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Abstract-- Mice susceptible to ‘audiogenic’ seizures (DBA 2. 21-Z days old) were treated with either 
di-n-propylacetate. DPA, (20&6OO m&./kg. intrapcritoneally) or cthnnolamine-O-sulphate, EOS, 
(7.5~ 15 mgjkg, intracerebroventricularly). Motor behaviour was not moditied 45 mm after DPA (except 
for slight changes after 6OOmg:kg). Seizure responses to auditory stimulation were severely reduced 
after DPA 400 mgikg. and totally absent after 600 mg, kg. Brain ;-aminobutyric acid (GABA) concen- 
trations were unchanged after DPA 20~400 mg:kg, but increased by S7”,, after 6(X) mg;kg. The latter 
dose inhibited brain GABA-transaminase (4.aminobutyrate-2-oxoglutarate aminotransferase) acttvitv by 
33”,,. Kinetic studies with brain homogenates failed to show inhibition of GABA-transaminase activity 
by DPA (5-15 mM), but demonstrated inhibition of succinic semialdehyde dehydrogenase by substrate 
competition. Mice tested 24 hr after EOS injection showed mild to moderate ataxia and were completely 
protected against ‘audiogenic’ seizures. Brain GABA concentration wus increased 4410 fold, GABA-trans- 
aminase activity was inhibited by 54 5X”,,. There was no inhibition of succinic semialdehyde dehydro- 
genase activity 

There is substantial evidence that y-aminobutyric acid 
(GABA) is an inhibitory transmitter in many brain 
areas, including the cerebral cortex, hippocampus and 
cerebellum [l, 21. Several types of epileptic pheno- 
mena induced by convulsant drugs can be related to 
impaired synthesis or synaptic efficacy of GABA 
(reviewed by Meldrum [3]). There is some evidence 
that drugs which raise brain GABA concentration by 
blocking its further metabolism sometimes have anti- 
convulsant properties. Thus ethanolamine-O-sulphate 
(EOS) which irreversibly inhibits GABA-transaminase 
(4-aminobutyrate-2-oxoglutarate aminotransferasc, 
EC 2.6.1.19) [4], when injected intracerebroventricu- 
larly in mice raises the brain GABA content [S] and 
diminishes the hindlimb extensor phase of the maxi- 
mal electroshock response 163. The effects of EOS 
on the genetically-determined syndrome of audiogenic 
seizures in mice [7, S] have not so far been described, 
Di-n-propyl acetate (DPA. Sodium 2-propylpen- 
tanoate) has been shown to possess anticonvulsant 
properties in man and in several animal test systems 
[9, 111. An increase in brain GABA concentration has 
been demonstrated in rodents following treatment 
with DPA [12.13] and this increase has been attri- 
buted to inhibition of GABA-transaminasc activitv. 
However, it has recently been shown that DPA -is 
a relatively weak inhibitor of GABA-transaminase 
but a rather potent competitive inhibitor of succinic 
semialdehyde dehydrogenase (SSA-DH; succinate 
semialdehyde: NAD+ oxidoreductase EC 1.2.1.16) the 
enzyme responsible for the subsequent stage in the 
GABA-shunt pathway [14]. 

In this study we have treated mice genetically sus- 
ceptible to ‘audiogenic’ seizures with EOS or DPA 

and correlated subsequent behavioural changes and 
altered convulsant response to auditory stimulation, 
~41th changes in brain GABA concentration and 
changes in the cerebral activity of GABA-trans- 
aminase and succinic semialdehyde dehydrogenase. 
We have also conducted further in citro studies of 
these enzymic inhibitions to clarify the mechanisms 
involved. 

MATERIL AND MICTHODS 

Coenzymes, enzymes and fine chemicals were ob- 
tained from Sigma Chemical Co.. Ltd., (London), 
2-keto[5-‘4C]glutaric acid (speciiic radioactivity 
5-20 mCi:m-mol) from Radiochemical Centre, Amer- 
sham. and all other reagents from commercial 
sources. DBA/2 mice were purchased from Fisons 
Pharmaceuticals Ltd. Di-n-propylacetate was a gift 
from Reckitt & Colman, Hull, and ethanolamine-O- 
sulphate from Dr. L. J. Fowler (School of Pharmacy, 
London University). 

