole’

brain was reported to be present in the bonnﬁ form by Van
Gelder and Elliott (1958). If correction had been applied
for free Factor 1 in the fluid remaining in the centrifuged
tissue residue that contained the bdund, the figure would
have been 58%, In the experiments of Lovell aﬁd Elliott (1963)
and in the present study, a lower proportion of bound GABA
has been obtained which is equivalent to approximétely 40%'of
the total. Such lower figures are obtained when the bréin is
homogenized in ice-cold saline solution instead or at room

tenperature as was previously the case.

Effect of Temperature and Different Mediae
Results summarized in Table 1 show that the prdportion of

GABA in the bound form is considerably higher in suspensions
prepared at room tempefatu}e or at 38°C than in suspensions
prepared in a cold medium.' Pig. 2 shows resulfs of typical
experiments showing changes in free and bound GABA in brain
suspensions that are prepared in the cold or at room temperature
23°C, and then kept standing cold at room temperature or at
38°C, (also see Fig. 3). It is apparently evident that a lower
pfOportion of bound GABA is preseht when the suspension is

I




Table 1
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Effect of temperature of homogenization and medium

on free and bound GABA.

Homogenization Temperature of  No. of Jig per g. tissue Percent

Medium Homogenization  Animals  gouug  hea ™ Bound .
Ringer-Phosphate 0° 20 131:19 328:33 40:4
0.32 M Sucrose 0° 2 61,67 407,327 15,18
Ringer-Phosphate 23° N 199:25 346:40 57:4
0.32 M Sucrose 23° 3 65:5 379:60 17:2
Ringer-Phosphate 38° 3 232:39 404:66 57:2

Rat cerebral hemlspheres were henogenized in Binger-

phosphate solution at the tempersture shown and the

suspension was centrifuged st 00'. "Free® means the

GABA found in the supernstemt, "bound® meens the
GABA found in the residue corrected for the amount

of free GABA present in solutien im the fluid

remaining in the residue.
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Homogenized at 22°
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Fig. 2 Effects of temperature on echsuges in free and bound GABA
in rat brain suspdnsions dnrina ineubation.
Gersbral hemiapheres wers homogemized in Ringer-phosphate
solution at room temperature or oqld and samples were kept
for the times and at the temperatures indicated before

being gensrifuged. All centrifugations were dome at 0°C.




prepared cold. However, once fhe suspension has been

prepared, warming or cooling it does not cguse ény apptediablé
inmediate change. In suspensions prepared and kept at O degrees
centiérade.the total GABA and the probortions free and bound -

do not chgnge markedly with time. The extra bound GABA found
in suspension prepared at room temperature or at 38 degrees

is released with time in the cold. During its étanding at

38 degrees, a mgrked increase in the total GABA occurs. This
incfease is evident in the free form though it cannot be

stated whether it is directly produced free or produced in the

bound form and rapidly released.

Effects of Hetgbolic Oonditidns
Results illustrated in. Fig. 3 show the ehangea in bound,

free, and total GABA in brain suspennions shaken at 38 degrees
centigrade. In the presence of oxygen and glucose, the total
 GABA does not chgnge a great deal although there is a rapid
initial release of bound GABA. Under anaerobic conditions

(or on standing, Fig. 2) the total GABA increases rapidly, all
in the free form. ‘With brain slices in the pfééence of oxygen,
Elliott and Van Gelder (1958) found no change in the total

GABA (determined as Factor 1), but they saw that the absence of
oxygén there was & decrease rather than an increase in the total
GABA and some loss frdm the slice to the medium. Presumsbly,
loss of glutamate from the slice %0 the medium under anaerobic

conditions prevents its conversion to GABA.
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Effects of pH

Fig. 4 shows that the binding of GABA is most stable at
about pH 7. At higher or lower pH values much GABA is rapidly

released from the bound form,

Effects of Sodium and PO*QEEiEE

FPig. 5a shows that, aé potassiunmiOns are substituted
for sodium ions in the isotonic saline medium in which brain
suspensions are preparéd, the proportion of GABA left in the
bound form is decreased. Elliott and Van Gelder (1960) found
that suspension of brain tissue in salf freé sucrose solution
caused liberation of much of the bound GABA (estimated as
Factor 1). Table 1 shows_the emounts of GABA found free and
bound when the brain is suspended at 0°C or at room temperature
in saline or in sucrose medium. It is apparent that the amounts
of bound GABA, and the prdportions of the total GABA that are
in this form, are much lower after suspension in 0.32 M sucrose -
than those found after suspending‘the tissue in warm or cold
saline medium. The température of homogenization in sucrose
medium makes almost no difference.

Elliott and Van Gelder (1960) reported that the amount of
bound GABA found when the brain is suspended in sucrose medium
is increased by the presence of some sodiun‘éhloride in the
medium. As is shown in Fig. 5b, quite 1oﬁ‘concentrations of
sodium chloride are effective. Replacement of the sodium ion by

potassium ion decreased the proportion of bound GABA considerably.
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Effest of pH on the retention of GABA in
the bound form in rat braia smspensions. Five

brains were homogenised im Ringer phosphate
solution at 22°C, the suspension was eooled in
ice while Portiqna were idjasted to pH 7 and
three a0id pE values. sinpln‘ were taken
ismediataly aud after standing for 30 minates at
22°C for detexmimation of free and eund GABA.
Jimilar expsrimenis were asxried out at pA T and
slkdline DH veluss.
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Effests of sodium and potassium ion
concentrations in isotonic saline media on
the propertion of GABA in the bound form.

Effect of sodium ion and sucrose

cdnceutrstion'n in isetonic media on the
proportiem of GABA in the bound form. Bat
cerebral hemispheres were homogemized at 24°
in isotoniec media in which the scdium end
potassium comsentratiocns or seltisg and sucrose
concemtrations were recipzesally maried.
For the poimts marked with dots and crosses
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Fig. 5a and 5b also demonstrategthe fact that the'proportion
of GABA which remains in the bbﬁnd form is independent of the
relative volumes of tissue and medium; |
Binding of Other Amino Acids

Results summarized in Table 2 show that alenine, gluiemic
acid, glutamine, aepartic acid and N-acetyl Aspartic acid are
also occluded in brain tissue. The amounts of bound glutamic
acid and aspartic acid are greater than those of GABA but the
proportion of the total, that is, bound is lower. As in the
case with GABA, this binding is much less significant in liver
and kidney tissue than in brain. The binding of other
uncombined amino acids present in liver and kidney tissue ie".
also less marked_thah in brain.

Table 2 also shows that, like bound GABA, the other bound
' amino acids are released completely by heat, mostly by
 h0mogenization in water, and to a considerable extent by
hemgggnizationrin 0.32 g sucrose solu&#gn.~

Table 3 shows that;'aé is the eaee with GABA, the total
amounts of alanine, glutamic acid, glutamipeeand aspartic acid
found in the brain frozen in situ are considerably lower than
amounts found if the brain is removed and extracted at room
temperature. ',', |
Location ofwggggg'AminovAeggg, ,

~ The bin&iﬁg of GABA and.other amino acids is not a

simple occlusion or artefact within unhr6ken cells.may be |

concluded from the fact that bound GABA}could not be released.




Table 2

- . Binding of various amino acids by rat tissues

34 g

| Glutamic .

Acetyl

‘Alanine Aspartic . Glutamine .| GABA
: acid acid aspartic acid
Bfain homogenate in iiing‘er-phos;;hate solution
Free umoles/g 13 5.1 | I.8 I.3 2.3 1.3
Bound umoler/g | 0.52 2.85 0.49 0.52 1.06 2.0
Percent bound 29 36 21 29 32 61
Braih hdmogen Lzed in Ringer—phoaphﬁbe; suspensi-on then passed throﬁg_h Enanue]f{iﬁéikqff
Bound wmoles/g | 0.57 | 2.2 0.46 - | 1.0 .7
— Lrain in Ringer-phosphate solution heated 15 mins. at 100° C.
Percent bound | 0 — o 0 » 0 ‘ 0o 0
. Brain homogenizéd in water | V
Percent bound | 10 7.5 3.5 9 A 2.4
— | Brain homogenized in 0.32 M sucrose solution
Percent bound 12 17 9 11 - 17 — 19
V | “Liver homogenized 'inﬁRTng‘er-phoslShaté solution =
Free umoles/g 3.3 1.5 — 1.36 0 6.1 0
Bound umoles/g | 0.4k 0.02 0.22 | O 0.27
Percent bound 12 —g I, o L -

Contd.
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Table 2 Contd.
Kidney homogenized in Ringer-phosphate solution

Alanine J Glutamic Asparﬁic { Acetyl . Glutamine | GABA
_ acid ~acid aspartic acid _
Fres umoles/z 0.6, | 8.2 .89 o 5 5
Bound umoles/g 0.15 0.32 .15 0 0 0
.?ercent bound 2 ' 'h i", T, - - — ?

