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Abstract--A newly developed synaptosomal model was used to evaluate the in vivo effects of the 
GABA-elevating drugs aminooxyacetic acid (AOAA, 30 mg/kg i.p.) and valproic acid (VPA, 200 mg/ 
kg i.p.) on GABA levels in nerve endings of 11 brain regions in rats as a function of time after 
administration. The data obtained were compared with the magnitude and time course of the effects of 
both drugs in rats on body temperature, pain response and against seizures induced by electroshock, 
pentylenetetrazol and 3-mercaptopropionic acid. Following AOAA, maximum increases in synap- 
tosomal GABA levels of brain regions were observed 6 hr after administration. At this time, GABA 
was significantly elevated up to 300% over control values in synaptosomal fractions from all 11 regions. 
However, the hypothermic and antinociceptive effects of the drug as well as its anticonvulsant action 
against electroshock and pentylenetetrazol induced seizures were maximal 1 hr after injection and 
had vanished after 6 hr, i.e. at the time of maximum GABA increases in synaptosomes. The only 
pharmacological effect of AOAA which paralleled the time course of the synaptosomal GABA elevation 
was the attenuation of seizures induced by 3-mercaptopropionic acid. Following VPA, the effect on 
synaptosomal GABA levels was much more rapid in onset and significant increases were already 
determined 5 to 30 min after administration. Significant increases of up to 80% over control values were 
found in synaptosomal fractions from olfactory bulb, frontal cortex, hippocampus, hypothalamus, 
rectum, substantia nigra and cerebellum. In contrast to AOAA, the time course of the synaptosomal 
GABA increases, at least in some regions, was similar to the time course of VPA's antinociceptice 
effects and its anticonvulsant effects in the three seizure models studied. The data may suggest that 
AOAA and VPA increase different pools of GABA within nerve terminals, only one of which is 
involved in GABA-mediated neurotransmission. 

Several characteristics of the ~,-aminobutyric acid 
( G A B A )  system complicate our understanding of 
the role of this neurot ransmit ter  in brain functions. 
These characteristics include the regional distri- 
bution of G A B A  in the brain, the types of circuits 
in which G A B A  containing neurons are found,  and 
the high degree of cellular compar tmenta t ion  of 
G A B A  in brain tissue [cf. ref. 1]. Synthetic and 
degradat ive enzymes for G A B A ,  as well as high 
affinity uptake mechanisms,  are present  in many 
cells, including G A B A e r g i c  neurons,  n o n - G A B A -  
ergic neurons,  and glia cells. As  a consequence,  
the degree to which drug-induced changes in brain 
G A B A  can be expected to influence G A B A -  
mediated transmission is difficult to ascertain. In 
biochemical  and pharmacological  studies on drugs 
which alter G A B A  levels in the brain, it thus seems 
important  to de termine  the effect of the t rea tment  
on G A B A  and its metabol ism at the subcellular 
level with particular at tent ion being placed on events 
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occurring in nerve endings. Since the direct measure- 
ment  of in vivo changes of G A B A  in G A B A e r g i c  
nerve terminals is not possible to date, several lab- 
oratories,  including our own, have used synap- 
tosomal fractions from the brains of drug-treated 
rodents for est imation of changes in nerve terminal 
G A B A  induced by the t rea tment  in vivo [2-12]. 
More  recently,  these "synaptosomal models"  for 
determinat ion of drug-induced in vivo change of 
nerve terminal G A B A  in the brain have been 
improved in order  to allow the measurement  of 
synaptosomal G A B A  levels in various discrete brain 
regions of rats [13, 14]. By means of such a newly 
developed technique [13], we have studied the effects 
of 2 widely used GABA-e l eva t i ng  drugs, namely 
aminooxyacet ic  acid ( A O A A )  and the antiepileptic 
valproic acid (VPA) ,  on synaptosomal G A B A  levels 
in 11 rat brain regions. The magnitude and time 
course of the synaptosomal G A B A  changes was 
compared  with a number  of pharmacological  effects 
of both drugs in rats. This study was prompted by 
previous exper iments  [15], in which the marked dif- 
ferences in pharmacological  effects between V P A  
and A O A A  could not be related to their differential 
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eifects on G A B A  levels in whole tissue of discrete 
brain regions. Some of the present results have been 
reported in preliminary form elsewhere [!61. 

