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Seizure Protection and Increased Nerve-Terminal GABA:
Delayed Effects of GABA Transaminase Inhibition

Abstract. Changes in y-aminobutyric acid (GABA) occurring in the presence and
in the absence of GABA-containing nerve terminals were estimated in rats in which
the dense GABA projection to the substantia nigra was surgically destroyed on one
side of the brain. The net increase in GABA of the denervated nigra was compared
with that of the intact nigra at various times after a single injection of y-vinyl-GABA,
which irreversibly inhibits GABA transaminase. Total GABA reached a maximum
within 12 hours, but the GABA pool associated with nerve terminals did not increase
until 36 hours and peaked at 60 hours. The onset and peak of anticonvulsant activity
against maximal electroshock seizures directly paralleled the time course for the
increase in GABA in nerve terminals, but was not positively correlated with that
independent of the terminals. This result supports the concept that elevating GABA
in nerve terminals facilitates GABA-mediated synaptic transmission and predicts

anticonvulsant activity.

The recent availability of compounds
that selectively alter either the concen-
tration of y-aminobutyric acid (GABA)
or the activity of neuronal GABA recep-
tors has provoked a resurgence of inves-
tigations into the neurotransmitter role
of this amino acid (/). A major obstacle
encountered in these studies is that of
discriminating between the GABA com-
partment associated with nerve termi-
nals and other compartments of GABA.
Throughout the brain, synthesis, uptake,
and degradation of GABA take place
both in GABA-containing nerve termi-
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nals and in cells (glial and neural) that do
not use this compound as a neurotrans-
mitter (2, 3). As a result, the degree to
which changes in endogenous GABA
can be expected to influence GABA-me-
diated synaptic transmission is difficult
to ascertain (3).

The relationship between elevation of
brain GABA and protection against elec-
trically or chemically induced seizures in
animals illustrates this problem. Drugs
that decrease brain GABA or block
GABA receptors can induce seizures in a
variety of species (4), whereas drugs that
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enhance GABA transmission have anti-
convulsant properties (5). However,
quantitative changes in the amount of
brain GABA are often poorly correlated
with susceptibility to seizures (6). Ideal-
ly, one would like to be able to predict
the degree of seizure protection to be ex-
pected from a given elevation in brain
GABA. The achievement of this goal is
complicated by our inability to deter-
mine what portion of the increased
GABA concentration is available for re-
lease at synaptic terminals (3).

The importance of this issue is under-
scored by the apparently discordant bio-
chemical and pharmacological actions of
vy-vinyl-GABA, a specific and irrevers-
ible inhibitor of GABA transaminase
(7). This compound has been reported
to be relatively ineffective as an anti-
convulsant agent in several animal sei-
zure tests, despite its ability to increase
GABA in whole brain and in various
brain regions (8). We hypothesized that
some major portion of the GABA in-
crease produced by this agent might be
sequestered in compartments that do not
directly participate in GABA-mediated
synaptic transmission. We obtained evi-
dence in support of this hypothesis by
experimentally discriminating between
nerve-terminal-dependent and nerve-
terminal-independent changes in GABA
(9). We also discovered, however, that
v-vinyl-GABA possesses marked anti-
convulsant activity which became evi-
dent only after a 2-day latency. To our
knowledge, these experiments provide
the first documentation that +y-vinyl-
GABA can protect rats against tonic sei-
zures produced by maximal electroshock
and show that the appearance of this ac-
tion coincides with an increase in nerve-
terminal-dependent GABA.

We assessed the effect of y-vinyl-
GABA on the duration of the tonic hind-
limb extension component of maximal
electroshock seizures. Duration of tonic
hindlimb extension was unchanged 12
hours after y-vinyl-GABA was adminis-
tered (600 to 1600 mg per kilogram of
body weight, injected intraperitoneally).
However, 36 hours after the injection
(1600 mg/kg) the duration of tonic hind-
limb extension was significantly attenu-
ated, and by 60 hours complete suppres-
sion was observed. Since antiseizure ac-
tivity was maximal at 60 hours (Fig. 1),
the dose-dependency of the effect was
examined at this time (Fig. 2). The mean
effective dose (ED;,) was about 900 mg/
kg; the dose-effect function parallels that
obtained with sodium valproate [r-dipro-
pyl acetate (DPA)], a drug used to treat
human epilepsy.