Each figure is thé average of tw0rclo§ely agreeing results and
--‘means_amounts notgchcmfcailyidetermined. All homogenizations were

 done at room temperature. The suspensions were centrifuged at 0° C.
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Total uncombined amino acid content of brain removed

-'at room temperature or frozen in s;tn beforevgxtraction;,

" Glutemic ]

Alanine * [ Glutsmine | GABA |Aspartic
agid : acid
Brain ,
frozen in | 0.84+0.1(5] 6.6+0.2(5) | 2.5+0.1(5) [1.7+0.1(5] 1.25+0.14
-4 ' : : : (5)
situ. .
Brain re-
moved at N L ‘ . J .
1.440,2(4) | 8.740.9(4) | 3.430.3(4) |2.8+0.3(3)] 2.3+0.3(4
roonm tem- : .
pgrature%
?ercent.
increase : L
: 67 32 38 64 83
at room ' "
température

umoles per g tissue t éfandard deviation mumbers of

v determinations in paronthesis.‘

1. The animal ias decapitated and the head dropped {immedlately

into liquid air, the frozen brain Was removed, welghgd.and

extracted with 90’ ethanol.,

2. The animal was decapitated, the Brain was removed st room

temperature and dispersed in 90% ethanol, within 2-3 minutes

of decapitation.
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from the~bra1n)t1§sue or by grinding the tissue with
sana (Vv"an Gelder and Elliott, 1958). This is alsoc
evident from the results of experiments 1n which saline
suspensions were passed through an Emanuel Chaikoff homogcnlzer
which ensured that the suspension contains no particles larger
than 27 micro in diameter; As shown in Table 2, the amounts
of bound amino aclds found in the centrifugedrresidues were
about the same as after simple homogenlization. |

Bound GABA, as well as other bound amino aclds, can‘be
' gradually extracted by cénSecutive washings with saline medium.
The brain tissue was’suspendpd and homogenized in é fresh amount
of saline after each céntrifugation; An aliquot of the |
supernatant fluid obtained at each centrifugation was nixed
with 3 vols, 611905 v/v ethanol (final ethanol concentration |
75% }/v) and dentrifuged to discaerd the precipitated proteins,
1The residue obtained after the centrifugation was also treated
~with 75% ethanol. A complete separation of the supematant
fluid from the residue obtaineﬁ after each centrifugation could
"not be possible. The volume of the solution left with the
~ residue in the bottom of the tube was estimated and a correction
was applied to allow for the amount of amino acids left in the
supernatant fluid which remained in the residue. Table 4
shows the results of such an experiment.

DISCUSSION |
The st:gnse decrease in the proportion of GABA found in

the bound form when the tissue is homogenized in the cold is
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TIABLE 4
Successive extrackions of amlno acids of brain tissue with

‘potassium free Binger sallne‘

: rgﬁdééssive . - ‘ o Iihnine Glutamic Gluta- GABA Aspartic

EEﬁF

~33
s o 5k
2nd 103
— 90
32
3rd L)
y 67
<1
- | STr.Bou 50
i 3 77
‘ a;ﬁr.m- ot %
| K7k, aise 19 16
" 5t e 5. —3% 37
37 33
| — L. pound 10 12
© Besidue lert 'ug/m. 20 20
B Sum gl 289 268
g ':ggm»founa ug/g. R _1___2_?_ 1296 ..;45;9'4 312 294

'Each figure - 1s the average of two clasely agreeing results. For =
' explanation of experimental procedures,'see ‘text, SNF stands for

free amino actd in the,suﬁernatanthluid.
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not understood. It is probable thet the low proportions of
bound GABA and other amino acids found when the tissue is
homogeniged at O degree centigrade in saline medium may
represent the proportion in_vivo. It might be due to an
effect of the ratc ot’ ﬂetabolisn of the tissue fragments on
- the distrlbution of eleatrolytes. Fig. 5a shows that the
proportion of the boun@,GABA is sensitive to electrolytes.
Also, in the cold‘there is less metabolism and so»more sodium
and less potassium ions@iﬁ cells. Results of Fig, 5b' show
that potessiﬁm releagesésene of_the‘GABA in the brain. Tpese
experiments also suggest that the Na ioniis essential for
maximum building. . | " |

| ~With brain slices in the presence of oxygen ‘and glucose,
Elliott and Van Gelder (1958) found no change in the total
GABA determined as Factor l. The rate of removal of GABA
must be equal to the rate of formation .in the slices. They

: obtained full recevcry even when GABA was added to the medium.

This 1ndicates that the' reversible transamination reectinn
| between GABA-end'éipha‘ketOglutarate,‘which yields succinic.
seﬁialdehyde and glutamic acid, is not affected by variations
in the'cohcentration of GABA in the medium or absorbed in the
tissue. The slices were able to aesorb felatively large amounts
of GABA from the medium. In the absence of oxygen there was
a decrease in the total GABA and some loss from the slice to

the judinm. Fresmmably, in the absence of oxidative energy.
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production,'glutamateidiffuses frem the slice to the medium
and becoﬁes unavallable for conversion to GABA. In brain
suspensions,’no absorption ef"GABA from the medium ihto,the
tissueeparticles occufs; The GABA content of e‘breih"
‘suspension‘pemalns constant if ox&gen‘and glﬁcdséxare-supplied'
In the absence of oxygen, the total amount of GABA 1ncreases with
time (Fig. 2 and Fig. 3). Evidently, the glutamate present 1n
the tissue suspensions 1s accessible to the glutamic decarboxy-'
1ase. It seems that the production of GABA from glutamic '
vacidwby the. action of glutam;eudecarbexylase eontinnes in
the absence of oxygen;.but‘pemoval ofTGABAAis ehecked'due to ’
the lack cfialpha-keto glutarieﬂacidlfor ﬁﬁe trensamination‘ |
reaction and'oxygen for oxidetion ef_suceinic semisldehyde
which 1s fed back into the citric acid cycle in the brain
suSpension. The amount of oxygen which would be required
per unit time to oxidize succinlc semialdehyde to- succinic
“acid would bqugivelent tqwthe emountfof GABA that accumulates.
This rate of oxygen usage 1;;@&1 to sbout 10% of the rate of
oxygen uptake of the braln tissue suspension. Thus, 10%vwou1d
be an estimate of the proportion of the total metabolism that
involves the GABA shunt . 1n a brain suspension., Fig. 4 shows
| that the i Bindingof GABA is most stable at pH 7. At higher
or lower pH values mnch of the bound GABA is rapldly releesed.
vThis, apparently, suggests that the binding could be enzymatic
in nature. . Howeyef,,Elliott (1965) hes,polntee out in his very
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recent review that binding could be of two tjpes -

,loosely}boﬁnd end more firmly bound. The effectdof-pH on

V‘frozen ;n situ, are considerably lower than the amounts found 1f o

3

the stability of bound GABA provides insufficlent evidence to
differentiate between the above~stated"two typesﬁof’binding. A

. similar effect of PH on the binding of acetylcholine has been
"reportea (Brodkin and Elliott 1953). It is probable that vir-
© . tually: all the physiologically actlve GABA found 1h the brain
v~‘;fis present 1n more firmly bound form. Acid or alkall, or
vwvvarious other agents, can release 1t. The physiological

'role of GABA must, thererore, be closely oonnected with the

relationship between free, loosely bound, and more firmly bound:"
forms. o |
| Table 3 shows that the total amounts of alanine, glutamie

aoid, glutamine, aspartic aeid, and GABA found 1n brain tissue-

‘ the brain 1s removed and.- extraoted at room temperature. Present-_

ly. there is 1nsufficient evidenoe to put forward any detailed

“hypothesis oonoerning the meohanism responsible for: this

rapid 1ncrease in the amount of amino acid in the brain. It

’dis known, of" course, that the brain contalns proteolytic

”enzymes. Thus, Kies and. Schwlmmer (l9b2) haVe desorihed an act~ .;V.

ive eathepsln; and Ansell and Richter (195u), a proteinase

active at pH 7. Disruption of the tissue structure might result
in rapid activity by proteolytic enzymes- but this oould not
account for the sudden increase in GABA, which is not present

in proteins, unless the glutamate produced by proteolysis

'is rapldly available'fb:élutaniegdecarborxlase.ﬁ Although it
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u :

would seem extrenely probable that this general 1nereese 1n

. total amino acids 1n the brain when excised and homogenized

at rOOmitemperature may really be due to an aoceleration of -

s the proteolysis that may be normelly concerned with the turnover T
. of nerve cells. and myelin protein in vifo. L ; f
‘.‘” Present results and those of Elliott and Van Gelder (1960)
show that ‘much of the bound GABA is released 1n Salt-free ' “
,sucrose solutlon. Thus, there 1s probably more than one form

of bound GABA 1n the brain. One form, Which remains bound

in suspensions prepared in sucrose solution, (Tdﬁle 1), 1s ‘fe?k??t
evidently occluded in subcellular particles, most likely in -d

e certain nerve ending particles. Bilodeau (1962) has found |

that 20- 30% of the total GABA and glutamic acid remained 1n crude

mitochondrial fraction 1n sucrose homogenates of rat brains., 3

- The other form 1s released 1n the absence of sodlum or by K
.the'presence of high potassium. Other amino acids also seem

to be bound in these two different ways.




Chapter 4
BELEASE OF GABA AND OTHER AMINO ACIDS FROM THE CAT
 GEREBRAL CORTEX |

Introduction

' Florey (1954) demonstrated that extracts from the
central nefyoue system show inhibitory prepertiee on the
‘discharges from the slow adapiing neurons in the crayfish
receptor organ. The inhibitory agent was called Factor 1.
Bioassays on the crayfish streteh‘receptor preparation
showed that GABA behaves as Factor 1 and could account for
much of the activity in theibrain  (Bagemore, Elliott, and
Florey, (1956, 1957). Mere recently it was.preved that -

_ this substance could account for all the Factor—l activity
in the brain (Levin, Lovell, and Elliott, 19613 Lovell and
Elliott, 1963) |

I Several c¢riticisms must be refuted before we can have
full confidence in classifylng a substance as & synaptic |
tranemitter. 'The;substanée'must exist iu sufficient amounts
in the pre—synaptic terminala, the tlssue must contaln a
syntheaizing enzyme system, stimulation of the preaynaptlc
nerves must release the eubatance in adequate quantities
from the pre-synaptic termlnale. The action of a substance
fon the post-synaptic cell must be identical to that of the
synaptic actiou; There should be an inactivating enzyme
system in the region of the synaptic cleft. When the actioue\

(%2)
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of drugs are tested by microﬁelectrophoretic injection,
the pharmacdlegy of the synaptic’transmission and of the
post-synaptlc action must be sxmilar.