MATERIALS AND METHODS 

Drugs. Aminooxvacet ic  acid hemihvdrochlor ide 
( A O A A )  was purchased from Sigma (Munich, 
F .R .G. ) .  Valproic acid (VPA) ,  used as the sodium 
salt, was kindly provided bv Desi t in-Werk Carl 
Klinke (Hamburg,  F .R .G . ) .  l: 'entylenetetrazol was 
obtained from Knoll A G  (Ludwigshafen, F .R .G . )  
and 3-mercaptopropionic  acid (3-MP) from Merck 
(Darmstadt ,  F .R .G. ) .  Drugs were freshly dissolved 
in distilled water  and injected in a volume of 2 ml,,,' 
kg. All doses refer to the forms of drugs listed above. 
Control  animals received 2 ml /kg saline. 

Animals.  All experiments  were carried out in 
female Wistar rats (Winkelmann Versuchstierzuch- 
tanstalt, Borchen,  F .R .G . )  weighing 2(11b-220 g. Rats 
were kept in groups of 10 in Makrolon ® cages at 
constant tempera ture  (25 ° ) and controlled humidity 
(ca. 50%) with a 12hr light cycle beginning at 
0700 hr, and were fed Altromin m 1324 standard food 
(Al t romin,  Lage, F .R .G . ) .  All experiments  were 
carried out in the forenoon at 25 ° . 

Determination o! anticonvulsant activity. Anti-  
convulsant activity of A O A A  (30mg/kg  i.p.) and 
VPA (200 mg /kg i . p . )  was determined at different 
t imes after administrat ion using three seizure 
models,  namely the threshold for maximal (tonic 
extension) electroconvulsions,  seizures induced by 
pentylenetetrazol ,  and seizures induced by 3-mer- 
captopropionic acid (3-MP). 

The threshold for rnaximul etectroconvulsions was 
determined in groups of 15 rats. Electroshock was 
applied by eyc electrodes using a Layfayette A- 
615 B shocker (Lafayette Instrument Co. ,  Indiana. 
U .S .A. ) .  Stimulation data were 5(IHz for 0.2see 
with the serial resistance of the apparatus set to 
10 kg2. The extension of the hind limbs was taken as 
the endpoint .  The threshold was determined bv the 
"up and down"  method  of Kimball el al. [17 i and 
calculated as the voltage reducing the extensor phase 
in 50% of the rats (EV 50). All experimental  groups 
were compared  with concurrent control groups. Each 
control or experimental  group was used for only one 
threshold determinat ion.  

In groups of 1(1 rats, pentylenetetrazol  (70 mg/kg) 
was injected subcutaneously.  Following the injec- 
tion, animals were observed for 30 min for the occur- 
fence of seizures which were rated as follows: 0. no 
seizure: 0.5, clonic seizure, animal remains on its 
feet:  1. c lonic- tonic  seizure with loss of righting 
reflexes. Intermit tent  twitching was generally' dis- 
regarded.  The maximum scores of the lt) animals 
were added up and used for comparison between 
control groups and experimental  groups. 

In further groups of 10 rats, 3-MP (50 ng /kg i . p . )  
was administered and the animals were observed 
during the following 30 rain for the occurrence of 
seizures. The seizure severity was rated as follows: 
0. no seizure: l. running seizures: =." clonic seizures, 
animal remains on its feet:  3. clonic seizures with 
loss of righting reflexes: 4, tonic forelimb extension: 
5, tonic hindlimb extensiom The maximum score for 

each animal was recorded and the mean of the /{I 
animals was used for comparison with controls, 

Determitzation off pain t'esponve aml body tem- 
perature. The antinocicepti~e effect of M ) A A  
(3(1 mg/kg  i.p.) and VPA (fi(}0 mg/kg  i.p, ) was deter- 
mined in groups of i5 rats at different times after 
administration using a "hot p l a t e  with 56 ° . l h e  
time in seconds to the first licking of the pa',~s was 
recorded. Each group of animals was used onl,, once. 
hnmediatel~ before the hot phtte test, rectal tem- 
perature was recorded b\, means of an electrical 
the rmomete r  (Ellab lnstrunlents.  Copenhagen,  
Demnark) .  All experimental  groups were compared 
with concurrent  control groups. 