DBA/2 strain mice of either sex. 21-25 days old 
and weighing 7713 g were used for all experiments 
unless otherwise stated. DPA (200, 400. 6OOmg/kg. 
dissolved in saline) or saline alone, was injected intra- 
peritoneally to groups of mice in a volume of 1’:; 
of the body weight of the animal. 45 min before audi- 
tory stimulation. EOS (7.5 or 15 mg/kg dissolved in 
a volume of 10 111 saline) or saline alone, was injected 
intracerebroventricularly~ either on the left or the 
right side-under light ether anaesthesia 20-24 hr be- 
fore auditory stimulation. After treatment all the mice 
were allowed food and w’ater rrrl lib. in a constant 
ambient temperature of 30 to prevent a fall in body 
tcmperaturc. 

413 



414 G. AUI.I.LAKI(. R. W. HOKIOU. B. S. tVlf:f.DKf~v and M. c. B. S,%z\s,.\> ,\ 

At the appropriate lime, the mice L\CI’C placed un- 
der a dome (diameter 58 cm). During ;I 30-see hahitua- 
tion period. pretest behaviour was assessed ;IS folh S: 

0 = normal behaviour, 1 = walking slowly. 2 = se- 
vercly reduced or absent spontaneous movements. 
3 = lying on side. no spontaneous movements. Stimu- 
lation by an electric bell (Friedland Chimes. 3 in. dia- 
meter, producing 109dB at mouse level) wa.s applied 
for 60sec or until tonic extension occurred. 

The seizure response (SR) was scored as follows: 
0 = no response. 1 = wild running. 2 = clonus, 
3 = tonus. Only the maximum response was recorded 
for each animal. 

Tiss~c /~r~~/~urior~. At the end of 60-set auditory 
stimulation or after tonic extension the mice were 
killed by immersion in Arcton 12 (ICI) cooled in 
liquid nitrogen. The brains were removed, and, while 
frozen, divided into two approximately equal parts 
and weighed. For estimation of the GABA concen- 
[ration. homogenates were prepared in ice-cold 0.6 N 
perchloric acid solution containing I mM EDTA. 
Supernatants were removed following centrifugation. 
and the precipitates washed with @2 N perchloric 
acid. Washings and supernatants were combined and 
neutralised with 2 N KOH using phenolphthalein in- 
dicator. After 1 hr standing in ice. samples were cen- 
trifuged to remove potassium perchlorate and the 
solution made up to 10 ml with ice-cold glass distilled 
water. 

For determination of irl r.iro GABA-transamirl~l\c 
(half) brains were homogenired in IO \ol (w v) of icc- 
cold 1,5”,, (\:v) Triton X-100. The remainder of the 
IO”,, homogenate was then diluted to 4”,, bq \ol with 
ice-cold I .5”,, Triton X-100 and used for the measure- 
ment of SSA-DH activity. For irl rifro estimation of 
enzyme activities. whole brains of adult DBA’2 mice 
were used without freezing and homogenates prr- 

pared in a similar manner as for irk c,iro experiment\. 
GAB.4 a.s.su~. The GABA concentration in the neu- 

tralized extracts was determined cnzymically by mea- 
suring the reduction of NADP coupled to the trans- 
amination of GABA and r-ketoglutaric acid. Final 
concentrations in the reaction mixture (3 ml) were: 
1.25 mM NADP, 2mM cc-ketoglutaric acid pH 7.2; 
0.15 M pyrophosphate buffer pH 8.6; 5 mM ?-mcr- 
captoethanol; ‘Gabase’ (as the source of GABA-trans- 
aminase and SSA-dehydrogenase) in a concentration 
to assure completed reaction within 60min. Blanks 
without sc-ketoglutaric acid, and standards of GABA 
(range: 25-500 LIM) were analysed concurrently. 

GABA~rrunsllrninusr ~ctirit~.. The GABA-trans- 
aminase activity was measured according to Waks- 
man rt (I/. 1151. Final concentrations in the incuba- 
tion medium (1 ml) were: 0.2 LlCi 2-keto[S-‘“C]glu- 
taric acid, 25 mM x-ketoglutaric acid pH 6.5. 2 or 
5 mM GABA 80 mM Tris butler pH X.2 and homo- 
genate equivalent lo 20mg tissue. In each assay 
blanks with 0.2ml of ?O”,, trichlordcetic acid added 
at the beginning of the incubation were analysed con- 
currently. For in 11ifro kinetic analysis, the buffer con- 
centration was 40 mM and homogenate equivalent to 
30 mg tissue was used. The drug was dissolved in 
glass-distilled water. 