There are extensive studies on the productlon, storage,
and neurOphysiological and neuropharmacological roles of
GABA Eccles, Schmidt, and Willis (1963) are of the opinion
that GABA may be involved in the action of presynaptic
inhibitory potenpiale.' At present, a transmltter role of
GABA has been prove&vin crustacean stretch receptor . -
neurons (Dudel and Kuffler, 1960; Kravitz, Potter, and
Van Gelder, 1962). Curtis and Watkine (1963) have suggested
a possible role of glutaﬁate and aspartate as excitatory
transmitter sﬁbstances. To obtain further evidence fer
the transmitter role of amino acids,-quantithtivewre&ease~
of gggggfamlnobutyric acid,glutamic acid, aspartic acid,

and glutamine have been measured.

Methods |
. These operations were carried eut under the expert
directorship of Dr. H.H. Jasper, Professor of Experimentalﬁ
Neurology at the Neurephysiologieal Labratery of the
Montreal Neurological Institute. A collaborator was Dr.

PQG. Sie.
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 DESCRIPTION OF THE TECHNIQUE OF PREPABATION OF ANIMALS
FOR EXPERIMENTS ON CORTICAL PERFUSATE FOR GABA AND
OTHER AMINO ACIDS

There were actually 4 types of preparatlons useds

(1) The intact animel under flaxedil &nd artificiel
respirations

These animals were prepared with ether anaestheeia
for the operative procedures, i.e., placement of the
animal in the stereotaxlo instrument head holder, and
careful injection of local angesthesia (1% nupercaine),
preparation of the scalp and all contact points. Additional
precautions against pain were taken by injection of the
| Gasseriah ganglion with nupefcaine repeatedly throughout
the experiment.. Injection of the occipital nerves was
also done; and,‘in eddition,'the injection of the external
auditory meatus was carried out to prevent pain from the
ear plugs. The anlmal was then permitted to recover from
anaesthesia and kept on a curarizingkdose of flaxedil to
preient movement. The dosage was kept very-lightﬁin order
that slight movements might occasionally occur. The
perfueion chambere'were made of plastic and sealed into the
skull after remo#al of the dura, beneath the pbint'of_ '
insertiOnﬁ::The cross-section of the chambers was approximately'
_1‘cm2. They rested gently on the surface Qf the cortex; andh ,
the junction with the pis’ was sealed with a small amount of
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-agar jelly. The temperature of the animal was maintained
at 35-37 degrees centigrade. Care was taken that the
solution in the chaﬁber wes.also heated te this temperature.
The area of the certex used .was usually the middle
suprasylvian gyrus. Sometimes, the chamber was placed
forward on thefpost central or poat cruciate gyrus. The
chambers were often placed bilaterally over homologons
areas of the two sides and perfusion was carried on

: simultaneously frem.the two hemispheres.

(2) The "encephale isolé preparatiodt

This is the classical brainstem section of Bremer (1935)
with the complete section of the cervical cord at the
junction‘with the medulla at 011 It is performed under
ether enaestheaia. Artificial respiration was carfied-pﬁt:‘
as described abos}e, but flaxedil was not utilized, as it was
unnecessary for this preparation. Other details were similar,
with cereful local anaesthesia of the scalp and injection
of the Gasserian ganglion as well,

(3) The "Chrveau}isolé prepa:etion"z

This is the classical brainstem section of Bremer at
the level of the superior colliculus. In expe:iments
conducted here, there were some variations in the sectieﬁ;
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's cerveau isolé.-
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In this preparation, due td sectioning of the pain pathways
of the head, injection of pain points WaSQhotvnecessary.
Control of this section was obtained By recording the surface
cortical electrical activity. When complete, the record was
composed largely of épindles.

(4)"Hemisection of upper midbrain":

This is a form of hemi-cerveau 18016 preparation in
which a éection is made at the level of the superidr colliculus
of only one half of the brainstem. This section was made by
a blunt disector and was nob always complete. It was sometimes
alightly extended to the opposite side, so that effects.were “
occasionally seen on both sides. However, a control showéd 
that arousal stimuli such as pinehing the tail, blowing puffs
of air into the nose, or olfactory stimulation would produce
arousal or blocking of the gpindie waves on the ihtact side
only. Therefore, in a sense, one half of the brain was asleep
and the other side gwake; atAleast when_naintained in a

waking state by arousing stimuli,

"General Comments on Technique"s
The’snrfadg‘eléctrOcorticogram was taken contimuously by
silver béll electrodes applied inside oflthe chamber gentlyﬁ
resting on the surface of the cortex. These electrodes were
about 0.5 mm in diameter and were insulated, except for the

very under surface of the ball. This caused short-cirsulting
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by the fluids %o be unimportant in the recording, Until
records were taken with Elliott solution (Elliott and
Jasper, 1949) in the chamber, and finslly, when a sleep
tracihg or spindle tracing was desired, the aniﬁal‘was
left quiet, unstimulated. When it was desired to have a
wéking tracing, the corticogram was monitored continuously.
On the appearance of spindlés, a Brief puff of air was

delivered to the face. This seemed to be adequate for

osusing arousal in the eximal with the intact midbrain.
The olfactory,roqtéiﬁpﬁu§130‘extremely useful for fhia
purpose since the olfactory arousal pathways were not
sectioned in the encephale isblé.and intact preparations.

Sampling and Quantitative Determination of Amino Acids

Measured amounts of 1 mi Elliott‘solution wére pladed

in the per;ugion chamﬁérs and were withdrawn after 15 minutes,
Fresh solution then replaced fhié) 36 that it was an
intermittent-sampling’techhique with the solution being
changed every l5lmihnte§. In the preparation for GABA
determination, £he piaféchnoidvwas"punctured.only.in’points
relatively free of vessels, in 6-10 places under dissecting
microscope control,

In case of slight’bleeding5 the surface waé liberally
washed. One waited for coagulation of the bleeding point
to occur before proceeding to the perfusion experiments.

Unless this penetration or puncture of the pia was done,
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little GABA gppeared in the fluid. All samples obtained
were under artificial 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 éerveau isolé preparations,

a continuous superfusion technique was used. The rate of
flow of Elliott solution into and out of the chamber was
less than a drop per minute. In the case of neuraxially
’infact animals, superfusate was collected from the chamber
every 5-10 minutes by.careful suction with a polyethylene
tube. When theFGABAIreleése was small, as in the case of
encaphale 13614 and neuiaxially intact preparations,
samples from both sides of the same preparation were pooled.
Samples obtained under‘the'varidué conditions were stored
in the deep freeze and later lyophilized overnight. To the
lyophilized samples containing inorganic salts, 3 ml of
acetone containing 5% 6 N HCl per g. of dry residue was
added. The extraction.was repeatéd 3 times and the acetone
was drawn off in a flash evaporator. The-résidue was taken
up in 1.0 ml of distilled water and was put on ion exchange
cation columns. The H ion form of Dowex 50 was suspended
in distilled water and,vaftér stirring, the smallest
particles which did not settle rapidly were poured off. The
resin was suspended in 4 N HC1l so thét an equal volume of

acid remainéd above the resin surface. The temperature was




IABLE 5

RELEASE OF GABA
FROM THE SURFACE OF THE CEREBRAL CORTEX

ECoG No. of GABA Released

Preparation sxg/hr./em’
Pattern |Samples Averaget S.D.

Neuraxially intact “Aroused” 4 0.60 £0.20
Cervical secti'on . “Aroused” 6 0.66 £0.26
“Encephale isole

Mid'brain SeCﬁOﬂ (13 L1}

"Cerveau isole” Sleep 17 2.09 £0.60
Left mid-collicular

hemisection
Right hemisphere|"Aroused” 2 0.80, 1.01
Left hemisphere| *‘Sleep” 2 212, 2.60

These experiments were carried out in collaberation
with Dr. H.H.Jasper, Dr. K.A.C.Elliott, Dr. P.G.81e
and Dr. L.S.Wolfe of Montreal Neurological Institute.
For exﬁlanition of the experimental details see text,

vy
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raised to 100 degrees centigrade. After occasional‘étirring
for about 1 hour, the supernatant,.which was yellow, was
‘decanted and the process was repeated several times until the
'éupernatént was colourless. The resin was well washed with
distilled water. A column (15 om x 0.5 om) of resin was
prepared. A 1.0 ml sample of the unknown sample was passed
through a column and washings with 10-15 ml of distilled water
were also passed through. The amino acids wére_displaced with
2 N NH;. The eluate was collected énd.evaporﬁtéd down to
dryness; and the_residue was used for quantitative chromgtographic

analysis for glutamine, glutamic acid, aspartic acid and GABA,
In some experiments an enzymatic method for GABA was also

‘used (General Methods, Chapter 2).