G A B A  dewmtimttion in whole ris,~ue aml sytmp- 
tosomal ,/)actions o / I 1  rat hrai~t rc~iom. For the 
biochemical determinat ions,  groups of 10 rats wcrc 
killed at different times after administrathm of VPA 
(200 mg /kg i . p . )  or A O A A  (30 mg/kg  i.p.). Five rats 
of each group were used lot G A B A  determinations 
in whole tissue of brain regions and five animals were 
used for G A B A  analysis in synaptosomal fractions 
of the respective regions. ( ; A B A  concentrations in 
each treated group were compared with those in a 
control group of 10 rats which were killed immedi-  
ately prior to the treated animals. Rats were killed 
by decapitation and the brains were rapidly removed 
and dissected on a cold phtte at 18  (Lcitz 
Kryomoat ,  Wetzlar,  F .R .G. )  within 4rain alter 
decapitation into the following 11 regions: olfflct~ny 
bulb, frontal cortex, corpus striatum, hippocampus, 
thalamus, hypothulanms, lecture (superior and 
inferior colliculusL substantia nigra, pons, medulla 
oblongata,  and cerebel lum. Details of the dissecti~m 
technique have been published clsewhere 1131, and 
it has been demonst ra ted  that 11~ postmortem G A B A  
increases occur during rapid dissection at IS~ [ !,~,]. 
For whole tissue G A B A  determinations,  the indi- 
vidual regions were rapidly htmlogenizcd m 2 ml of 
ice-cold 8[}r'; ethanol in order t~ destro,~ any enzwnc 
which could alter ( i A B A  ievcls m f i lm.  For prep- 
aration of synaptosomal fractions, the regions were 
rapidly homogenized in {).32 M sucrose ( ptI  7.(I) con- 
taining 1 mM 3-MP, an inhibitor ol  G A B A  synthesis 
[18], in order to prevent  in ~:itro mcreuses of ( i A B A  
during homogenizat ion and fractionation procedurcs 
[cf. 131 . In order  to save preparation time, l m l  c~t 
sucrose was used for homogenisal ion ol  the indi- 
vidual regions irrespective ~1: the tissue weight. 
Al though homogenates  therefore deviated in part 
from the l()r,"~ w/v normall~ used for synaptosomc 
preparat ion (actual tissue concentrat ions varied from 
2 12.5g~ ), direct comparison with l() ' i  w/v homo- 
genates of the 11 brain regions showed no signific~mt 
difference in the protein yield of the synaptos~mlal 
fractions obtained by both procedures.  After  homo- 
genization, further processing of samples was done its 
shown in Fig. 1. t lomogeniza t ion  and all subsequent 
steps were carried out itt {1-4 ~ . Details of the sub- 
cellular fractionation, the characterizati~m of the 
synaptosontal fractions by clcclron microscopy, and 
the various control experiments carried out during 
development  of the synaptosomc prep~rution have 
been described elsewhere [131. Briefly, it was shown 
that (1) in synapt~somul fractions prepared from the 
11 brain regions from rat brain by the procedure 
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! 

Measurement of protein content Analys~s of OABA by rad~oreceptor assay 

Fig. 1. Scheme for isolation of synaptosomal fractions from 1 ! re~ions of onc rat brain. 

shown in Fig. 1, synaptosomes accounted for the 
majority of structures which could be identified; (2) 
postmortem increases of G A B A  during removal and 
dissection of brain tissue, homogenization and frac- 
tionation procedures could be sufficiently minimized 
by rapid processing of the tissue at low temperatures 
and inclusion of 3-MP in the homogenizing medium: 
(3) G A B A  degradation was not active during the 
fractionation procedures at 0-4°; and (4) high con- 
centrations of G A B A  added to the homogenizing 
medium did not significantly increase the G A B A  
content in synaptosomes, thereby indicating that no 
redistribution of G A B A  was occurring during the 
fractionation procedures. 

G A B A  levels in whole tissue homogenates of 
brain regions were measured by the enzymatic 
"GABAase"  method as described recently [13]. The 
very low levels of G A B A  in synaptosomal fractions 
were determined by a sensitive and specific radio- 
receptor assay [19]. Protein content of whole tissue 
homogenates and synaptosomal fractions was deter- 
mined by the method of Lowry et al. [20] as modified 
by Markwell et al. [21]. 

Statistics. Arithmetical means and S,E. are given 
for the pharmacological and biochemical deter- 
minations. The electroconvulsive threshold is given 
as EV 50 with confidence limits for 95% probability. 
Significance of differences was calculated by com- 
paring each treated group with a concurrent control 
group by Student's t-test. 

R E S U L T S  

Control GABA levels in whole tissue and synap- 
tosomal fractions of  rat brain regions 

Control G A B A  levels determined in 30 rats are 
shown in Table 1. In whole tissue of the 11 brain 

regions, the highest values were found in hypo- 
thalamus, substantia nigra, and olfactory bulbs, 
whereas synaptosomal G A B A  levels were highest 
in tectum, olfactory bulb and corpus striatum. In 
general, the synaptosomal G A B A  levels were con- 
siderably lower than whole tissue levels when 
expressed on a nmole per mg protein basis, which 
may be explained, at least in part, by a loss of 
G A B A  from synaptosomes during the subcellular 
fractionation procedures. Determinations of G A B A  
in synaptosomal fractions thus obviously cannot pro- 
vide an absolute measure of G A B A  concentrations 
present in nerve endings of the respective regions in 
the intact animal but, as shown in previous studies 
[13-15], they can be used for estimation of drug- 
induced it, viva changes of nerve terminal G A B A  in 
discrete brain areas. 

