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In this paper we have shown that [-carnitine, admin-
istered by different routes, elicits different degrees of pro-
tection against lethal doses of ammonium acetate. Intra-
peritoneal injection of L-carnitine results in its preferential
accumulation in brain. muscle and blood. while intravenous
administration increases its location preferentiaily in liver.
L-Carnitine has a clear stimulating effect on urea synthesis
in mice challenged with non-lethal doses of ammonium
acetate. This effect is seen for all routes tested. The results
shown here support the postulation that the protection
afforded by L-carnitine against acute hyperammonemia
may have two components.
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y-Acetylenic GABA antagonizes the decrease in synaptosomal GABA concentrations
but not the seizures induced by 3-mercaptopropionic acid in rats

(Received 27 February 1986; accepted 10 April 1986)

y-Aminobutyric acid (GABA), the mayor inhibitory neuro-
transmitter in mammalian brain, is thought to play a crucial
role in the regulation of brain excitability. Thus, drugs
which decrease synaptic GABA levels or act as antagonists
at postsynaptic GABA receptors cause convulsions [1],
whereas drugs which increase synaptic GABA con-
centrations or stimulate GABA receptors exert anti-
convulsant effects {2]. Accordingly, evidence for impaired
GABAergic activity has been found in several animal
models of epilepsy, such as epileptic gerbils [3], epileptic
dogs [4], and kindled rats 5], as well as in patients with
certain types of epilepsy [6-8]. This strongly indicates that
development of GABAmimetic drugs, i.e. compounds
which selectively increase GABAmediated neurotrans-
mission, may be a promising strategy in the search for new
antiepileptic drugs. One category of GABAmimetic drugs,
which has been extensively studied in this respect, are
inhibitors of the GABA degrading enzyme GABA amino-
transferase (GABA-T) [9, 10]. As shown by studies on
GABA concentrations at the subcellular level, GABA-T
inhibitors induce significant increases of GABA in nerve
terminals (synaptosomes) of brain tissue [11-17], which
obviously explain the anticonvulsant efficacy of such drugs
in certain animal models of epilepsy {2, 10]. However, more
recently we found that the time course of synaptosomal
GABA increases induced by inhibition of GABA-T does
not correlate with the time course of anticonvulsant effects
obtained in this way [18]. In fact, at the time of maximum
increase of GABA levels in synaptosomes, no effect on
seizure thresholds could be determined [18). This finding
may relate to results of recent experiments of Abe and
Matsuda [19], which suggested that two GABA pools exist
in GABAergic nerve terminals, only one of which is pre-

ferentially associated with synaptic transmission. This pool
is apparently not under the influence of GABA-T but is
dependent on the activity of the GABA-synthesizing
enzyme glutamate decarboxylase (GAD) [19]. Thus, inhi-
bition of presynaptic GABA-T may be a relatively ineffec-
tive approach to enhance GABA-mediated transmission,
which may explain the weak anticonvulsant efficacy of
GABA-T inhibitors in most seizure models [20]. To inves-
tigate further the possibility that two pools of GABA with
different functional meaning exist in nerve terminals, we
examined the effects of the irreversible GABA-T inhibitor
y-acetylenic GABA (GAG) on seizures and the decrcase
in nerve terminal GABA levels induced by the convulsant
3-mercaptopropionic acid (3-MP) in rats. 3-MP is a selective
inhibitor of GAD and is thought to cause seizures by
decreasing synaptic GABA levels [21-25]. GAG was
administered 4 hr prior to 3-MP, because after this time
maximum effects of GAG on GABA concentrations in
brain tissue and synaptosomes are reached [9, 12, 14]. To
study the effects of GAG and 3-MP on GABA in nerve
endings, a recently developed technique was used which
allows the measurement of synaptosomal GABA levels in
various discrete regions of one rat brain [23]. For compari-
son, GABA was also determined in whole tissue of the
respective brain areas.