Results

~ Results summarized in Table 5 and Table 6 show no
significant différencesvin the amounts of GABA, glutamine,
glutamic acid, and asbartic acid released‘into the perfusion
fluid, between the encephale iéolé and the neuraxially intact
preparationg. Also, no signifiéant differences weré observed
in the emounts of the various amino.acids released from the
two sides of the cat cerebral cortex of the same animal
preparation, except in the case of midbrain hemisection
preparations. In all caSes, the chromatograms developed showed
that there are other acidic and basic amino acide which are

also released in all the above-mentioned neurophysiological




TABLE 6

RELEASE OF AMINO ACIDS
FROM THE SURFACE OF THE CEREBRAL CORTEX

51.

ECoG No. of Amino Acid Released
(. .
Preparation °.0 nmg/hr./cm?
Pattern | Samples
Glutamic| GABA |Glutamine|Aspartic
Nevraxially intact “Aroused” 8 9.2 0.7 10 21
+0.8 +0.2 0.6 £10
Cervical section “Aroused” 6 - 8.6 0.7 1 1.8
+0.2 +0.25 £0.15 04
Mid brain section "Sleep” 13 57 20 1 17
+1.0 +07 +0.3 +04
Left mid-collicular
hemisection
Right hemisphere |“Aroused” 2 72,70 (11,08 20,20 | 25,20
Left hemisphere “Sleep"” 2 50,45 |26, -| 22,22 | 25,20

These experiments were carried out in collaboration with

Dr. H.H.Jasper, Dr. X.A.C.Elllott, Dr.P.G.Sie and:

Dr. L.S.Wolfe of Montreal Nsurological Institute.

For explanation of the experimental details see text.,
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animal preparations.

To get a more detailed pictu:e,.extensive sfﬁdies
would be required for the separation and quantitative
measurements of each amino acid under different physiological
‘conditions. The separation of aspartic acid from glycine
aﬁd alanine required special care and was not entirely
satisfactory. Double controls and standards were run.
From our results it was apparent that no change occured
-in the amounts of aspartic adid or glutaminé released under
the various experimental conditions. Tables 5 and 6
demonstrate that the amount of GABA released from ¢erveau
is0lé 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 significantly affect the release of
various‘amino acids. However, the electrical activity of
the cat cerebral cortex was the only criterion for differentigting
~ between the enca;phale-«isolé and the.é‘:eryeau isolé, or the
neuraxié.lly intact and @éryeau ‘isolé“ fare‘para\tions.' In some
experiménts, when a continuous waking state was maintained by
periodic stimulation of the brain stem rétibnlar formafion, no
‘measurable GABA was collected in the perfuséte. Glutamic acid
release was decreased under those conditions under which

GABA release was increased.,
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Discussion
Synaptié transmission consists in the induetion of
 permeability change and consequent ion movements across
the post-synaptic cell membrane. The total process consists
. of the movement of the substances across the post-synaptic
membrane. Depending on the area and structure of the pre
and post-synaptic membrane, the concentration change of the
ions in the synaptic area is brought about by the arriving
nerve impulses. It may be sufficient to cause ion movements
across'the‘post-synaptié membrane. Thése, in turn, may be |
enough to alter the é:citability of the post-synaptic cell.
Intracellular reéordiﬂgs by Aljure,‘Gainer, and Grundfest (1962)
have confirmed that GABA does not activate inhibitory post- |
synaptic_membrane in the addqétor muscle of the dactylﬁé of
walking legs of'céqcefwbgfealis. No effect of GABA on the
nonesynaptic membrane of the muscle fibers wés observed., It
did not alter the rates of movement of Kf and G17 as determined
from the responsés of the membrane potential to chenges in |
outside concéntration of the réspective ions.,

The states of sleep and waking may be due to balanced
excitatory and inhibitory actions of the reticular activating
system., It could be inferéd' from the results of Table 5 and
Table 6 that GABA or a derivative may be involved in the
control of apparent inhibitory effects of the sub-cortical

origin and thereby perhaps governs the sleep mechanisms.
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It also seems likely, theréfore, that GABA must have &
dual function. This may be involved in actiVating the
inhibitory synaptic membrane and in blocking excltatory
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) concluded that GABA inactivates excitatory
axodendritic synapées in the mammalian brain. Kuffer and
Eawards (1958) have demonstrated that the e:fecté are

very similar whén the inhibitory nerve is stimulated or
when GABA is applied tb the isolated crustacean stretch
receptor. Stlmulation of the inhibitory nerve apparently
controls the excitability of the stretch receptor neurons.
Their studies 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-neurons.

The present results indicate that GABA is released under
physiologicél.conditions in the mammelien brain. The two
hypotheses of the involvement of GABA in intermediary
metabolism and in central inhibition are not necessarily
mutually.exclusive.' A chemical substance may be an
intermediary metabolite involved in the energy metabolism
and simultaneously be a modulator of functional activity

of the central nervous system. The present studies
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concerning thesermdbm of GABA in the centrel'nervous |
 system are not sufficiently clear to decide whether one
or. the other, or both rolea,‘are exercised. The early |
suggestlon that GABA might be a specific transmitter
substance at 1nhibitory synapses could be further supported
by the present results. However, it is logical to say that
the results summarigzed in Tables 5 and 6 provide no direct
evidence on this. If there is a cenfinuous gradation
between neurosecretion ahd quickly acting and quickly
disappearing tranemitter, it is neceesary that there be a
post-synaptie inactivating enzyme for the transmitter, as
in the cage of ecefylcholinea There is, however, no rapidly
acting inactivating.enzyﬁe'present. The only enzyme known |
to be capable of destroying GABA is GABA-glutamate transaminase.
The absorption of GABA from the surrounding medium by slices
of brain could perhapa represent a mechanism for the removal
of active GABA (Elliott, 1965). | |

Interest in GABA in crustacea stems from physiological
experiments demonetfating that externally applied GABA -
mimics the effect of the naturally released inhibitory
' transmitter compound. This haeibeen de@onStrgtedvat a synapse
of the centraleneréous system; at peripheral neuromuscular
junction; (Boistel and Fatt, 1958§f Grﬁndfeef,AReuben,.and
Rickles, 1959)3 and at stretch receptor cells in the
crustaceanam(Kuffler and Edwards, 195@). In additibn, GABA
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has a pre-synaptic action cesusing a reduction in the amount
of transmitter releagsed from excitatory nerve terminals ‘at
crayfish neuromuscular Junctions (Dudel and Kuffler, 1961).
Nevertheless, it is doubtful whether it is valid to consider
- GABA as an antagonist to aoetylcholine. The effects of
drugs and other pharmacological agents on the proportions
~of free and bound and the rapid absorption of GABA by
brain slices against the concentration gredient suggest
that GABA may be physiologically active only in a bound form.
Elliott (1965) suggests that the "mcre firmly bound" GABA in
nerve ending particles represents a storage state, and® that
‘less firmly bound® material represents GABA absorbed on
receptor sites. Free GABA represents the substance in
transition between these sites.

| Curtis and Watkins (1963) ‘showed that glutamic acid and
aspartic aclid’ may behave as excitatory substances. This
.suggestion was further supported by the evidence of
f Krnjevic and Pnillis (1963) who believe that these_amino
aclids are excitatory transmitter substances. In our experiments,
glutamic acid aspartic acid, 5;___:aninobutyric acid, and
glutamine werewfqund to leak from the punctured cortical
_surfaces. " The rate of ralease of GABA was increased during
the E. Cc G. ®sleep" patsern. The rate of glutamic acid |
was lncreased about 50% when the E Co.G. pattern indicatcd
“arousal" .This suggests that an excltatory effcot of: glu-

tamic acid is involved in the production of faet wavc

* . :
E.Co.G. signifies Electrocorticogram.
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electrocortical activity. . There were no obvious changes
in thg amounts of aSpértie,aci§ and glﬁtamine that came

out of the cerebral cortex under the different’experimental
conditions. |

Inhibition has beer used in historical perspective to
describe a variety of neurOphyaiological processes which
retard, decrease, or'a}rest the aptivity of neuions and
which raise the threshold or block éynaptic or neuromuscular
transmission of normally adequate excitatory processes. A
significant difference existé'between the amounts of GABA
and glutemic acid released per hour in the derveau isolé
and enéaphale is0lé preparations. The higher rate of GABA
output in the sleeping Staté seems well correlated with the
slow wave spindle activity of E.Co.G. The sleep pattern
may be the result of inhibition produced by GABA.

To further increase our understanding concerning GABA
and other amino acids, the precise study of the modes of
action of neurons in the cortex and brain stem and of the
inter-relationships between their activities is vitally
important. One can scarcely doubt the metabolic basis of
nervous exhaustion that progresses over a period of many
hours and which requires, for its elimination, the recovery
process of sleep. Nothing, however, could be said for
certain pertaining to these metabolic changes. What is the

nature of this progressive build up of metabolic exhaustion?
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Physiologically speaking, one is aware of the necessity
of 1on'pumps:for the maintenanée of the lonic compsition
of the interior of the nerve cellé; and of the\necessity
for the metabolic replenishment of Syhaptic trensmitters.
However, we do not kﬁow, why over many hours, these'prbéesses
should deplete or fall to mainfain the integrity and.functional'

activity of the nerve cells and synapses,




Chapter 5
RELEASE OF ACE!ELCHOLIE!rQﬁRING SLEEP AND WAKEFULNESS

Introduction |

The central nervoué system shows continuous nervous

activiﬁy, and assumling the role of acetylcholine in sy-
neptic transmission, its continuous release in the
absénce of external stimuli is to be expected. Therefore,
the presence and distribdtion of acetylcholine and of the
chélinesterase_enzyme in the central nervous tissue, the
ability of such tissue to synthésize'acetylcholine and
its reléase under certain conditiohs, all provi&e‘strong
evidence in favour of acetyichbline's beiné a chemlcal
trensmitter across a number of synapées in the cehtral
nervous system. It has, however, been difficult to
obtain direct evidence in support of‘this view (Feldberg,'
1945, 19503 Crossland, 1960; Mitchell,Al963).