To examine the possibility that y-vi-
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nyl-GABA might have short-lasting
properties which mask or antagonize its
anticonvulsant actions in the first 12
hours, we treated one group of rats
(N = 10) with two injections of y-vinyl-
GABA (900 mg/kg each): one at 60
hours, and the other 12 hours before the
electroshock test. The response of these
rats was the same as that of rats that had
received one 900 mg/kg dose 60 hours
before electroshock. Thus, the second
dose neither antagonized the anticon-
vulsant effect of the first nor added to or
potentiated its action.

Given enough time, y-vinyl-GABA al-
so suppressed chemically induced sei-
zures. At 60 hours after the injection (900
mg/kg), we obtained the following re-
sults: (i) complete protection against the
GABA-receptor antagonist bicuculline,
administered intravenously in a dose
(0.25 mg/kg) that caused clonic con-
vulsions in all control animals; (ii) a 67
percent decrease in the incidence of ton-
ic seizures induced by a 0.5 mg/kg intra-
venous dose of bicuculline; and (iii) a 40
percent decrease in the incidence of
clonic seizures produced by pentyl-
enetetrazol (100 mg/kg injected subcuta-

"neously). On the other hand, at an earlier

time (4 hours) after y-vinyl-GABA ad-
ministration, Schechter et al. found no
protection against bicuculline or pen-
tylenetetrazol-induced seizures (8).

In another series of animals we exam-
ined the changes in GABA after adminis-
tering y-vinyl-GABA. In order to eval-
uate GABA elevation in the relative ab-
sence of GABA-containing nerve termi-
nals, we destroyed the dense GABA-
containing neural projections to the
substantia nigra (SN) on one side of
the brain by surgically transecting fibers
between the forebrain and midbrain (9).
The GABA content of SN, unlike that of
many other brain nuclei, derives largely
from nerve terminals whose cell bodies
are located some distance away in the
forebrain (10). Thus, 7 to 10 days after
the operation, the GABA content of the
SN in the transected hemisphere de-
creased by 80 to 90 percent. This de-
crease represents the loss of the major, if
not the entire, extent of nigral nerve ter-
minal GABA; the remaining GABA is as-
sociated primarily with glial cells and
neural perikarya (9). Despite the dener-
vation, the SN retains much of its integ-
rity as evidenced by normal wet weight
and protein content, as well as by its
ability to specifically bind [PH]JGABA
(11) and to induce contralateral turning
in response to GABA-receptor activa-
tion by intranigrally applied muscimol
).

The GABA content of the SN in the
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hemisphere contralateral to the transec-
tion is unaffected by the lesion (legend to
Table 1) and, therefore, an increase in
GABA in the presence of GABA-con-
taining nerve terminals can be evaluated
in this SN. Table 1 lists GABA concen-

trations in the SN from transected and
intact hemispheres of rats with and with-
out y-vinyl-GABA treatment. At 12
hours after a single dose of y-vinyl-
GABA (900 mg/kg), the absolute in-
crease in GABA in the intact SN (4))

Table 1. Time-dependent change in GABA content of the SN after intraperitoneal injection of y-
vinyl-GABA. A dose of 900 mg per kilogram of body weight was administered to male Sprague-
Dawley rats (250 to 300 g) in which unilateral hemitransections had been made 7 to 10 days
before (9). The values for intact SN with and without drug treatment were the same as those
obtained in rats that had not undergone surgery. The values of A, and A, represent the dif-
ferences in GABA concentration between the control and drug treatments. The ratio Ay/A, is an
estimate of the portion of the GABA increase in the intact SN that can be accounted for by the
GABA elevation in the denervated SN. Rats were killed 10 days after surgery by focused micro-
wave irradiation of the head for 5 seconds. The SN was microdissected from a coronal slice of
midbrain (9) and stored at —80°C until it was assayed. The GABA was measured by the enzy-
matic-fluorometric method of Okada et al. (22), without the 60° heating step. Proteins were
assayed according to Lowry et al. (23). Mean protein content of the SN was 0.44 + 0.01 mg.
Values are means =+ standard errors from six rats.