Materials and methods

For all experiments, female rats of the Wistar strain,
weighing 200-220 g, were used. For the neurochemical
determinations, groups of 10 rats were either injected with
3-MP, 50 mg/kg i.p., alone or after pretreatment with
GAG, 100 mg/kg i.p. 4 hr before injection of 3-MP. The
animals were killed by decapitation 3 min after injection of
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the convulsant. Rats which already exhibited seizures at
this time (mean seizure latency was 4 min with a range of
3-5 min) were not used in order to avoid unspecific effects
of seizure activity on GABA levels. Five rats of each group
were used for GABA determinations in whole tissue of
brain regions and the other five for GABA analysis in
synaptosomal fractions of the respective regions. Groups
of five rats injected concomitantly with saline served as
controls. Each rat brain was rapidly removed and dissected
on a cold plate at —18° within 4 min after decapitation into
11 brain regions as described elsewhere [13]. For GABA
determinations in whole tissue of brain regions, the indi-
vidual regions were homogenized in 2 ml of 80% ethanol
immediately after dissection, and GABA was measured
by the enzymatic “GABAase” method [26] as described
recently [13]. For measurement of GABA in synaptosomes,
the individual regions were processed as shown in Fig. 1.
Details of the subcellular fractionation technique used have
been reported elsewhere [23], and it was shown that synap-
tosomal fractions obtained by this technique consist pri-
marily of synaptosomes, whereas contamination with non-
synaptosomal mitochondria and glia cells is very low [23].
3-MP was included in the homogenizing medium of all
samples at 1 mM in order to prevent in vitro increases of
GABA during homogenisation and fractionation pro-
cedures [13, 23]. The GABA content of synaptosomal frac-
tions was determined by a radioreceptor assay [27]. Protein
was measured in whole tissue homogenates and synap-
tosomal fractions by the procedure of Lowry er al. [28] as
modified by Markwell et al. [29].
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The effects of GAG on seizures induced by 3-MP (50
mg/kg i.p.) was determined in further groups of 10 rats,
which were observed for 30 min after injection of the con-
vulsant. Seizures occurring in this time were rated as
follows: 0, no seizure; 1, running seizures; 2, clonic seizures;
3, clonic seizures with loss of righting reflexes; 4, tonic
forelimb extension; 5, tonic hindlimb extension. The maxi-
mum score for each rat was recorded and the mean of the 10
animals was used for comparison with rats which received 3-
MP alone.

Results and discussion

As shown in Table 1, GAG exerted no significant effect
on the percentage of animals convulsing or mean severity
of the convulsions following injection of 3-MP. The only
significant effect of GAG was an increase in the latency of
the seizures. However, this effect was most marked 4 hr
after administration of 50 mg/kg GAG, whereas 4 hr after
100 mg/kg, seizure latency was not different from values
determined with 3-MP alone. Since GAG (100 mg/kg) had
been reported to protect mice from seizures induced by 3-
MP when injected 30 min prior to the convulsant [14], we
did this experiment also in rats, but found no anticonvulsant
effect of GAG except a moderate increase in seizure latency
(Table 1).

The effects of 3-MP alone and of combined treatment
with GAG and 3-MP on GABA levels in whole tissue and
synaptosomal fractions of various brain regions is shown in
Fig. 2. As already reported recently [23], 3-MP injected
alone decreased GABA levels in most brain regions; how-

Dissection at -18°C (3 min)
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thal amus
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Homogenisation in 1 ml 0.32 M sucrose (4°C; buffered to pH 7.0 with TRIS).

In case of GABA determinations, the sucrose contains 1 mM 3-mercaptopropionic acid

Centrifugation at 1000 g for 10 min

Supernatant fluid (Sl) collected and layered onto 1 ml 1.2 M sucrose.

Gradient centrifugation at 220 000 g for 15 min

Gradient interface (synaptosomes, myelin, some microsomes) collected and layered onto 1 ml

0.8 M sucrose. Gradient centrifugation at 220 000 g for 15 min
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Fig. 1. Scheme for isolation of synaptosomal fractions from 11 regions of one rat brain. For details see
Léscher et al. [23].
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Table 1. Effect of GAG on seizures induced by 3-MP (50 mg/kg i.p.) in rats

Latency to
Dose of GAG Time No. of % convulsions Seizure Mortality
(mg/kg i.p.) (hr) rats convulsing (min) score (%)
— — 10 90 4.0=02 4105 50
50 4 10 100 7.7 = 0.7+ 40=03 30
100 0.5 10 80 5.2 £ 0.4* 3707 10
100 4 10 80 3907 3606 50

GAG was injected prior to 3-MP at the times indicated. Seizure latency and score are given as
means * SE. Significance of differences to animals injected with 3-MP alone are marked by asterisks

(*P < 0.02, +P < 0.001).

ever, differences were found between whole tissue and
synaptosomal GABA alterations. Significant decreases in
whole tissue GABA levels were determined in cortex,
striatum, thalamus, tectum, pons and cerebellum, whereas
GABA levels in olfactory bulb, hippocampus, hypo-
thalamus, substantia nigra, and medulla were not sig-
nificantly different from the saline-injected controls. As in
whole tissue, GABA levels in synaptosomes were sig-
nificantly reduced in thalamus, tectum, and cerebellum
and, in contrast to whole tissue, also in olfactory bulb
and hippocampus. However, in some regions, i.e. corpus
striatum, pons and cerebellum, the relative decreases of
GABA in whole tissue were more marked than those in
synaptosomes. This might relate to the previous finding
that in some regions, ¢.g. the cerebellum, 3-MP not only
inhibits GAD but also increases GABA-T [24,25], an
enzyme which in contrast to GAD is localized to a signifi-
cant extent in non-nerve terminal compartments.