Despite existing technical difficulties in experiments .

on the intact brain, reasonable attempts_have been made

by several workers to correlate the release of acptyl-
.choline with nervous actlvlty. However, 6onclusi§ns from
studies on the release of acetylcholine in the céht?al
nervous system seem to conflict., Feldberé (1945)‘claims 5
that the release of acetylbholipe‘from the cerebrél cortéi”

is independent of electro-cortico activity of the}central

nervous system. On the other hand, Elliott, Swank, and

(59)
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Henderson (1950), who studied the amounts of acetylcholine
left in the brain tissue and the release of acetylcholine
into a plastic cup on the cortical surface, are of the
belief that the release of acetylcholine 1é related'to
the spontaneous electrical activity of the cortex. MacIntosh
and Cborin (1953), also using plastic cups on the cortical
surface of cats, have shown more definitely the release
of acetylcholine under différéht experimental physiological
conditibns. It has been shown recently‘by means of.micro-
electrodes, that temporaryxalterations in the resting
membrane ﬁotential are assoclated wilth the excitation and
inhibition of neurons in the central nervous system (Curtis,
1961). Single cells in the cerebral cortex have been sel-
ectively actlivated by the iontophoretic applicatioﬁ of
acetylcholine through micropipettes (Krnjevic and Phillié,
1961). | -
| The release of acetylcholine may be a result of the
activity of chdlinergic synapses or may be a by-product
of cellﬁlér metabolism. If we consider the two possibilities,
we must expect to find cortical neurons which are cleaily |
elther excited or 1hh1b1ted'by acetylcholine., As far és
the second péssibility is concerned, acetylcholihé released
by metabolic processes may or may no£ afféct the excita-
bility state of tﬁe surrounding neurons.

In view\of“the 6utput of acetylcholine, it is clearly

advantageous to find out whether acetylcholine does alter
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neuronal activity. A technique similar to thatﬁof Elliott, |
Swank, #né Hendersin(1956); MacIntosh agd 'Oborie :(1953) has been
used in the present experiments to study acetylcholine
reléase from the cerebral cortex of neuraxially intact
cats under flaxedil and local anaestheslaj in encephele
1sole and cerveau isole preparations; and after hemi-

section of the upper midbrain.
Methods

Cats welghling 2.5 kg wére anaesthetized with ether.
The trachea was cannulated and a catheter inserted in
the femoral vein. The head was fixed in a stearbtaiic
frame. In experiments wlth neuraxlally lntact animals;
the animals were paralysed slowly with flaxedil, about
1 ml of 1 mg in 16cc of disfilled Watei. Encephale -
isole preparation secfion was done at the 01-02 ,1e§e1;
8evere shock was checked By giving intravenous injection
of 0.25 cc pitressin and 0.25 cc epinephrine before the
section was made. Cerveau 1sole.prepa¥atipns weie
made by dissection‘of fhe;mesencephalon‘at the inter-
collicular level. The upber midbrain hemisection pre-
paration was made by section, at the levél of the suber-
ior colliculus, of‘only one 'half of the braln stem.
This section wés made by‘a blunt disector. ’The detalled
procedures are givén in Chapter 4.

The monbpolar electro-corticogram was cgrgfuliy re-

corded throughout the experiment with thesg-preparations;
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Récording eléctrodes were placed on the cortex under study
as well as on other argﬁs. Burr holes, 12 mm in diameter;
wére made on both sides of theAmiﬁline suture. The dura
wés carefully opened and the posterior paft of the later-
al, suprasylvian, and electrosylvian gyri were exposed.
: Cylindrlcal plastic chambers having volume 2,5 cc, 10,5 mm
internal diemeter were fitted into the threaded burr
holes. The‘chambérs were sealed to the surrounding boﬁe
‘with déntal cement. .Leakagé from‘fhe chambers over the
cerebral cortex of‘theybrg;n was checked with gel-anm;
Collection of samples»wégfébmmencéd'twéﬂhougg after the
animal was anaesthetized;, The .cerebrel cortex was washed
with saline solution (Néci“9§0; Kc1’o{42,,0a012 0.24,
ﬂaBCO3 0.2, glucose 2,0 s/li; lBody %emperature of the
cats was maintained with an electric blanket at 372

degrees centigrade.

Collection, Assay of Acetylcholine

The plestic cups were filled with Ringer solution
containing Neostigmine (100 mg/liter)rahd left twice for
15 minutes’befofe étarting the collection of samples.
The ﬁashings were removed with a pelyethylene tube and
discarded. The chambers were filled with 2-5 ml of
Ringer solution centaining fresh Neostigmine, which was
1efﬁkin csntaci with the cortex for 15 minutes. Then
the cortex was Fempyediinto graduated centrifuged tubes
and storéd in the deep freeze till blbﬁagays were done,




I. Stock solution A

II. Stock'éolufion.B

III. Stoek solution C

v
“

100 mg of AchCl dissolved in.

100 ml distilled water gives

concentration 1000 ug/cc.

1 cc of 1000 ug/cc diluted to
100 oc¢ gives: ceneentration
10 ug/cc.

5ﬁc¢’bf 10 ﬁg/cc ‘@1luted to .
50 cc gives coricentration
ug/cc.

ard sol tior

Routine
Stock solution C ml added . wl . diluted with
1. 0.05 | 50 fﬁ’%‘iﬁ °
2.‘ ' 0.10 100 b0 mk
3.' - 0.20 200 4.0 ml
4, 0.30 | 300 4.0 ml
5 0.40 | 4oo 4,0 mi
6.  0.50 . .500 4,0 ml
74 0.60 600 »4{0 ml

630

ng, nanésran:
millimicrogrem
12.5 : .
25.0
50.0
75.0
100.0
125.0

150.0
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Bloassays were done as soon as ppssiblet between 12-16
hours after the collection of sampies.v The frog
rectus abdominis muscle was prepared as described by
MacIntosh and Perry (l956).~ The muscle prepared was
sensitized for one hour in a 5 ml muscle bath contain-
ing Ringer Locke without Néostigmlne. The oxygen sup-
ply was malintained steadj and(the solution changed
every 15 minutes. The same muscle was again left; for
1 hour, in contact with Ringer Locke containing Neo-
stigmlné. Sensitivity of the muscle waes checked by
adding freshly prepared 4,0 ml standard solution of
acetylcholine»of varing concentrations: 12.5 ng-50;0 ng;
vThe samples and sténdardéffor assay were made up in the
same medium, rhe-contractipn duxins the 3 minutes was
recorded 1n ink on a kymoéraph.‘ Assays were alternately
ruh on each of the two muscle p?eparatlons at ﬁearly
regular intérféls; On each muscié} standards were
run initially and after'every;unknown._'The quantity
of unknown used was, as far as possible, such as would
give a contréction of the same magﬁitudé as the standards.
The sensitivity was not always thé'ééme fbr different
rates of contraction. Therefore, standards with dif-
ferent_concenﬁfations'of aceﬁylchoiine were run at

;ntervals during the series. Each unknown_was\assayed




2-4 times. The unknown sample ﬁas estimated”from"the
curve of the standards with\different concentrations
of acetylcholine $ and, from this, the .amount of acetyl-

choline in the sample used was calculated (Crossland,

Elliott, and Pappius, 1955). After each bioassay,nthe o

muscle was rinsed twice with Ringer Locke without Neo-
stigmine. Sii minutes were given'to relax'the muscle
before starting a new unknown sample or standard.
All results were expressed in ng per minute (ng, i.e,
nanagram-millimicrogram or 10 9 g) | |

In a few experiments where the acetylcholine out-
put was low,'samples from similar preparations were -
pooled and'bioasSayed; *sémeibAmpiééwefe treated'with
0.1 N Naoﬁ'to about pH ijgmandkallowed to stand at ;
roon temperature for 30 minutes. lThey were then h
neutralized with 1 N HCl. These samples, when tested

on the frog rectus abdominis muscle preparation, were

inactive.

As is shown by the results summarized in fable 7
and Table 8, the release of acetylcholine from the r
encephale isole preparations (Table 7), s considerably“
higher thanvtnat from the_cerveau isole preparations

(Teble 8). The results of these tables verify that =

65.
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TABLE

The release of acetylcholine in encephale 1sole pre-
paration

Cat No. §amp1e'No; Aeetylcholine release ng/uin.
t : B ‘ (15 minute sampies) ‘

SK-18 I |  1.20

SK-21 o I 0.78
| 6 S : 0.72
IIr .. 0.65
IV - 0.64
v : 0. 5k
SK-22 I - 1.20
| 1 0.97
| RIS ¢ 5 S 1.30
SK-2b SR 0.75
I 0.70
iz 0.87
wv. 0465
v | ~ 0.70

© Meants.D. 0.840.30 (14)

For“explanatidn*of‘etpcrimentalfprocedure,‘see text. Thege
experiments were carried out in collaboration with Dr. H BH. Jasper,
’Dr. K.A.C. Elllott, Dr. P.G. Sxegand Dr. L.S. Wolfe of

Montreal Neurological Institute,
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TABLE 8

Acetylcholine output in cervean iscle prepasration

- and values obtained from sucoessive samples.

