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Abstract—Intraperitoneal injection of 3-mercaptopropionic acid into rats caused severe
convulsions which started after about 7 min. Of the amino acids examined only the level
of GABA changed after 4 min and immediately before (6:5-7 min) the convulsions started.
The decrease in GABA concentration detected immediately before the onset of convulsions
was about 35 per cent in the cerebral cortex. corpus striatum and cerebellum, 30 per cent
in pons-medulla and 209 in hippocampus. Concomitant with the fall in GABA there was
a large, reversible inhibition of glutamate decarboxylase activity in the brain. The uptake
of GABA into synaptosomes isolated after injection of the convulsive agent was not
reduced, and the uptake of GABA into synaptosomes was not inhibited by high con-
centrations of 3-mercaptopropionic acid added in vitro. During convulsions levels of aspar-
tate and taurine decreased significantly in all the brain regions investigated. A small increase
in glutamine was detected in pons-medulla and in cerebellum. Major changes in the con-
centrations of other amino acids such as glutamate, alanine, serine and glycine were found
only in corpus striatum.

SEVERAL convulsive agents alter the levels of amino acids in the brain. In particular
attention has been focused on changes in GABA and glutamine.'~* Also changes in
taurine concentrations in the brain are considered to be of importance in epileptic
seizures.>® Injection of high doses of 3-mercaptopropionic acid (MP) leads to run-
ning and jumping fits of very sudden onset.” Lamar® showed that this agent inhibits
both glutamate decarboxylase (L-glutamate I1-carboxylyase EC 4.1.1.15, GAD) and
bacterial GABA aminotransferase (4-aminobutyrate:2-oxoglutarate aminotransfer-
ase EC 2.6.1.19) in vitro. Rodriguez de Lores Arnaiz et al.?-1° reported that the levels
of several amino acids and several enzymes connected with glutamate metabolism
in cerebellum and cerebral cortex change during convulsions induced by MP. In
addition morphological changes of Purkinje cells and some terminals were described.

In the present investigation we have studied the effect of MP on the concentrations
of amino acids and GAD in different regions of the brain, paying particular attention
to the period prior to the convulsions. In this way we hoped to demonstrate the bio-
chemical changes leading to the convulsion rather than the changes caused by the
convulsions. In addition we investigated the effect of MP on the uptake of GABA
into synaptosomes.
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MATERIALS AND METHODS

Adult male Wistar rats (150-200 g) were injected intraperitoneally under light
ether anesthesia with a freshly prepared solution of MP (Koch-Light Laboratories
Inc.) in 099, NaCl. Control animals were injected with 0-9%, NaCl only. The rats
were decapitated after 4,7,15,30 or 60 min and the brains were immediately taken
out and placed on ice (maximum one min). The pons-medulla, cerebellum, hippo-
campus, corpus striatum and cortex were rapidly dissected out. For amino acid
determination the different parts were homogenized in 10%, (w/v) trichloroacetic acid
(TCA) (maximum 10 min after decapitation). For the determination of GAD and
choline acetyltransferase (acetyl-CoA: choline O-acetyltransferase EC 2.3.1.6) the tis-
sue was homogenized in 25 mM sodium phosphate buffer, pH 7-4. In some exper-
iments aminooxyacetic acid 25 mg/kg was injected intraperitoneally into rats | hour
prior to the administration of MP or saline.

Determination of amino acids. Amino acids were analyzed by a modification of the
method of Briel and Neuhoff.'! The method is based on reaction of the amino acids
with (dimethyl-!*C)-1-dimethylamino-napthalene-5-suifonyl chloride ((**C)DNS Cl,
Commissariat & PEnergie Atomique, Departement des Radio¢lément, Gif-sur-Yvette,
France). The ('*C)DNS-amino acids were separated by two dimensional tlc., and
the amounts of (**C)DNS-amino acids were determined by liquid scintillation count-
ing. The yields of DNS-amino acids are governed by pH, temperature, reaction time
and the ratio between the concentration of DNS Cl and amino acids,!! and care was
taken to standardize the reaction conditions. The TCA homogenates were centri-
fuged for 30 min at 20,000 ¢, the residues washed with 109 (w/v) TCA and recentri-
fuged for 10 min at 20,000 g. The combined supernatants were shaken with ether to
remove TCA. The solutions were then evaporated to dryness and the residues dis-
solved in 02 M NaHCO;, pH 90, giving a final concentration of 0-5 mg wet wt of
brain tissue/20 ul, i.e. about 25 nmoles of amino acids/20 ul of NaHCOj solution. To
20 pl of this solution was added 20 ul 12-5 mM solution of (**C)DNS Cl in acetone
(DNS Cl: amino acid ratio about 10:1). The dansylation was allowed to proceed at
room temperature for 2 hr. After evaporation to dryness the DNS-amino acids were
solubilized in acetone—IN HCL (19:1). The DNS-amino acids were separated by
two-dimensional chromatography on silica gel.'? The thin layer chromatograms were
developed with toluene-pyridine—acetic acid (100: 50:3-5, by vol.) as the primary sol-
vent and toluene-2-chloroethanol-25%, NH; (100:80:6-7, by vol.) as the secondary
solvent; DNS-taurine was separated from DNS-OH after removing all the other
DNS-amino acid spots and rechromatographing DNS-taurine in the secondary sol-
vent (Fig. 1). To the fluorescent spots of (**C)DNS-amino acids was added a solution
of 2:5% (w/v) collodion in ether/alcohol (7:1, v/v). After drying, the spots could be
removed with a pincette and transferred to counting vials containing 10 ml toluene—
Triton (2: 1, v/v) scintillation mixture. The recoveries of the amino acids were deter-
mined in separate experiments adding tracer amounts of (*H)amino acids to the
homogenates. The recoveries were: glutamate 60%, GABA 909, aspartate 959, gly-
cine 75%, serine 65%, alanine 1009, glutamine 80%, taurine 80%,. The recoveries
were taken into account in the tables and figures.