Pretreatment of rats with GAG, 100 mg/kg 4 hr prior to
injection of 3-MP, antagonized completely the decreases
in GABA concentrations induced by 3-MP alone (Fig. 2).
In fact, except in tectum and pons, GABA levels were
increased significantly in both whole tissue and synap-
tosomes of the brain regions examined shortly before the
seizures. The most marked increases were found in the
forebrain areas and the cerebellum.

The present experiments demonstrate that although
GAG at the pretreatment time used for the neurochemical
determinations did not exert any anticonvulsant effect on
seizures induced by 3-MP, it prevented the decrease in
nerve terminal GABA brought about by 3-MP. This appar-
ent paradox may be explained by the already mentioned
recent findings of Abe and Matsuda [19] suggesting the
existence of 2 different GABA pools in nerve terminals.
The latter authors concluded from their subcellular experi-
ments with [“Clglutamic acid and [*HJGABA that one
pool consists of newly synthesized GABA and waits in
cytoplasm (probably near the presynaptic membrane) to
be released into the synaptic cleft. This pool is associated
with GAD and is not under the influence of GABA-T.
Inhibition of GAD by 3-MP would thus directly decrease
the amount of GABA which is available for synaptic trans-
mission. The second pool consists of newly taken up GABA
from the synaptic cleft and stays in synaptic vesicles ( poss-
ibly near synaptic mitochondria) to be degraded. Stimu-
lated release of GABA from this pool, which is closely
under the influence of GABA-T, is significantly lower than
that from the newly synthesized GABA pool. By inhibition

of GABA-T, GAG would thus only increase the level of
newly taken up GABA without enhancing the level of
newly synthesized GABA. Actually, Abe and Matsuda [19]
have shown that treatment of mice with another GABA-T
inhibitor, namely aminooxyacetic acid, enhances the level
of newly taken up GABA about 3-fold without any effect
on the level of newly synthesized GABA. In experiments
with synaptosomes as in the present study, the marked
effect of GABA-T inhibition of newly taken up GABA
may thus mask alterations in the functional more relevant
pool of GABA in nerve terminals. In other words, 3-MP
could decrease the amount of GABA to be released despite
synaptosomal GABA levels appear to be elevated by GAG.
In this respect, it should be noted, however, that GAG
not only inhibits GABA-T but also causes (less marked)
inhibition of GAD [12], which may be relevant for experi-
ments with 3-MP. Nevertheless, other inhibitors of GABA-
T, such as y-vinyl GABA (GVG) and ethanolamine-O-
sulfate, which even at very high doses do not inhibit GAD,
have also been reported as being ineffective against seizures
induced by 3-MP [20, 30]. In contrast, aminooxyacetic acid
at doses which do not inhibit GAD in vivo [12] has recently
been shown to attenuate 3-MP induced seizures in rats, but
this effect may be unrelated to the GABA elevating action
of this GABA-T inhibitor [18). At toxic doses, both AOAA
and GAG themselves cause seizures, which seem to be the
consequence of marked inhibition of GAD [9, 31, 32].

Although further experiments with other inhibitors of
GABA-T are necessary before definite conclusions can be
drawn, the present data on GAG using 3-MP as a tool to
induce GABA impairment may indicate that GABA-T
inhibitors are no candidate drugs for diseases which involve
impairment of GABA-mediated neurotransmission caused
by reduction of GAD activity. In fact, GAG and GVG both
were found to be ineffective in patients with Huntington’s
disease, which is known to be associated with decreased
GAD activity in certain brain regions [30]. On the other
hand, however, recent clinical reports indicate that high
doses of GVG may be an efficacious treatment for certain
types of epilepsy [30]. In any event, with respect to the
different pharmacological possibilities to enhance GABA
mediated neurotransmission, one may assume that GABA-
mimetic drugs which directly increase synaptic GABA con-
centrations by inhibition of GABA uptake from the syn-
aptic cleft, or act as GABA agonists at GABA receptors
are more effective than GABA-T inhibitors in restoring
normal GABA function in diseases in which a deficiency
in GABA has been implicated [33, 34].



Short communications 3179

[ %] Change in GABA levels E-MP,SOmglkg i_p,,3minJ

+301 D whole tissue

. synaptosomes

S|

LYY

Pz d

-100-
[%]

| Rl

RS

L2224

+250 3-MP,50mg/kgip., 3min, wnun

L2y

“ane

+2004
s ld

.150W b 3

sens

AOOW

04
Olfactory Frontal Corpus Hippo- Thalamus
bulb cortex  strgtum campus

JT &hrafter GAG, 100 mg/kg i.p.