.SS.-~~~r/rh~~tlro~c~nctae trcririf~,. SSA-DH activity M as 
measured according to the fluorimetric method of 
Kammeraat and Veldstra [lh]. Final concentrations 

of the reaction mixture (I ml) v,cre: 0.33 mM NAD. 
50 AIM succinic scmialdehyde (SSA). 4.5 mM 2-mcr- 
captocthanol. 0.15 M pyrophosphatc bufl’er pH X.4. 
homogenate equivalent to 4 mg tisauc. In each Assam. 
blanks without SSA and standards of NADH (range: 
5 1001tM) bvcre analysed concurrentl! with the 
samples. F.or irl ri//.o measurements of SSA DH ac- 
tivity 10”,, (w v) homogenates \+cre prepared in ice- 
cold glass distilled water and diluted to ().I”,, v,ilh 
0.5”,, Triton X-100. In the reaction mixluro Ihc pyre- 
phosphate buffer concentration wa’r 0,125 M and Ihc 
homogenate was equivalent to 0.I mg. 

The SSA used in the Assam M;IS prcparcd according 
10 Taberner c’r (11. [ 171 and it\ concentration cst i- 
mated cnzymically bk the method of Jacobp [lr(l. 

KESI>I.l3 

Erhclrlo/~l/llir~t,-O-,S~//~~/~~/~(, (Fig. I ). During the iO+cc 
habituation period the mice treated Mith saline 
showed normal spontaneous exploratory beha\ iour. 
All the animals gave a seizure response (SRI score 
of at least 2 (mean I S.E.M. 2.60 + 0.12). After EOS 
7.5 mg:kg intraventricLllarl~. 50”,, of the ani~nals did 
not appear behaviourally dllti-rent from saline-treated 
controls whilst fhc other 50”,, ualkcd rather still11 
holding their hind-legs rigid (mean beha\ iour score 
0.70 + 0.12). The apparently unalr‘cctcd animals 
showed ;I high SR score (2.60 i @40. NS from saline): 
the atrected animals were comple~clq protecrcd 
against the convulsant elrects of auditor! stimulation. 
EOS. 15 tng,,kg. induced a marked change in bchal- 
iour in 80”,, of the mice. They had ;I hunched appear- 
ance with curved spine and closed or half-closed ep 

and marked pilocrection. Their spontaneous locomo- 

1 
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Fig. I. Effect of intracerebroventricular injection of Lth- 
anolamine-0-Sulphate (EOS) or saline in DBA 2 mu on 
the motor behaviour, the bcirure rcsponsc and on GABA 
concentration. GABA-transaminase and SSA-Dehydtx- 
genase activities measured in the brain homogenates. Each 

point represents the mean value (I_S.E.M.) of dctcrmina- 
tions in IO animals. (A- A) GABA conccntraton (jcmo- 
Ic:g wet wt); (mm~Pma) inhibition of GABA-T activity m 

per cent of control; (A A) SSA-DH acti\lt> in ynole g 

\\ct wt h: (om 0) hchaviour :rnd (0 0) $;i‘llurc rc‘- 
sponscs. graded ah de\cribcd in Mnteruls and Method\ 
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tor actititl was inhibited (mean score & S.E.M., 
I.30 ?_ 0.26). All these animals were completely pro- 
tected from seizures. However. 2 animals showed no 
behavioural change compared to saline-treated con- 
trols and these had SR scores of I and 3. 

Di-n-t~~‘~~/)~‘ltrc.c,ttrtc’ (Fig. 2). The saline-treated con- 
trols showed normal exploratory activity during the 
30sec habituation period and the mean seizure res- 
ponse + S.E.M. was 2.80 + 0.2. Treatment with DPA 
200 mg’kg did not induce any behavioural change or 
significant protection against seizures (SR score, 
mean + S.E.M. 2.20 + 0.2). 

After DPA 400 mg’kg the mice were substantially 
protected against seizures induced by auditory stimu- 
lation (P < OQOO5 compared with controls) but 
showed no evident behatioural deficit. After DPA. 
600 mgkg, behuciour in the 30 set habituation period 
was not schercly affected (all animals were assessed 
as scoring 1). The main eH‘ect was to induce either 
continuous fast walking round inside the dome (which 
continued ehen during the 60 set test period) or slight 
ataxia. There was complete protection against seiz- 
ures. 

Biockwiccll r1etrrmhlcltiorl.s 

Ethtr~to/a~~~ir~~~-O-.s~rl~~htrt~~ (Fig. I ). In mice treated 
with EOS 7.5 or 15 m&/kg intracerebroventricularly 
the GABA concentration was increased up to 4- and 
IO-fold respectively compared with the concentration 
determined in saline injected animals. 