Effect of  A O A A  and VPA on GABA leuels in whole 
tissue and synaptosomal C~actions of rat brain regions 

The effect of A O A A  (30mg/kg i.p.) and VPA 
(200 mg/kg i.p.) on G A B A  levels in whole tissue 
and synaptosomaI fractions of 1l brain regions in 
rats is shown in Figs 2 and 3. Both drugs caused 
significant G A B A  increases when compared with 
concurrent controls, but the time course, magnitude, 
compartmentation, and profile of the increases 
across areas generated by A O A A  were quite distinct 
from those obtained with VPA. 

One hour following A O A A  injection, the most 
marked G A B A  elevation in both whole tissue and 
synaptosomal fractions was seen in frontal cortex 
and olfactory bulbs (Fig. 2). Significant whole tissue 
G A B A  increases were also determined in hip- 
pocampus, hypothalamus, substantia nigra, and cer- 
ebellum: however, in these regions A O A A  exerted 
no significant effect on synaptosomal G A B A  levels. 
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Table 1. Control GABA levels in whole tissue and synaptosomal 
fractions of 11 rat brain regions 

Region 

GABA (nmole/mg protein) 

Whole tissue Synaptosomal fraction 

Olfactory bulb 24.7 _+ (1.7 10.4 _+ (1.6 
Frontal cortex 9.4 -+ 0.5 7.8 ± 0.3 
Corpus striatum 16.8 -+ 0.5 10.1 +- 0.5 
Hippocampus 11.6 -+ 0.4 6.6 + 0.3 
Thalamus 24.0 -+ 0.7 9.0 -+ 0.5 
Hypothalamus 31.6 -+ 0.5 8.2 _+ 0.5 
Tectum 18.6 -+ 0.4 17.6 -+- 0.8 
Substantia nigra 26.8 -+ 0.8 5. l + 0.3 
Pons 8.1 -+ 0.2 3.8 -+- 0.2 
Cerebellum 7.6 -+ 0.2 3.7 ± t).2 
Medulla oblongata 7.3 + 0.2 6.3 + 0.3 

For whole tissue determinations, the regions were homogenized in 
80% ethanol immediately after dissection. For preparation of synap- 
tosomal fractions, tissue samples were homogenized in 0.32 M sucrose 
containing 1 mM 3-mercaptopropionic acid and further processed as 
outlined in Fig. 1. Data are means +- S.E. of 30 saline-treated control 
rats. 

Two hours after A O A A ,  the whole tissue G A B A  
increases had become more  pronounced  in most 
regions and, in addition to olfactory bulb and cortex, 
significant synaptosomal G A B A  increments  were 
now observed also in hippocampus,  thalamus,  and 
cerebel lum. However ,  the synaptosomal G A B A  
content  of the midbrain regions remained to be 
unchanged.  Be tween  2 and 6 hr after administrat ion 
of A O A A ,  G A B A  levels in synaptosomes rose dra- 
matically, and significant increases up to 300% over  
control values occurred in all regions including the 
midbrain areas. In contrast to the synaptosome 
G A B A  content ,  whole tissue G A B A  increases at 
6 hr did not  change significantly f rom the increases 
at 2 hr post- inject ion except  in frontal cortex and 
hippocampus.  

Following administrat ion of V P A ,  the effect on 
synaptosomal G A B A  levels was much more  rapid in 
onset but shorter-lasting compared  to A O A A  (Fig. 
3). Thus,  significant G A B A  elevations in synap- 
tosomes were already de termined  5 rain after V P A  
injection in cortex (44% over  controls),  hippo- 
campus (64%),  hypothalamus (80%),  and tectum 
(60%),  whereas  significant whole tissue G A B A  
increases at this t ime were  only observed in the 
hypothalamus.  Thirty minutes post-injection, 
G A B A  levels were significantly elevated in synap- 
tosomal fractions from olfactory bulb, hypothala- 
mus, tectum, substantia nigra, and cerebel lum, again 
the most marked  effect (80% over  control)  being 
determined in hypothalamus.  As after 5 min, in most 
regions the relative increases in synaptosomal 
G A B A  were considerably larger than those deter- 
mined in whole tissue. Two hours after injection of 
VPA,  G A B A  levels had re turned to control  values 
in the endbrain areas. In the other  regions, there 
were still modera te  G A B A  increases in synap- 
tosomal fractions which, however ,  were only sig- 
nificant in the tectum. 