Cat No. = Sample No, Ach release ng/min,
, , (15 minute samples)
SK- 31 I » 0.21
SK-32 . I 0.51
II S - 0,28
 Meen t'S.D.  0.30%0.14 (4)

Forwexplanation:of tbgfexpériﬁehtal‘pfocedure, see texﬁ;
Thesé‘éxperlments 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 Neurological Institute.



 IABLE 9

L;beration of acetxlcgoline during collective periods

in ence

Cat SK (4)
(2.8 kg)

Cat :SK (B)
(B-O_ks)

Cat SK“(C)
(2.9.:1{3)

e lsole preparations

Total Acp ng o

nS/mlno .

Total Ach ng-

ng/mln.

. Total Ach ng
 ng/n1n¢ SRRt

10 min, 15 min.
.7 10 12,60
“0e71 0.84
- 18.00
" - I 1.. 20
S.oo 16.00

0.80 - 1.07

' Co gction eriods
30 min.

26,50

0.88

31,50
1.05

33.00

1,10

é8.

ng

ng

R&

- For explanation Qf@the*experlmenbar“procedﬁre,,see text.‘

These experiments were carried out in collaboration with

Dr. H.H. Jasper, Dro K.AOCO Elliott, Dr. P. Go Sie an.d.

Dr. L.S. Wolfe of Montreal Heurclogical Institute,




collicular midbrain 1exe;

Ach release ng/min.
(15 minute samples)

69.

Cat No. Sample Neuraxiéilf.intact-ﬁemiseefion

Cerveau iseole

No. Left = -Right  Left- Right Left Right
SK-81 I 1.50. 1,44 0.56 0.83 0.54 0.4k
I 1.66 - 1.51 0.58 0.83 0.52 _0.54

111 1.50 1. 42 0.52 0.83 0.52 0.33
Mean?s.D, 1.482 1 46+ 0.55% 0.83* 0.531 0.u44t
0.03 0. 05 ' 0,03 0,0- 0.0t 0,11

4

For explanation of experimental procedure, see text.

These experiments were carried out in collaboration with

Dr. H.H. Jasper, Dr, K.A.C. Ellilott, D:. P.G. Sie and

Dr. L.S. Wolfe of Montreal Neurological Institute,
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the variation in scetylcholine output from eny pre-
paration between-successive”iS minute collection

perlods 1s‘sma11; Larger variabign in adetylchol;ne
release occured from animal to animal and under dif-
ferent_neurophyéiélog;bal‘péfpgrééions. The time course
of the accumnlation of aéqpyicholine‘in the uhchanged
fluld in the cup was aléoifbllowed in encephale isole
preparations (Table 9). The anaesthesia was maintained
“at a constant depth for such prepasrations; and the fluld
was left in contact with the'cortex_for ﬁeriods,of 10,
15, and 30 minutes without being‘changed in the cup.
Table 9 gives the result of 3‘such exper1ments. It
demonstrates that dﬁrlng these periods the aoetylchoiine
- liberated in the cups lncreased in an approximately
linear manner. Until 30 minutes,‘no-equilibrium'was
approached between the acetylcholinelin the cup and that.
in the cerebral cortex. The linear release of acetyl-
choline with time may be simple diffusion. The above
experiments also suggest that the acetylcholine recovered
in the cup solution was reieased'from the cortical neurons

immediately beneath it.

Discussion

From various studies, it has been learned that in

the peripheral nervous system, neurons of the same functional -




type are neurochemica;ly alike and produce the same
transmitter substance. All motor neurons, all pre-
ganglionic autonomic’neuféns; and the post-ganglionic
‘parasympathetic neurons produce acetylcholine.. There
is sufficient e#idence that many'central nerve celis
-do the same. All neurons which contain and release
adetylchollhe are referred to as choiinergic. |

Results of Table 9 suggest that the acetylcholilne
is liberated from the cortical‘neurons underneath the
cup. Thils suggestion, howevef, could be criticized
because it 1s impossible to avoid tissue damage caused
by operation. Liberation of acetylcholine has also
been suggested by Elliott, Swénk, end Henderson (1950);
and by MacIntosh and Oborin, (1953), who found 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 anaestheslia, and is approximately proportionﬁl
to the spontaneous electrical activity of the cortex.
These findings have been confirmed by present experi-
ments.,

Tables 7 and 9 show a steadler increase in the
acetylcholine outpdt in the case of the encephale
~1sole and neuraxially intact animals than that in the

case of the cerveau isole preparation (Table 8),

1,



The’results of the electrocorticogram in our experi-
ments were the bases on ﬁhich the ﬁalldity of this
increased electro;ortical activity was established.
From our experiments it is impossible to supplﬁ
direct evidence as to the postulated role of acetyl-
choline as the centralvchemicalifranSmitter subépanceQ
However, our results suggest that the statés'of sleep

and waking may be due to the balanced excitatory and

72. .

inhibitory synaptic actlions of the reticular activating

system exerted through neﬁrohs which release acetyl-
choline, glutamate, and GABA in the cortex.
Observation of the release of acetylcholine by
. nerve impulses 1s one of the principal experimental
bases for the'hypothesis of.cholinergic transmission
in the peripheral nervbus system., More recently,
. there hés been investigation leading to qﬁanﬁitatife
measurement of the output of acetylcholine by a single
impulse at the motor synapse. vThe‘ielease of acetyl-
choline from the caudéte nucleus in response to stim-
ﬁlation'héslbeep studied by Mitcheil‘and'Szerb (1962)
in experiments'on anaesthefized cats. These authours:
suggest that‘there'ére a large number of cholinergic
nerve endings in the eaudate nucleus which EAn be

activated either directly or by restricted cortical

stimulation. Very recently, Mitchell (1963) has shown

the spontaneous and evoked release of acetylcholine



* from the cerebral cortex. The 'rate of release was 0,1~
5.5 ng Ach/min./cm?, and was roughiy prOpértionél to
the electrical activity of the brain;ooftex. Direct
electrical stimmlation of the cortex or excitatién by
ﬁranscallbsal or peripheral stimulation.ingréased the
rate of Ach release from théfpfimary'BOmato;éensory
cortex. This increase in the rate of acetylcholine
release depended oh'ﬁhe r£équency'of stimulation;’,”
This definitely suggeété‘fhat fewer cholinerglc nerve
ehdings were activated by a sensory nerve tjpe stimula-
tion, |
It 1s also possibleftq conclude from the previous
work of Mitchell (1963) and from our results that the
cerebral cortex does have many cholinergic ngrve end-
ings. These nerve endings.may lie in the primary pathe
ways or in the other assocliated circults which include
cholinergic intracortical synapses. According to
Grundfest (1957), a single neuron may possess membranes
upon which there are both excitatory and inhibitory
chemically sensitive areas. These give rise to graded
post-synaptic poténtlals. 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
membrapes upon whieh it generates, in all 1ts“poten-

tialigles, one soet of tramsmitter. It 1s possible,
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however, that the secretion of the same ttransmitter
substance by a single neuron may produce depolarization;
and, therefore, excitation at one post-synaptic sitef
whereas, by causing hyperpolarization, it may produce
inhibition 1h‘other_receptor sifes.

Previously, 1t was demonstrated ﬁhat‘the ascend-
ing reticular activation of the-cerebral cortex which
produces its typicai desynchronization of corticai
electrical actlvity and arousal orlélerting\réspon3qs
in behaviour may be mediated by acetylcholine. It has
become very evident, héwever, from our results; that
there 1s another compoheht td'the ascending reticular
 system,whose effects uponvcereb:al cortical actlvity
‘has been synchronizing aé opposed ﬁo desynchronizing;
This is of inhibltory charaqter rether than of exci-
tatory in its effect. Slow, rhythmic stimulation of
this‘system-has been shown to facilitate the sléeplng
rather than the waking state. It 1s very likely that
the states of sléep and waking may be due to balanced
excitatory and inhibitory aétions by thé rg;icula:
activating system. It is,therefore, suggeste@ that
excitatory effects of the so-called'arousal rQSponse
of brain stem origin may be corticéily medisted by
acetylcholine and glutemic aciﬁ; while GABA or other
slmllar_éompounds ma&>be 1nvolvéd 1n_the mediation of
apparent 1hhib1tory effGCts of %ﬁékéuﬁcortical région.