Determination of choline acetyltransferase activity. Choline acetyltransferase was
assayed as described by Fonnum.!® To 2 ul of a 409, (w/v) brain homogenate was
added 2 pl of an incubation medium to give (final concn): 200 mM NaCl, 4 mM
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EDTA, 17 mM sodium phosphate buffer pH 7-4, 0-06 mM physostigmine, 6 mM cho-
line-and 0-10 mM (1-'*C)acetyl-CoA (New England Nuclear Corp., Boston Mass),
and 0-059 Triton X-100. After prewarming of both enzyme and substrate at 37°, the
incubation was carried out for 1 min.
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F1G. 1. Separation of DNS-amino acids from brain tissue by t.l.c. on silica gel. The directions of chromat-

ography are indicated by arrows. (a) Two-dimensional separation of DNS-amino acids. (b) Separation

of DNS-taurine and DNS-OH, by a third run in the direction of the first run after the other DNS-amino

acid spots have been removed. The numbers on the chromatograms refer to: 1. DNS-aspartate; 2. DNS-

glutamate; 3. DNS-GABA ; 4. DNS-alanine; 5. DNS-glycine: 6. DNS-threonine: 7. DNS-serine; 8. DNS-
glutamine + DNS-asparagine; 9. DNS-taurine; 10. DNS-OH; 11. DNS-NH, .

Determination of GAD activity. GAD was assayed as previously described.!* To 2
ul of a brain homogenate was added 2 pl of an incubation mixture to give (final
concn): 097 mM L-(-'*C)glutamate (The Radiochemical Centre, Amersham, 20 mCi/
mmol), 3-85 mM L-glutamate, 0-2 mM pyridoxal phosphate, 2 mM dithiothreitol, 38
mM sodium phosphate buffer, pH 6:5, I mM KCl and 0-2%; Triton X-100. In addi-
tion about 2 mM L-glutamate (final concn) were suuplied by the 40% brain homo-
genate. The incubation was carried out for 10 min at 41°C with a 40%(w/v) homo-
genate and for 30 min with more dilute homogenates.

GABA uptake. GABA uptake activity was measured in vitro largely as described
by Iversen and Johnston.'® Twenty ul of homogenate prepared in 0-32 M sucrose
was added to 2 ml of Krebs phosphate solution and after 5 min preincubation at
25° 200 wl of (2,3-*H)GABA (10 Ci/m-mole, New England Nuclear Corp., Boston,
Mass.) was added to give a final concentration of 5 x 10™# M (in vivo injection of
MP) or 1077 M (MP added in vitro) of labelled GABA. The incubation was con-
tinued for 10 min, the samples were then cooled on ice, and centrifuged at 27,000
g for 10 min. The pellets were rinsed with 5 ml of cold 0-9%, NaCl, resuspended in
1-2 ml of 109 Triton X-100 and counted in Triton-toluene (1:2) scintillation mix-
ture. Passive binding of GABA was corrected for as described.!> When MP was
present in the incubation medium it was added 5 min before the labelled GABA.

RESULTS
Intraperitoneal injections of MP into rat caused after about 7 min a very sudden
onset of convulsions. The time for the onset of the convulsion was almost indepen-
dent of the doses used by us. With low doses (35 mg/kg) the animals apparently re-
covered from convulsions after 15 min, with higher doses (90 mg/kg) they recovered
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after 30 min, and with even higher doses (150 mg/kg and 180 mg/kg) the animals
died within 30 min. Rats injected with 25 mg/kg of aminocoxyacetic acid 1 hour prior
to the administration of MP (50 mg/kg) showed no convulsions. The onset of convul-
sions was delayed to about 15 min in animals receiving higher doses of MP (90 mg/
kg). Rats treated with aminooxyacetic acid appeared very sedate.