Both A O A A  and V P A  did not significantly alter 

the amount  of material  found in the synaptosomal 
fractions as gauged by their protein content.  

Pharmacological effects of A O A A  and VPA in rats 

The administrat ion of A O A A  (30 mg/kg  i.p.) to 
rats produced a profound decrease in bodv tem- 
perature  which was maximal after 1 hr (Fig. 4"). Two 
hr post-injection,  the hypothermia  was less marked 
but still significant, whereas after 6 hr rectal tem- 
perature  had approached control values. In the hot 
plate test, A O A A  exer ted a very pronounced anti- 
nociceptive effect which became maximal 2 hr after 
administrat ion but had disappeared after 6 hr (Fig. 
4). The  anticonvulsant efficacy of A O A A  in rats 
was determined by three different seizure models.  
namely the maximal  electroshock seizure (MES) 
threshold, and seizures induced by pentylenetetrazol  
and 3-MP. As shown in Fig. 4, a significant increase 
in the MES threshold was observed 1 hr following 
A O A A  treatment ,  but thereaf ter  the threshold 
declined even below control values. A similar time 
course was determined in terms of the effect on 
pentylenete t razol- induced seizures, which were 
at tenuated only at 1 hr after A O A A  injection. In 
contrast,  seizures induced by 3-MP were not affected 
by A O A A  after l and 2 hr but significantly atten- 
uated at 6 hr. 

Following i.p. injection of V P A  (200 mg/kg) ,  rec- 
tal tempera ture  was only moderate ly  changed com- 
pared to A O A A  (Fig. 5). Thus, a small but significant 
increase in tempera ture  was found after 30 rain. 
whereas 2 hr following V P A  administration, a mod- 
erate decline in body tempera ture  was observed. In 
the hot plate test, VPA displayed an antinociceptive 
effect which was more rapid in onset and shorter- 
lasting compared  to A O A A  (Fig. 5). The maximum 
effect, de termined 5 rain after V P A  injection, was 
almost equal to that seen 1-2 hr after A O A A .  As 
regards anticonvulsant efficacy. V P A  was clearl~ 
superior to A O A A  in all three seizure model~ 
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employed  (Fig. 5). Peak  an t i convulsan t  activity 
occur red  5 - 3 0 r a i n  af ter  V P A  admin is t ra t ion ,  and  
2 hr  pos t - in jec t ion  there  was still a significant anti-  
convulsan t  effect  against  e lec t roshock  and  3-MP 
induced  seizures.  

DISCUSSION 

In the  p resen t  study, a recent ly  deve loped  synap- 
tosomal  mode l  for d e t e r m i n a t i o n  of drug- induced  in 
vivo changes  in nerve  t e rmina l  G A B A  levels of 
discrete  bra in  regions  [13] was used to evalua te  the 

[°/*l IncrPo,,e ,n GABA levels r'AOAA. 30 mglkg,p, lhr I' 
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O- i -4 
Olfactory Frontal Corpus Hippo- Thalamus Hypo- Tectum S n,gra Pans Cere- Medu41a 

bulb cortex stnatum compus thalamus bellum obLongata 

Fig. 2. Effect of A O A A  on GABA levels in whole tissue and synaptosomal fractions of 11 rat brain 
regions following 1, 2, and 6h r  after i.p. administration of 30mg/kg. Results are expressed as 
percentage increase (means - S.E. of five rats) over concurrent control determinations (see Table 1 for 
absolute control values). Significance of differences to the concurrent control group is indicated by 

*P < 0.05, **P < 0.05, ***P < 0.01, and ****P < 0.001. 
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effects of 2 G A B A - e l e v a t i n g  drugs,  i.e. A O A A  and 
V P A ,  on  synap tosomal  G A B A  con ten t  as a funct ion 
of t ime af ter  admin is t ra t ion .  Besides  the  b iochemical  
m e a s u r e m e n t s ,  the  effects of bo th  drugs on seizure 
excitabil i ty,  pain response  and  body t e m p e r a t u r e  was 
compared .  

A l t h o u g h  V P A  and A O A A  are known  to exert  
an t i convulsan t  effects in var ious  an imal  models  of 

seizure s tates  {cf. ret .  22], it r emams  a mat te r  of 
dispute as to whe the r  the  an t iconvulsan t  activity of 
these drugs is re la ted  to the i r  G A B A - e l e v a t i n g  
effect. Thus ,  the degree  of bra in  G A B A  increases  
tha t  occurs with an t i convulsan t  doses of V P A  and 
A O A A  strikingly differs in tha t  an t iconvutsant  
activity of VPA in roden ts  is seen with whole  brain 
G A B A  inc rement s  in the range  of 30-60cA over  

l , p T 2 0 0 ~ g , g  ~, ~ , r ;  
°.  