This is, perhaps, involved in the sleep mechanism,




Chapter 6
- General Discusgion

The effect on the’propdftlonsfof bound -and free
GABA of the temperature of the. saline medium' in
wiich the.brein is homogenized 1n the preparatlon of
brain suspensions.1svremarkable. Van. Gelder and.
Elliott (1960) have repprted_@hét the fraction of
the total Factor I activity found in the bound con-
dltion in the whole brain is 66$ However, in these
»experiments no correction for free Factor I remaining
in the supernatant fluld 1nc1uded in the~centr1fuged
residue had been applied. Upon application of this
correction, the rlgure becomes 58% More recently,
experiments by Lovell and Elliott (1963) and experi-
ments in the present stuﬂy have given a lower per- |
centage of GABA in the bound form. These findings
occurred when the brain was homogenized in ice-cold
saline solution instead of at room temperature,
which was previously the case. What is the cause for
there being more bound GABA at room témperature'than
at 0 degrees centigrade? It is shown in Fig. 5a
and Fig. 5b that the binding of GABA is affected by
changes in concentratlpns 6f‘sodium-anngptassium
1ons.'The*dirferent'pércéntagé’Of bOuhd”GABA“might
be due to’the different distribution of the electro-

(75)
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lytes between the medium and tigsue-particles resulting
from the”different‘metabollc rates of the homqgenized
tissue fragﬁents. | |

No change - was feund_;ﬁ;the total GABA (determined
as Factor 1) in braiﬁ slices in the ﬁresence:o; oxygen
and glucose(Elliott and Van Gelder, 1958) The rate
of . rormatiqn of GABA rrqp glutamate through glutamic
decarboxylase enzyme must, therefore, be equal to the
rate of removal of GABA as succinic semialdehyde in
slices in the preseaqa ofwo;ygen and glucose. The brain
sllce° could asbsord GABA and other smino acids against the
concentration gredient from ‘the medium. Under anoxic con-
ditiofis there was a’decrease in the total GABA content,
qnd"also.-GAﬁArleakedAfrbm the slice to the medium, Pre-
sumebly, in the absence 61 ¢xidative energy production
glutamate diffuses from ‘the slice into the néd i “and be-
comes unavailable for conversion into GABA. In bragpf~
suSpensions,,bn'the oéhﬁr hand, no absorpticn of GABA from
the medium into the tissue particles occurs. The total
GABA and the perortions of free and bound do noﬁ change
radically with time in suspensions prepared and képt at
- 0 degrees péntigrade (Fig. 2). While this remains stend-
ing at 38 degrees, a marked increase in the total GABA
occurs, - apptfently an 1hcrease in the free form. It
cannot be sald whether this is directl& produced free oi
produced in the bound form and then rapidly relegsed. As

‘Fig. 2 and Fig. 3 shdw, in the absence ofvoxygen the total

‘amount of GABA increases with time, The glutamate
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present in thegéissue', suspensioné is evidently |
accessible to the glutamlc decarboxylase.

It 1s.demqnstrated in present studles concerned
with the metébolish of GABA"(Fig.'3)-that the total
‘GABA content of a brain suspension remains constant
if oxygen and glucose are supplied. However, the GABA
content increases under anserobic conditions. Evi-
dently, pfoduction‘from glutamate present in the
suspenslon continues, but rémoval then stops because
of a lack éf alpha-ketoglutaric acld for the trans-
amination and oxygen for the oxidation of succinic
- semialdehyde to succinic acid. It is snggested,'
taking into account the :eSults of Fig. 3, that the
amount of oxfgen'that wbuld‘be-required'per'unit
time to oxidize suceinic seﬁiaidehjde to succinate
is equal to approximately 10§ of the rate of oxygen
uptake of the brain tissue suspension. Thus, 10%
is an estimate of the proportioﬁ of the total metae
bolism 1nvblving the GABA shunt in a brain suspension.
These results are in contradiction with McKnann et a1l

(1960) and Albers et al (1961) who claimed as much

as 40% of the oxidative metabolism of the brain tis-
sue could go through shunt pathways., |
It is shown in the results of Fig. 4 that the
binding of GABA is moét'stable'at about pH 7. At -
higher or lower pH values, much GABA is quiekly
‘released in the bound rdrm. Furfhermore, these

results are very similar to the effect of pH on the
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binding of acetylcholine (Brpaktn and Eildﬁtt. 1953),
‘ However, it seems inappropriate to think of GABA |
simply as an antonym of acetylcholine. There is no
mechanism which has been discovered up to the present
time for the rapid destruction of GABA comparable to
cholinesterase enzymes which destroy acetyloholine.
Previous work and recent work done from this
inﬁmnumnmw'led'Eliiott (1965) to believe tnat in the
brain thereiereoatkleest fiﬁe-stetes‘of GABA uhich;
" shourd be given considerationz free extracellular,
’free intracellular, 1ocsely bound, more firmly bound,
‘and‘convalently combined. There is only a small amount
ovaABA in the brain Which;iS»preSent in extracellular
fluiad. However, as'hasngen:shownfin the present |
';‘study; GABA can be releesed“intofextracelluiar fluid
under certain neurophysiclogical conditions in vivo. i
. When brain tissue is hgmosenized in e saline
medium,, only about 50% of the total Factor 1 activity
is free which is immediately active on the crayfish
receptor organ or chemically determined in the super-
natant fluid. The proportion of the inert or bound
form is not affected by'variation in the mechanical
conditions of the preparation of tissue suspension
 (Table 2) The GA‘BA round in the solid matter after
.centrifugetion, which is about 50 60% of the total,
f‘contains et least two forms of bound GAEA - 1oose1y
‘and more firmly bound. ,Hhen brain tissue is homogen—

ized_inAQ.BZ ﬂlsucrose nedium-only 18-20% of’ thevtotal

[




GABA remains‘bbund., The loosely bound fraction that is
released in sucrose media in the absence of 10 mM sodium
or calclium chloride is, pefhaps, in some physicochemical
binding with membraneous material. The physicochemical
binding could be either hydrogen, Vander Weals forces,
or Columb's type. From a comparative point of view,

the following observations are worth noting: Virtanen
and Miettingh'(1953) reported that, in the pea plant,
GABA, alan{ne, and Hdmoserinelare present in bound but
soluble fractiéns. Since proteolytic enzymes did not‘

release these amino acids,~therefore; they were not

bound in proteins, they were apparently bound to .sugars.

Gottschalk and Partridge (1950), furthermore, have dem-

onstrated the reactivity of the amino group with reduc-

ing sugars; beta and gamma-amino aclds were more inclined

to be bound to form complei peculiar structures with

¢ suger compoﬁéhts.of membranes:than alpha-amino acids.
Results bresegtedfin Chaﬁter‘3.concérh1ng‘the:change in
‘the preporﬁioﬁs Ofvfree andAbonnd GABA éuggesﬁ;thgt
chang;s of this nature‘ﬁould hardly occur if the .
binding of GABA wére artefact, produced upon fhe dis-

integration of the tissue. The signifigance of differ-

ences in levels of bound and free forms of GABA produced

by drués and other factors are suggestive of the import-: |

ance of this bindiﬁg in the physiélogical role of GABAj;

anﬁ'probably of glutamlic acid, glutsmine, aspartlc acid,

?!.
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and alanine, It appears improbable that the relatively
large f:actions of amino acids found:tq be retained by |
the tissue residue after extraction with saline media
would be linked with the 'aminé aclds ATP éystem'. j
Aiso, GABA cannot be attached to the amino acid'speclfic
ribonucleic acid which 1is ihvolied'ln.proféinVSYhthesls
(Lipmann et al, 1959; Zamecnik et al, 1958) because GABA
is not-known to be a protein constituent., The firmly

bound form which rema1n3>bqunﬂ”1n suspension prepared

in sucrose solutions is evggéntly occluded in subcellular
particles most likely 1ln certain nerve ending_particles
(Bilodeau, 1962, uhpublisﬁéd;ﬁyall, 1962, 19643 and
Weinstein et al, 1963; (Téble 2 and Table 4))also seem

to be bound. in these two different ways. Also, it 1s
probable that 1solated mitochondrial fractions would be
capaﬁle of absorbing.GABA and‘other amino acids in the
presence of sodium or calcium. | -
‘The finding by Lovell and Elliott (1963) that the
totel smount of GABA extractable from brain tissue

which has been frozen in situ at the moment of death is

lower than that in brain tissue excised at room temper-
ature indicated a rapid post mortem change in the total
GABALcontent; ‘Like GABA, other amino aclds in the braln
_have also been found to increase in smount immediately

after death unless the tissue is immediately frozen.
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D&stintégration of the tlssue structure might result
in repid activity by proteolytic enzymes. However, this
alone could not account for the sudden GABA increase
which 1s not present in proteins. Possibly the glutamate
produced by proteolysis is especially accessible to
glutamate décarboxylase. Results of Table 3 suggest
ﬁhat soﬁe protein in the rain is peculiarly susceptible
to pdst mortem hydrolysis, |