GABA concentration
(nmole per milligram of protein)

Treatment
Intact A, Denervated A, A /A,
Controls 81 =27 15 2.0
v-Vinyl-GABA
12 hours 160 + 8.1 79 112 =73 97 1.2
36 hours 150 = 8.8 69 71 = 3.8*% 56 .8
60 hours 127 + 5.3* 46 39 + 3.1% 24 .5

*Significantly different (s-test, P < .01) from valyes obtained in the respective hemisphere (intact or dener-
vated) when 60 hours is compared with 36 hours and 36 hours is compared with 12 hours. All values from
drug-treated rats were significantly different (P < .01) from respective control (vehicle injection) values.

10

* Controls

O Vehicle injected
A Water and food deprived

Duration of tonic hindlimb extension (sec)
o
T

Jvinyl GABA
* ® 600 mg/kg
m 1600 mg/kg
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 —
0 20 40 60 80 100 120 140 160
(pre) Time (hours)

Fig. 1. Suppression of tonic hindlimb extension as a function of time after y-vinyl-GABA treat-
ment. Maximal electroshock was applied through corneal electrodes (27) to rats which had
received intraperitoneal injections of drug or vehicle (distilled H,O) 12 to 156 hours earlier.
Duration of tonic hindlimb extension (seconds) was timed with a stopwatch. All animals were
screened 12 hours before drug treatment (7 = 0) to eliminate any that did not show tonic hind-
limb extension. All rats in each treatment group (N = 12 each) were tested repeatedly at each
time point. A group deprived of food and water for the first 48 hours was tested in parallel with
the drug-treated group to determine the effect of decreased food intake and weight loss (10 to 15
percent decrease from initial body weight) on the duration of tonic hindlimb extension. This
condition was a control for the decreased food intake and weight loss (10 percent over 2 days)
observed in rats treated with y-vinyl-GABA (1600 mg/kg). Injections of y-vinyl-GABA were
given at night (after 11:00), and maximal electroshock testing was done during the day. Aster-
isks denote values significantly different from those of vehicle-injected controls (z-test,
P < .01).
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Table 2. Relationship between suppression of tonic hind limb extension and GABA elevation.
All drugs were administered intraperitoneally in the following doses: y-vinyl-GABA, 900 mg/kg;
AOAA, 30 mg/kg; and DPA, 300 mg/kg. The time after treatment at which measurements were
made is indicated for each drug. Values for y-vinyl-GABA were obtained from the data shown
in Table 1. Values for DPA and AOAA were obtained from (9).

GABA elevation (% over control) (24)

Suppression
Treatment Plz%) T Non-nerve Nerve
otal . .
terminal terminal
y-Vinyl-GABA
12 hours 0 98 646 0
36 hours 28 85 373 19
60 hours 45 57 160 33
DPA (0.5 hour) 90 36 28 39
AOAA (2 hours) 18 25 100 7

was no greater than that in the dener-
vated SN (A,) (Table 1). This result in-
dicates that the absolute magnitude of
change in GABA under these circum-
stances is independent of GABA-con-
taining nerve terminals.

The situation began to change 36 hours
after drug treatment, at which time one-
fifth of the net change in GABA in the
intact SN cannot be accounted for by the
change in GABA in the denervated SN
(Table 1). The change is therefore prob-
ably associated with nerve terminals.
This separation between the GABA con-
centrations in the intact and denervated
tissues became more apparent at 60
hours; at this time, nearly half of the net
increase in GABA in the intact SN was
associated with the presence of nerve
terminals.