I°o] In<rec~,r r, GABA levels 

90t80 m %yng.pfosort~,l froct,on "4" 
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' I J 

[%]  LVPA , 200rtlg/k 9 ~ p tOrn,hi 
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90- 

I 

[%) 

]O 
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I 
Olfggtory Frontal 
bulb [ortex 

IVPA 200mg/kg L p !20ram i 

Corpus Hippo 1 halamus Hypo- T~tum S mgra Pons Cere - MediJl[Q 
strmt urn campus thalamus b~[um ob~ongoto 

Fig. 3. Effect ov VPA on GABA levels in whole tissue and synaptosomal tractions of 11 rat brain 
regions following 5, 30, and 120 min after i.p. administration of 200 mg/kg. For further explanation see 

the legend to Fig. 2. 
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controls ,  whereas  ant ise izure  act ions of A O A A  only 
occur  with m u c h  h igher  G A B A  increases  [e.g. ref. 
23]. F u r t h e r m o r e ,  in mice with audiogenic  seizures 
V P A  has been  shown to exhibi t  an t iconvulsan t  
p roper t i e s  a l ready at doses (200 m g / k g  i.p.) tha t  do 
not  significantly increase  whole  brain  G A B A  levels 
[24]. In rats,  V P A  has been  repor ted  to exert  its 
m a x i m u m  an t i convu l san t  effect against  electro-  
shock convuls ions  within 5 - 1 5 m i n  af ter  i.p. 
admin i s t ra t ion ,  whereas  the first significant e levat ion 

of cerebra l  G A B A  was seen only after  30 min [25]. 
However ,  all these  studies have failed to take into 
account  possible  regional  var ia t ions  in V P A ' s  and  
A O A A ' s  effects on G A B A  levels, which are con- 
cealed by whole  bra in  measu remen t s .  Actual ly,  
exper imen t s  by Iadaro la  et al. [26] and  our  group 
[15] in rats  have indica ted  tha t  V P A  is equally or 
even  more  effective than  A O A A  in raising G A B A  
levels in cer ta in  discrete bra in  regions,  e.g. in 
super ior  colliculus and hypo tha lamus ,  when  bo th  
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Fig. 4. Effect of AOAA on rectal temperature, pain response and seizure susceptibility in rats tollowing 
1, 2, and 6 hr after i.p. administration of 30 mg/kg. Data for body temperature and pain response are 
means _+ S.E. of i5 rats per group. The pain response was determined in the hot plate test as the time 
in sec to the first licking of the paws. The threshold for maximal electroshock seizures (MES) was 
determined in groups of 15 rats as the voltage inducing an extension of the hind limbs in 50 (/, of the 
rats (EV 50 with confidence limits for 95~,} probability). The scores for pentylenctetrazol (PTZ) and 3- 
mercaptopropionic (3-MP) induced seizures were derived from the scales that we used to rate the 
severity of the seizures (see Materials and Methods). Ten rats were used per group. The figures on the 
PTZ and 3-MP bars indicate the percentage of animals in which seizures occurred. Significance 
of differences to concurrent control groups is indicated bv *P<O.05, ~*P<0.02,  *~P<O,Ol ,  

****P < 0.001. 
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drugs are administered at doses with comparable 
anticonvulsant activity. Furthermore,  A O A A  and 
VPA have been reported to differ also in their effect 
on the compartmentation of G A B A  in that VPA 
preferentially increases the G A B A  concentration in 
nerve terminals while A O A A  seem to exert its pre- 
dominant effect on G A B A  levels in non-nerve ter- 
minal compartments [6, 13, 27]. In fact, it was shown 
in mice that significant synaptosomal G A B A  
increases already occur following 100-200mg/kg 
VPA [9], i.e. doses which had been previously 
reported not to elevate brain G A B A  in mice [241. 
Thus, it is evident that whole brain measurement of 
G A B A  is not an appropriate parameter  to use in an 
attempt to correlate elevation of G A B A  levels and 
neuropharmacological effects such as anticonvulsant 
action. 