The amino acid values, as obtained with the dansylation technique, correspond
with those previously obtained by other methods.!® In two-dimensional thin layer
chromatograms (Fig. 1) DNS-glutamine and DNS-asparagine were not separated
and the values were given as the sum of these two. Difficulties were encountered in
separating DNS-taurine from DNS-OH, and made the determination of taurine
more laborious and consequently less accurate, than that of the other amino acids.
Instantaneous freezing of the tissue was deemed unnecessary for the present study
since amino acids such as glutamate and GABA change relatively slowly post mor-
tem.!”

GABA was the only amino acid that was significantly changed prior to the convul-
sions. A decrease of 20-30 per cent was found in all regions of the brain examined
4 min after the injection (Table 1). Just before the onset of the convulsion, about 7
min after injection, the concentration of GABA was decreased 30-35 per cent in
medulla-pons, cerebellum, cerebral cortex and corpus striatum, and 20 per cent in
the hippocampus (Table 2). Animals which showed signs of convulsions at this time
were not used. The other amino acids showed only small and hardly significant
changes.

During convulsions (Table 3), at 15 min after injection, there were significant
changes in the levels of several amino acids in all regions of the brain. The largest
changes took place in corpus striatum and the smallest changes in hippocampus. The
levels of GABA, aspartate and taurine decreased in all parts of the brain examined.
All the amino acids examined except glutamine-asparagine decreased significantly in
corpus striatum. There was a small increase of glutamine-asparagine in pons-medulla
and cerebellum and a less pronounced, but significant, increase of glutamate in pons-
medulla. In one animal which received 150 rather than 90 mg/kg the results were
similar to those in Table 3, but the changes in amino acids were slightly more pro-
nounced. After 30 min the convulsions subsided and the amino acid levels
approached normal values (2 animals). The GABA levels at this time were 10 per
cent above those obtained at 15 min, the aspartate levels were still below normal in
pons, hippocampus and striatum; glycine was low only in hippocampus.

The effect of MP on GAD was also investigated. The assay conditions were
selected to be suboptimal with respect to glutamate concentration, because in vitro
experiments have shown that the convulsant is a competitive inhibitor of the
enzyme.® This was confirmed in experiments where the animals were killed 15 min
after injection of MP (90 mg/kg), the degree of enzyme inhibition being very depen-
dent on the final concentration of tissue. Thus with 20 per cent homogenates (final
concentration) of hippocampus and cortex in the incubation medium 43 and 54 per
cent of the enzyme activity was inhibited, respectively. In 2-5 per cent homogenates
(final concentration) the corresponding inhibition was 10 and O per cent, and in 1
per cent homogenates no inhibition could be detected. In the subsequent experiments
we therefore selected 209, homogenates for enzyme assays. There was a pronounced
and significant decrease of GAD already 4 min after injection of MP (50 mg/kg). The
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time course for GAD activity (Fig. 2) agrees well with that of GABA concentration
(Tables 1-3) prior to and during convulsions. When the convulsions subsided the
activity of GAD returned to normal. Table 4 shows that GAD, but not ChAc, de-
creased in all regions of the brain examined. ChAc was taken as a control to exclude
any general effects of neurons. There was a slight regional variation in the decrease
of GAD activity which did not coincide with the regional variation in GABA levels.
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F1G. 2. Activity of glutamate decarboxylase in the rat cerebral cortex (®) and hippocampus (A) as a func-

tion of time after administration of 3-mercaptopropionic acid (50 mg/kg). Enzyme activities were mea-

sured in 20% homogenates (final concentration) and given as %, of controls injected with 0-99; NaCl. The
points represent mean values from 2 or 4 animals, S.E.M. being within 10%; of the mean.

The uptake of GABA in brain homogenates, presumably into synaptosomes,
was studied after injection of high doses of MP (180 mg/kg) or in normal animals
by including high concentrations of MP (0-1, | and 10 mM) in the incubation
medium. We did not find any effect of MP in these experiments.

DISCUSSION

Injection of MP in doses that produce convulsions led to a rapid fall in the activity
of GAD in rat brain (Fig. 2). This was accompanied by a decrease in the content
of GABA in all regions of the brain investigated (Tables 1-3). The levels of GABA
and GAD decreased prior to the onset of convulsions. The level of amino acids other
than GABA did not change until during the convulsions.