(2T

—euy

“nes

Hype- Tectum Substanta Pons Cerebellum Medulla
thalamus nigra oblongata

Fig. 2. Effect of 3-MP (50 mg/kgi.p. 3 min before decapitation) alone and after pretreatment with GAG
(100 mg/kg i.p., 4 hr before 3-MP) on GABA levels in whole tissue and synaptosomal fractions of 11
rat brain regions. Results are expressed as percentage changes {mean = SE) from concurrent control
values; 5 animals were used per group. The significance of differences from the individual control groups
is indicated by asterisks *P < 0.05; **P < 0.02; ***P < 0.01; ****P < 0.001). Control values for GABA
in whole tissue and synaptosomal fractions (in brackets) of the respective regions in nmol/mg of
protein (means = SE of 10 rats) were: olfactory bulb, 23.7 = 2.5 (16.2 = 1.3); frontal cortex, 10.8 = 1.3
(12.2 = 2.8); corpus striatum, 17.6 = 1.8 (17.9 = 3.2); hippocampus, 11.3 = 1.6 (13.0 = 1.8); thalamus,
17.3 = 3.1 (18.7 = 2.6); hypothalamus, 20.0 = 1.9 (20.7 = 2.8); tectum, 20.1 = 1.3 (20.7 = 2.8); sub-
stantia nigra, 16.8 * 2.5 (23.3 = 3.1); pons, 12.9 £ 1.5 (17.6 * 2.0); cerebellum, 9.4 + 1.1 (18.0 + 2.3);
and medulla oblongata, 8.7 = 0.9 (22.5 = 2.9).
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Effect of dietary ascorbate on covalent binding of benzene to bone marrow and
hepatic tissue in vivo*

(Received 29 October 1985; accepted 14 February 1986)

Benzene produces aplastic anemia in humans and is a
human leukemogen [1,2). The biochemical mechanics
whereby benzene produces these effects are presently
unknown. However, several reports have demonstrated a
relationship between covalent binding in the bone marrow,
the target site, and benzene-induced blood dyscrasia in
laboratory animals [3, 4]. Toxicity appears to be the result
of the metabolic activation of benzene [5, 6]. Ascorbate
has been shown to be effective in preventing the in vitro
covalent binding of the metabolites of benzene and phenol,
the major metabolite of benzene [7-9]. We have demon-
strated previously that, when phenol and hydrogen per-
oxide are incubated with bone marrow preparations
isolated from guinea pigs with low ascorbate tissue con-
centration, there is a 4-fold increase in in vitro covalent
binding of phenol equivalents to bone marrow tissue when
compared to guinea pigs on a high ascorbate intake [9].
Ascorbate cannot be synthesized in the guinea pig or human
and must be procured through dietary intake, and the
concentrations of ascorbate in tissue can vary widely from
individual to individual due to their respective dietary
intake [10]. In the present communication, we have inves-
tigated the effect of ascorbate on covalent binding of
[*“C]benzene metabolites in vivo. To evaluate the effect of
ascorbate on covalent binding in vivo, guinea pigs were
placed on different dietary intakes of ascorbate followed
by i.p. administration of [“C]benzene.

* This work was supported in part by Grant 23007 from
Hoffmann-La Roche, Nutley, NJ.

Covalent binding was inversely related to dietary ascor-
bate intake and to the concentration of ascorbate in both
liver and bone marrow. Covalent binding was altered by 2-
and 1.4-fold in the liver and bone marrow respectively. The
concentration of ascorbate in bone marrow and hepatic
tissue ranged from 0.12 to 2.63 umoles/g tissue depending
upon the dietary intake.

Three groups of four male Hartley guinea pigs (200~
250 g) were placed on the following dietary intakes of
ascorbate: 2.0, 0.35 and 0.05mg ascorbate/ml drinking
water for 4 weeks prior to the i.p. administration of
benzene. Al guinea pigs received ascorbate-deficient
guinea pig chow ad lib. (ICN Nutritional Biochemicals,
Cleveland, OH). The growth rate for each group of guinea
pigs was not significantly different. The guinea pigs on the
lowest intake showed no signs of a scorbutic condition.
After 4 weeks on the diets, each guinea pig was injected
with 660 mg/kg ['*Clbenzene intraperitoneally twice, 12
and 6hr before termination. The specific activity of
[“C]benzene was either 52.7 or 15.2 uCi/uol. [*C]Benzene
was injected in 0.5 ml corn oil. Six hours after the second
injection the guinea pigs were terminated by decapitation.
Each liver was removed, and a 20% homogenate was made
with 100 mM sodium phosphate buffer, pH 7.4. Femurs
were removed from each guinea pig, and the bone marrow
was scraped out of the femoral cavity. Each marrow sample
was weighed and a 109% homogenate was prepared. Hepatic
homogenate (250 ul) and bone marrow homogenate
(1.2 ml) were extracted, and the covalently bound benzene
equivalents in these tissues were determined by the method