In the present study, we could resolve some of the 
above mentioned discrepancies surrounding VPA's  
effects on G A B A  levels and seizure excitability. As 
already reported for the substantia nigra by Iadarola 
and Gale [27], VPA significantly increased G A B A  
levels in nerve terminals (synaptosomes) of several 
discrete brain regions, whereas the relative increases 
in whole tissue G A B A  of these regions were less 
marked. Actually, determination of G A B A  only in 
whole tissue of the respective regions would have 
concealed the profound changes induced by VPA in 
the nerve terminal G A B A  compartment.  Significant 
increases in synaptosomal G A B A  content were 
induced by VPA already 5 rain after the injection. 
thus refuting the assumption of Kerwin et al. [25] 
and others that VPA does not increase G A B A  levels 
within such short time intervals. When the time 
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course of the synaptosomal G A B A  changes after 
VPA was compared with the temporal pattern of 
the anticonvulsant effects of the drug, the G A B A  
increases in hypothalamus and tectum appeared to 
correlate best with VPA's  action in the three seizure 
models studies. Similarly, the temporal pattern of 
the antinociceptive effect of VPA was comparable 
to that of the synaptosomal G A B A  elevation in the 
hypothalamus, a region which is thought to play 
an important role in mediating antinoceptive drug 
action [28]. However,  such an attempt to pinpoint 
particular brain regions which may be important for 
VPA's  pharmacological effects is biased by variations 
in the population density of nerve endings containing 
GABA.  In other words, only a portion of the synap- 
tosomes isolated under the conditions of the present 
study arises from GABAerg ic  nerve terminals and 
this portion varies from region to region. This necess- 
arily leads to underestimates of VPA's  effects on 
nerve ending G A B A ,  and the extent of these under- 
estimates differs among brain regions. In any event, 
the present data clearly demonstrate that VPA rap- 
idly increases synaptosomal G A B A  levels in several 
brain regions and that the time course of this effect 
in some of these regions is very similar to the time 
course of the pharmacological effects of the drug. 

A strong objection to the G A B A  hypothesis for 
VPA has been that an increase in presynaptic G A B A  
levels not necessarily leads to an increase in G A B A  
release and thus potentiation of G A B A  mediated 
synaptic transmission [29]. However, more recent 
studies with cerebrospinal fluid G A B A  measure- 
ments in dogs and epileptic patients have strongly 
indicated that marked increases in G A B A  release 
occur in response to VPA administration [30, 31]. 

The mechanism by which VPA increases nerve 
terminal G A B A  is unsettled. VPA has been shown 
to dose-dependently decrease the G A B A  degrading 
enzyme GABA-oxoglutara te  aminotransferase 
(GABA-T;  E.C. 2.6.1.19) in synaptosomal fractions 
from mouse brain in vivo [9], but this effect was 
only moderate (10-25% inhibition) if one takes into 
consideration that in vivo there is a spare capacity 
of the enzyme of approx. 50% [32J. On the other 
hand, administration of 100-200 mg/kg VPA in mice 
has been reported to increase G A B A  synthesis by 
40-90% [33], most likely by activation of glutamic 
decarboxylase (GAD;  E.C. 4.1.1.15) [9, 34], which 
could explain the rapid onset of the G A B A  increases 
found in the present study. Higher doses of VPA 
(~> 400mg/kgi .p . )  were found to decrease G A B A  
turnover in brain cortex of mice and rats [35, 36] 
which might be interpreted as a feedback mechanism 
to the potentiation of postsynaptic G A B A  responses 
reported after high (>  1 mM) concentrations of VPA 
[37]. However, it should be considered that the doses 
of VPA necessary to decrease G A B A  turnover in 
these experiments were within the neurotoxic dose 
range (median neurotoxic doses of VPA in rats and 
mice are about 300-500mg/kg i,p.; [38] so that 
the biochemical changes may not be related to the 
anticonvulsant effect of this drug. 

As regards A O A A ,  a potent inhibitor of GABA-  
T, the effects of this compound on synaptosomal 
G A B A  levels in brain regions of rats differed in 
several aspects from those observed with VPA in the 

present study. Thus, between 1 and 2 hr following 
administration, A O A A  induced synaptosomal 
G A B A  increases in the endbrain areas, the thala- 
mus, and the cerebellum, whereas G A B A  levels 
were not altered in synaptosomes from hypo- 
thalamus and the midbrain and hindbrain regions. 
These results are consistent with data by Iadarola 
and Gale [27] who found in rats that 2 hr after 30 rag/ 
kg A O A A  the nerve terminal G A B A  content of 
the substantia nigra was not altered. However, the 
situation completely changed when synaptosomal 
G A B A  levels were determined 6hr  following 
A O A A  injection, At this time, marked elevations 
of synaptosomal G A B A  were found in all regions 
including the substantia nigra, although in most areas 
the whole tissue G A B A  levels had not further 
increased between 2 and 6 hr. Similar observations 
have been recently reported for gabaculine, another 
potent G A B A - T  inhibitor, which caused 3 to 4 fold 
increases in synaptosomal G A B A  content of dif- 
ferent rat brain regions, but in diencephalon and 
mesencephalon these increases occurred much later 
than in other areas [14]. This may suggest that either 
the sensitivity of the nerve terminal GABA-T  to 
G A B A - T  inhibitors differs among brain regions or 
the time by which the drugs reach and enter nerve 
terminals differs from region to region. 