The temporal coincidence between the
development of antiseizure effects and
the elevation of GABA associated with
nerve terminals after vy-vinyl-GABA
treatment suggests that functional aug-
mentation of GABA-mediated synaptic
transmission may be correlated with
changes in nerve-terminal GABA and
not with gross increases in brain tissue
concentrations of GABA. To explore
this possible correlation, the data from
rats with transections were used to esti-
mate the proportional changes in GABA
in the compartment associated with
GABA nerve terminals and in the com-
partment independent of these terminals
(Table 2). We have made the assumption
that the difference in GABA content be-
tween the denervated and intact SN rep-
resents the nigral GABA associated with
nerve terminals (9). Values obtained
with DPA and aminooxyacetic acid
(AOAA) are included in our analysis to
test predictability across drug treat-
ments. Both DPA (/2) and AOAA (I3)
interfere  with GABA degradation
through mechanisms that are distinct
from each other and also from that by
which y-vinyl-GABA exerts its effect (7).

The values presented in Table 2 reveal
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a close positive correlation (» = .93) be-
tween the extent of suppression of tonic
hindlimb extension and the increase in
GABA associated with nerve terminals.
On the other hand, no positive correla-
tion exists between. changes in total
GABA and seizure protection. These
data demonstrate that the degree of
change in GABA in the compartment
which appears functionally relevant
(GABA-containing nerve terminals) can
be concealed by changes taking place in
other compartments.

The GABA-transaminase inhibitors
vy-viny-GABA and AOAA appear to
increase GABA predominantly in com-
partments not directly associated with
GABA-containing nerve terminals. This
is perhaps because these compartments
contain a large amount of GABA-trans-
aminase (/4). Our observations are con-
sistent with studies that have demon-
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Fig. 2. Suppression of tonic hindlimb exten-
sion as a function of dose of y-vinyl-GABA.
The mean duration of tonic hindlimb exten-
sion for each drug-treated group (N = 12) was
subtracted from that (8 seconds) of vehicle-
injected controls and expressed as a percent-
age of the control mean. Data were obtained
from rats tested only once, 60 hours after drug
administration. The values obtained from the
animals treated with 600 and 1600 mg/kg in
this experiment were similar to those shown
in Fig. 1. Data obtained from another group of
rats (N = 10 rats per dose) 30 minutes after
various doses of DPA are shown for purpose
of comparison.

strated marked effects of GABA-trans-
aminase inhibition in nonneuronal cells
and neural tissues that are not known to

_contain GABA terminals (/5) as well as

with subcellular fractionation studies
(16). Since these compounds appear to
affect nerve-terminal GABA only after
other compartments of GABA have been
elevated severalfold, it is understandable
that relatively large increases in total
GABA are required to elicit various
GABA-related physiological effects with
these drugs (/7).

A curious aspect of the y-vinyl-GABA
effects on seizure activity and nerve-ter-
minal GABA is the time course over
which they develop. Since these effects
occur only after some delay, at a time
during which total GABA is no longer in-
creasing, it appears that a redistribution
of GABA has occurred. At present we
have no explanation for how or why this
could happen.

The experiments with DPA demon-
strate that increases in nerve-terminal
GABA can be obtained in the absence
of large effects on other GABA com-
partments. A selective effect of DPA on
nerve-terminal GABA has also been
demonstrated in subcellular fractiona-
tion studies (/8). The possibility that the
anticonvulsant action of DPA is mediat-
ed through its effect on GABA has met
with skepticism, in part because of the
undramatic effect of this drug on total
GABA (/2). While we cannot exclude
the possibility that DPA may have anti-
convulsant effects mediated by factors
other than GABA, our data suggest that
the DPA-induced increase in nerve-ter-
minal GABA is sufficient to predict
marked anticonvulsant activity. Thus, a
small increase in the pool of GABA
which can be mobilized for synaptic
transmission is likely to have pro-
nounced functional effects.