Much evidence has been'pﬁt forth conderning the
inhiblitory phenomenon and probablé inhibltory agents in

the cehtral nervous system. Eccles et al (1963) has

demonstrated that GABA 15 involved in thewaction of certaln
pre-synaptic inhiblitory lnterneurons. Results‘sﬁimarized‘
in Table 5 and Tablébé‘proéide evidence that GABA and
other amino acids are released‘under phys1o1og1c51 |
conditions in the mammal. In céts showing an"éroused'
electroencephalographié pattern éither;with°loca1\‘
anaeéthesia in the wakinglanimal of following cervical
section, only avgmall amount of GABA will leak out of

the cerebral céréexyinto the perfusion chember. In

some experliments, when a continuogs waking étate was
meintsined by meriodic stimulation of the brain stem
reticular”fofmétion, no measurable GABA was present in
'thq prerfusate, The release of GABA, however, frém the

brain of a cat showing a sleep pattern with marked 
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spindleé'following midbralnﬂsection, is qﬁlte marked,
Eccles, Schmidt, ﬁh&l{334&§63)4randixré?iti;:"Potter
and Van Gelder {1962) find the action of GABA to be
similar in many inpoiﬁaht"éSpects'té that of the nor-
mally occurring inhibitory neuronal transmitter. It
is thought that‘GABAfﬁlo;kstyseiegélvely increasing
ﬁhe'movements 6f Spectficiions across the nerve cell
or membrane. However, ‘there is no mechanism for the
répid destruction of GABA_;n conFr§st to the cholin-
‘estrase enz}ﬁes whicﬁfdesftby acétylcholipe. Perhaps,
wﬁere trueftransmission pccurs but w;th iong-lastinsﬁ
effedts, the necessity of a rapid-acting destrudti#e
enzyme may not exist. There are some biochemlcal
situations in which diffusion or active absorption
can sccount for the inactivation. It is evident that
almost any substance will be metabolized ip an organism
sooner or later, Therefore, the inactlivatory syétém
may not be necessary for thé defunction of the trans-
mitter. Absorption of GABA into one of the bound forms
may serve the same role as enzymé destruction.
There is now considerable evidence supporting the

| hypothesis that GABA can be gliven a transmitter role at
’_'iphlbtfory nerve endings‘fo mgscle or to stretch iecéptor
neurons 1ﬁ'crustacea. In the nerve cells ‘Where GABA is
intracellularly involved in metabolism ft-1s‘quite

difficult to accept it as a t}ansmitter substance.
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However, there may be other neurons ér parts of neurons
where it could be an end product and could funétion<as
a transmittér'agent'in'the central nérvous sysﬁem;‘
’The'evidanee'that acetylcholine 1s a transmitter agent
is 1nd1¥ect and inferential, Therefore, one should not
set moré‘rigorous criteria fof GABA or for other reélated
substances than one can set at present for any othef
| kind of.agenx whléh on§;§h8pects must mediate symaptic
excitation, - In our experiments glutamic acid, glutamine,
and.aspartié acid, as well‘as GABA, were found to leak
from the punctured corticgl surface. Whereas the rate
of release of GABA was 1néreased during the sleep ¢con-
dition, the rate for glutemate was increased about 50%
when the;electrbencephalographlc pattern indicated arousal
which suggestedlfhat an excltatory effect of glutamate
1s involved in the production of the waking state.
Therefore, glutaméte may behave'as an excitatory traﬁs;
mitter. No obvious changes have been foﬁnd in different
physioiogicai ébnditiéﬁsl@g vive.in the amounts of
aspartate or glutamineé that exuded. |
GABA and glutemic acld are involved in the oxidative
metabolism of the nervous system as well as in heéurdnal
function. There are.at least tWwo'pathways in the nervous
system by which alpha-ketogluteric acid could be metabolized
to succlinate. The chemical direct citric acid cYcle
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pathway via succiﬁyl.CeA, and a shunt pathway through
glutsmic acid, GABA, and succinic semialdehyde. A new
concept of the regﬁlaﬁion of the function seems to be
involved because of the roles of GABA and g}ut&mate in
transport-meghanisms, metabolism, and their physiological
action which are interdependant. All the amino acids
related to Kreb's cycle exist in bound and free forms.
In cbnjunction with physiological action, 1t is reason-
able to assume that release or other factors which
change the state7of‘the amino acids in the brain might
affect the utilization of the amino acids for eﬁergy
production. Bound forms of these emino acids may be
involved in thé regulation of their physiological actions. -
‘Inhlbitory effects are demonstrated by applying them
during excitation of neuions by acetylcholine or by an
electrical current. Krnjevic et al (19éh)ideﬁonstrated
a particularly convenient and quick method of testing
neurohal excitability in the cortex. The method”utilizes
the fact that cortical neurons are very readily é:éited
by L-glutamic acld released from a micropipette by ion-
tophoresis. Furthérmore, it has been suggested by
Krnjevic and Phillis (1963) that the ascending reticular
acti#ation of the cerebral cortex which produces 1its
typical desynchronization of corticalJelectrical
activity is likely to play an important role in setfing
the level of excitability. This excitability is mediated

by acetylcholine which is released by cholinergic neurons
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in the oortex.-“fh§ resn1ts summarized in Chapter 4 and S
in which acetylcholine and GABA were analyzed in cortical
perfusate from encephélé and cervesu isole preparations
in the cat cerebral cortex showed that there is an inverse
rélationship between GABA and acetylcholine relesse in
the above neurophysioclogical conditions in vivo. There
is a higher rate of liberation of'aoetylcholinevin the -
encephale isole and in the intact animals with'é deéyn-
| chronized actlvated electrocorticogram, while there was
a very low rate of liberatioﬁ in the cerveau isole state
with'oontlnuous sﬁindles in the electrocorticogram. |
The states of sleep and waking may be due to bal-
anced éxcitatory and inhibitory actions of the reticular
activatlng»system. The present studies suggest that the
inhibitory system is exercised b&-GABA in opposition to
the cholinergic excitatory system in the cortex. The
cholinerglé fibers originating in the brain stem reticular
formatlén, by liberatiﬁg an increased amount of acetyl-

choline; may control the rhenomena of wakefulness,




Summary

Ven Gelder and Elliott (1958) éb‘servgd prd-
viously that the proportion of GABA in tne brain in the
bound state was abou£;60% of the total ﬁhen the brain
was homogenized at'roomatemperature. However, we
have reéently found that‘when br#in tissue in hbﬁo-'
genized in ice-cold saline the proportion of bound GABA
'1s only 40%. Once the éuspension has been prepared,
warming?or‘coollng does not oanSe any'immedtate change
in free or bound GABA. Under énaerobic“&ohditions or
on_standing‘af rbom temperature, the total GABA in
brain suspensions increases steadily with time. This
1n§rease is lgrgély in the free form, 1In the preéence
of ' oxygen and glucose, the total GABA does not change
eppreciably, although there is a rapid initial release
of bound GABA. It seems that under anserobit con-
ditlons, loss of glutamate from the slice to the medium
prevents-its conversion to GABA. The binding of GABA
is susceptible to pH changes; end is most stable at pH 7.

"It has been demonstrated that in a salt-free
sgsmotic sucrose solution much of the bound GABA.1s
released.," Théfbinding}df GABA found when suspensions
are madé'in'isosmﬁtié “sucrose medium 18“1héréased:bi
the presence of the sodium ion. Replacement of the

sodium ion by the potassium idn in saline or sucrose

 (86)



( .

87.

solutiond considerably dé&:eaSes the amount of bound
GABA. The proportion of GABA remalning in the bound
form is independent of the relative voluymes of tissue

and medium., Like GABA, alanine, glutamic acid, glutamine,

:hspgrtié acid, and N-ggetyl-Aspartic acid are also bound

or oceluded in brain tissue. The amount of bound
glutamic and aspartic aclds 1s greater than that of'GABA,‘
but the proportion of the total is lower. The binding

of these amino acids is less marked in the 1iver and
kidney than in the brain. . The bound GABA, as well as

lthe other emino acids, can'bé gradually released from

the binding material by repeated extraction with saline
mediumi However, appfoximately 8-10% remained bound

even after 5 extractlons. This méy correspond to the

.more firmly bound form of these amino acids. GABA

and other amino acids are rapidly released from the
bound form by heat, hypotonicity, dilute acid or alkali,
freezing, or éﬁhanol.‘jThé total amounts of GABA,
alanine, glutsmic acid, glutemine, and aspartic acid

found in the braln frozen in situ are a good deal lower

thap the amounts found 1f the brain is removed and

extracted at room temperature.
GABA and other amino aci@s are»reléaséd?fromhthe
cat cerebral cortex if the pila-arachnoid is puncturéd.

The quantitative release of GABA, glutamic acid, aspartic

'acid, and glutamine from the cortices,of flaxedilized

cats was determined in thevfcliowlng experimental
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preparationi neuraxially intact,"encephale isole",

"cerveau isole", and midoollioular brain stem section.
Eleotrloal activity from the cortical surface was

recorded; The amino acids were collected in chambers
perfused‘withv Elliot's solution.’ In neuraxielly intact

~ cats, 0.6010?20(4) ug GABA/h:/omszes_feloaaeo as determined
chromatographioally. In “encaphale 1sole"oats 0.66+0.26(6)
ug: GABA/hr/om was released as.determined chromatographoally.

" and 0.86+0. 11(5) as determined by ari enzymatio method. In

both the abovo preparations, the eleotrooortioal activity

showed ‘mostly an- aroused pattern. GABA release wes such

;tmore lower when the recticular formation was stinulatod

’to maintain constant arousal. In 'oerveau‘isole' cats with
good sleep spindles in the E. Co G there was a markod increase

1n GABA release: 2. O9+0 60(18) ug/hr/om ohromatographically

and 2. 57+o 44(13) ug/hr/om enzymatically. After mid-collicular
hemisection. _GABA_releaso.lnoreased on the slde of |
hemisection. Glutamic aold release was ﬁeoreesed under
conditions in which GABA was 1noroasedb('encepha1e isole"

8. 55+0 20(6)‘ﬁg/hr/cmz,“"oerveau isole® 5 65+0. 99(13) ug/hr/cm?) .
No change was found in the amounts of aspartio acid or glut&ﬂane

released under the various experimental oonditions.

In experiments in which aoetylchollne_and GABA
iere analysed 1n cortical perfusate of énoephéle isole
and oerveauﬁisole preparations in the oet‘oerebral cortex

there was an inverse relationship between GABA and ace-
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tylcholine release., There was a higher rate of liber-
ation of acetylchbline in éncephale isole and in the
intact animals, while the reverse is true in the
cerveau 1sole with continuous spindles in the electro-

corticogram.
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