The inhibition of GAD was easily reversible and was only detected at high tissue
coneentrations. This finding is in accordance with the in vitro studies of Lamar,® who
showed that GAD is inhibited reversibly and competitively with respect to gluta-
mate, and that the inhibition in vitro did not involve the coenzyme pyridoxal phos-
phate.
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Our results extend the work of Rodriguez de Lores Arnaiz et al. who found that
the level of several amino acids and enzymes changed in the cerebellum® and cerebral
cortex'® during convulsions induced by MP. They did not study the effects of MP
prior to the onset of convulsions. Their results differ to some extent from ours. They
found a significant reduction of GABA in cerebellum at low doses (75 mg/kg) of MP,
but in cerebral cortex only at high doses (150 mg/kg). They found a large and signifi-
cant increase in alanine in both regions of the brain and a significant fall in aspartate
only in cerebellum. They did not examine taurine. Although they demonstrate in the
last paper!® that GAD is reversibly inhibited, they selected assay conditions (too low
concentration of tissue and too high concentration of glutamate) that permit only
a slight inhibition of GAD to be detected. This is probably the reason for their failure
to demonstrate an effect of MP on GAD in nerve terminals.!’

Rodriguez de Lores Arnaiz et al. ascribed the convulsive action of MP to a general
disturbance of the glutamate-GABA metabolism.® Our results strongly suggest that
the convulsions are caused by a reduction of GABA in the brain and that this reduc-
tion is caused by inhibition of GAD. Alternatively the decrease in GABA might be
explained by the alleged activation of GABA aminotransferase.® The close correla-
tion which exists between the levels of GAD and GABA in the brain, but not between
the levels of GABA and GABA-aminotransferase'® makes this possibility less likely.

We did not find any evidence for an inhibition of GABA uptake into synaptosomes
in homogenates from animals injected with high doses of MP or in homogenates in-
cubated with high concentrations of MP (up to 10 mM). Previously no effect on
GABA uptake was obtained in vitro with lower concentrations (0-2 mM) of MP.'?
Since the uptake of GABA was undisturbed in animals injected with high doses of
MP and since the levels of GAD returned to normal values 1 hr after injection of MP,
or simply on dilution of the tissue homogenate, the loss of GABA is unlikely to be
caused by rapid degenerative changes in the GABA-ergic structures. Rodriguez de
Lores Arnaiz et al. described extensive morphological changes in the Purkinje cells
in cerebellum,’ but no such effect in the nervous elements in the cerebral cortex.!”
The reported “degenerative” reaction of the Purkinje cells® is therefore not represen-
tative of GABA-ergic neurons in general.

The degree of inhibition of GAD in vive is difficult to estimate, since the intrater-
minal concentrations of MP and glutamate are unknown, but there are reasons to
believe that it would be very high. Firstly, if we presume that glutamate is uniformly
distributed in the brain (10 mM) and that MP is uniformly distributed in the body
{(0-8 mM), the enzyme would be 80-90 per cent inhibited according to the data of
Lamar.® Secondly, we found 50 per cent inhibition of GAD in a test system with 10
mM glutamate and where the MP concentration was diluted 5-fold (20 per cent
homogenate). Thirdly, the latency before the convulsions started was about the same
in rats treated with from 35 to 180 mg/kg of MP. These data could be interpreted
as indicating that GAD is rapidly and nearly totally inhibited after the injection of
MP and that the rate of metabolism of GABA determines when (and if) the con-
centration of GABA drops below the “convulsion level”. The reported regional varia-
tion in reduction of GABA, probably reflects the regional variation in the rate of
metabolism of GABA, which does not coincide with that of GAD. The half life for
the metabolism of labelled GABA formed from labelled acetate was previously found
to be about 10 min.?® The turnover of labelled GABA injected intraventricularly has
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been reported to exhibit two phases, a rapid phase with a half-life of about 30 min
and a slower phase with a half-life of several hours.?' The faster turn-over rate cor-
responds with the fall in GABA observed by us.

Administration of aminooxyacetic acid prior to the convulsions either delayed or
completely abolished the effect of MP. These findings strongly support the concept
that the convulsions are caused by a loss of GABA in the brain, since aminooxyacetic
acid increases the level of GABA by blocking its metabolism.?? Therefore it either
takes a longer time before the concentration of GABA falls below the “convulsion
level”, or it never does so.

It is of interest to notice that aspartate and taurine decreased in all parts of the
brain during convulsions, since these two amino acids also decrease during epileptic
seizures.*® Taurine is formed by the action of an enzyme closely related to GAD
on cysteinesulfinic acid,?? which is structurally similar to MP. Like the fall in GABA,
the marked reduction of taurine could therefore possibly be caused by inhibition of
synthesis, although it does not appear until during convulsions.

Small increases of glutamine and asparagine were only found in medulla-pons and
cerebellum (Table 3). Other convulsive agents such as methionine sulfoximine, cause
formation of ammonia in the brain leading to large increases in glutamine.® The dra-
matic changes which take place in striatum during convulsions (Table 3} are striking.
They may be related to the particular role this structure plays in the regulation of
motor functions. These changes may be simply caused by disturbance of the meta-
bolic balance resulting from the convulsions.
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