When one compares the magnitude and time 
course of the synaptosomal G A B A  changes caused 
by A O A A  with those of the pharmacological effects 
of the drug in rats, several discrepancies are con- 
spicuous. Anticonvulsant effects on electroshock and 
pentylenetetrazol seizures were present 1 hr after 
A O A A  injection but vanished thereafter although 
synaptosomal G A B A  levels continued to rise in all 
brain regions. The same discrepancy applied to the 
marked effects of the drug on body temperature 
and pain response which had subsided 6 hr after 
administration despite maximum G A B A  increases 
in synaptosomes. The only pharmacological effect of 
A O A A  which parelleled the rise in synaptosomal 
G A B A  levels was the attenuation of seizures induced 
by 3-MP, an inhibitor of G A D  which is thought to 
cause seizures by the induced decrease of G A B A  
in nerve terminals [39, 401 . In fact, the maximum 
anticonvulsant effect of A O A A  against 3-MP was 
found 6 hr after administration; however, even then 
A O A A  was less potent than VPA to attenuate these 
seizures although it was much more potent than VPA 
to increase synaptosomal G A B A  at this time. 

There are at least two possible explanations for 
these inconsistencies: 

(1) Recent studies by Abe and Matsuda [41] 
strongly suggest the existence of two different 
G A B A  pools in nerve terminals. One pool consists 
of newly synthesized G A B A  and waits in cytoplasm 
(probably near the presynaptic membrane) to be 
released into the synaptic cleft. The pool is associated 
with G A D  and is not under the influence of GABA-  
T. The second pool consists of newly taken up 
G A B A  from the synaptic cleft and stays in synaptic 
vesicles (possibly near synaptic mitochondria) to be 
degraded. This pool is closely under the influence of 
GABA-T.  Treatment of mice with A O A A  (30 mg/ 
kgi .p.)  was shown to enhance the level of newly 
taken up G A B A  about 3-fold, whereas it had no 
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effect on the level of newly synthesized G A B A  [4ll. 7, J. D. Wood, M. P. Russell, E, Kmvh) and .I I). 
These considerat ions  could explain the present  Newstead, J. ?Veurochem. 33,61 (1979i. 
finding in rats that  large increases of synaptosomat  
G A B A  by A O A A  are not associated with profound 
functional effects. On the other  hand,  increase of 
G A BA synthesis by VPA through activation of G A D  
would immediate ly  increase the newly synthesized 
G A B A  pool and thus the amount  of G A B A  which 
is available for release into the synaptic cleft. 

(2) A O A A  is not a specific GABA-e leva t ing  drug 
but,  besides G A B A - T ,  inhibits a number  of o ther  
enzymes in the brain with subsequent  biochemical 
changes [42]. This might explain the p ronounced  
pharmacological  effects of A O A A  observed before 
synaptosomal  G A B A  levels in brain were seen to 
markedly increase.  Accordingly,  Kuriyama et al. [43] 
have concluded f rom their exper iments  with A O A A  
in mice that the increases in brain G A B A  levels 
and changes in seizure susceptibility after A O A A  
injection are complete ly  unrelated.  The present  
exper iments  suggest that the only exception from 
this conclusion is the anticonvulsant  effect of the 
drug against 3-MP induced seizures. In contrast  to 
A O A A ,  V P A  is more  specific in its GABA-e l eva t i ng  
effect and, in addit ion to the increase in G A B A ,  
only causes slight al terat ions in taurine and aspartate  
levels in the brain [42, 44]. As regards aspartate  
levels, studies of Sarhan and Seiler [6] indicate that  
the al terat ions induced by V P A  are confined to non- 
synaptosomal  compar tmen t s  of the excitatory amino 
acid and are thus not suspected to be related to 
V P A ' s  pharmacological  effects. 

In conclusion,  the present  exper iments  with a 
newly developed synaptosomal  model  have provided 
further  evidence ~hat presynapt ic  increases of G A B A  
levels by VPA may be responsible ,  at least in part.  
for the ant iconvulsant  effects of this drug. On the 
o ther  hand,  most pharmacological  effects of the 
G A B A - T  inhibitor  A O A A  in rats seem to be unre- 
lated to its GAB A-e l eva t i ng  action. Exper iments  
are under  way to extend the present  exper imenta l  
approach also to evaluation of the effects of o ther  
well-known G A B A - T  inhibitors,  such as v-acetylenic 
G A B A  and ;,-vinyl G A B A .  
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