In evaluating compartmentalized
changes in GABA, we have examined
one brain nucleus. The degree to which
our data can be generalized will depend
on the results of similar studies in other
brain areas. We have previously report-
ed that different brain regions show dif-
ferent degrees of change in GABA after
AOAA and DPA (19). Moreover, the
brain areas most affected by DPA were
not those most affected by AOAA. We
have recently found (20) that the profile
of GABA elevation across brain areas af-
ter y-vinyl-GABA more closely resem-
bles that obtained with AGAA than that
obtained with DPA. Perhaps the dif-
ferent regional responses to these drugs
reflect variations both in the relative den-
sity of GABA-containing nerve terminals
and in the turnover rate of GABA across
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brain regions (3). It is therefore likely
that the physiological and behavioral ef-
fects of these drugs may be a function of
both their ability to elevate GABA in
nerve terminals and their ability to exert
this effect in specific brain regions.
KAREN GALE
MiIcHAEL J. IADAROLA
Department of Pharmacology,
Georgetown University Schools of
Medicine and Dentistry,
Washington, D.C. 20007
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ment. .
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Glutamine- and N-Acetylglutamate-Dependent

Carbamoyl Phosphate Synthetase in Elasmobranchs

Abstract. High levels of glutamine- and N-acetyl-1-glutamate-dependent carba-
moyl phosphate synthetase activity are present in liver extracts of marine species of
fish that retain high levels of urea in their tissues for the purpose of osmoregulation.
The function of the synthetase in these species appears to be related to urea syn-

thesis.

Carbamoyl phosphate is utilized in the
first step of two major metabolic path-
ways, one leading to biosynthesis of uri-
dine monophosphate and the pyrimidine
nucleotides and the other leading to bio-
synthesis of arginine or urea (or both)
(1). At least three different kinds of en-
zymes catalyzing carbamoyl phosphate
formation have been identified on the
basis of substrate specificity (that is, the
nitrogen donating substrate) and cofac-
tor requirements. Carbamoyl phosphate
synthetase I (CPSase ) is located specif-
ically in the liver mitochondria of ure-
ogenic animals, requires N-acetyl-L-
glutamate (NAG) as a cofactor, and uti-
lizes only ammonia as the nitrogen do-
nating substrate (/, 2). The properties of
CPSase I are related to its function in
ammonia detoxification via the urea
cycle 2). The K,, (Michaelis constant)
for ammonia is relatively low (about
2 mM), and the requirement of NAG for
CPSase I activity is considered a mecha-
nism for regulating urea cycle activity in
response to the level of the amino acid
pool.

CPSase II utilizes glutamine rather
than ammonia as the physiologically sig-
nificant nitrogen donating substrate, and
NAG is not required for catalytic activity
(I, 3). Like other amidotransferases,
CPSase II from most sources will utilize
ammonia in place of glutamine as the ni-

trogen-donating substrate, but concen-
trations of at least 0.1M are required for
full activity. The function of CPSase II is
related to pyrimidine nucleotide biosyn-
thesis in higher animals and to both argi-
nine and pyrimidine nucleotide biosyn-
thesis in other animal species and prob-
ably in plants.

Trammel and Campbell have reported
the presence in several invertebrate spe-
cies of a third type of CPSase, CPSase
III @). This enzyme, like CPSase II,
utilizes glutamine as the nitrogen-donat-
ing substrate, but, like CPSase I, it
requires NAG as a cofactor. We have
found CPSase III activity in liver of large-
mouth bass (Micropterus salmoides), a
freshwater teleost fish, thus establishing
that CPSase III is also present in verte-
brates (5).

The requirement for NAG suggests
that the function of CPSase III may be
related to the urea cycle. In the case of
fish, most species show various levels of
urea in their tissues and do excrete urea
6, 7). The level of urea in the tissues of
most bony fish such as the teleosts in Os-
teichthyes is usually very low (0.01 to
0.03 percent) (6, 8). Although all five of
the enzymes required for the urea cycle,
including CPSase, are present in several
species of teleosts, the activities are
generally low (8, 9). In contrast, marine
cartilaginous fish in the class Chon-
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