GABA-transaminase activity was significantly inhi- 
bited at both drug concentrations. EOS, 7.5 mgjkg 

produced ;L W”,, inhibition and 15 mg,‘kg a 68”,, inhi- 
bition of the enzyme activity found in the control. 

The low dose of EOS did not significantly alter 
the SSA-dehydrogenase activity: with the 
it was activated by I?“,,. 

high dose 

0 200 400 600 

D PA mg /kg 

Fig. 2. The effect of Di-rl-propylacetate (intraperitoneal in 
DBA.2 mice) on the behaviour. and on seizure response 
after audilory stimulation. and on the cerebral GABA con- 
ccntration and activities of GABA-T and SSA-DH. Con- 
Irol\ treated with WY’,, NaC‘l (Lp.). (o- 0) behaviour and 
(0 ~- l ) seirure response graded as described in Materials 
and Methods: (A -A) GABA content in /cmole;g wet 
wt GABA-T inhibition (per cent of control) in the presence 
of (WmPI) 5 mM GABA and (0 -0) 2mM GABA; 
(A- A) SSA-DH activity in /Imole!g wet wt:h. Each 
point represents the mean value tS.E.M. of determina- 

tions performed in 5 animals. 

Di-n-/“Op!‘IuL’,ttrrr~ (Fig. 2). After low doses of DPA 
(200 and 4OOmg;kg) the GABA concentration was 
not significantly different from the concentration 
determined in control animals (+ l”,, after DPA 
200 mg/kg and + 1 l”,, after 4OOmg/kg). However. it 
increased by 57”,, after DPA 6OOmg/kg. DPA 
600mg/kg produced an inhibition of 33”,, of the 
GABA-transaminase activity found in the control; 
400mgikg did not modify GABA-transaminase ac- 
tivity, and 200mg/kg inhibited it by 7-13”;). The ac- 
tivity of GABA-transaminase was not significantly 
different when 2 or 5 mM GABA was used as sub- 
strate (at any dose of DPA). The SSA-DH activity 
after DPA treatment was not different from that of 
the control experiments. 

Irl vitro experiments showed that DPA at 
5 x lo-” M produced an 89”,, inhibition of SSA-DH 
activity (assayed with 5 /tM succinic semialdehyde, 
SSA). Kinetic analysis of the irk [‘itro inhibition of 
SSA-DH activity by DPA was carried out using 
various substrate and inhibitor concentrations (Fig. 
3). In the Lincweaver-Burk plot (l/v against l/S) the 
straight lines intersecting on the ordinate indicate 
competition between DPA and SSA for the active site 
of SSA-DH (Fig. 3a). A Dixon plot (Fig. 3b) shows. 
for low doses of DPA, straight lines intersecting just 
after the vertical axis, consistent with competitive in- 
hibition. The apparent Ki for DPA is less than 
10-j M. 

III vitro kinetic studies of the effect of DPA 
(5-15 mM) on GABA-transaminase activity failed to 
show inhibition (slight inhibition was seen with DPA 
20mM) (Fig. 3~). This weak or absent inhibition is 
confirmed by the Dixon plot in which different sub- 
strate concentrations give lines parallel to the abscissa 
(Fig. 3d). 

DISCL SSION 

The biochemical findings in the brains of mice 
given EOS intracerebroventricularly are closely simi- 
lar to the observations of Fowler [5] in rats receiving 
EOS intracisternally. He described a 65%X1”,, inhibi- 
tion of GABA-transaminase. 8-24 hr after EOS 
2mg/kg, associated with a raised brain GABA con- 
centration, which sometimes exceeded 200’:;, of con- 
trol values. We find, using higher doses of EOS 
(7.5-l 5 mg/kg). a similar inhibition of GABA-trans- 
aminase at 24 hr (55.-7o”,,) and rather greater changes 
in brain GABA concentration (increased %--IO fold). 
However, a IO-fold increase in brain GABA concent- 
ration has been referred to by Fowler [S] as following 
injection of higher doses of EOS, and a similar in- 
crease has been observed 1191 in mice receiving hyd- 
razinopropionic acid (which potently inhibits GABA- 
transaminase). That EOS does not inhibit SSA-DH 
has not previously been reported. This finding sup- 
ports the suggestion that EOS, being an active-site 
directed inhibitor, is the most specific GABA-trans- 
aminase inhibitor currently available. Unlike hydra- 
Tines or pyridoxine-antagonist inhibitors of GABA- 
transaminase. it does not inhibit glutamic acid decdr- 
boxylase (L-glutamate I-carboxy-lyase; EC 4.1.1.15) 
or other transaminases (such as alanine aminotrans- 
fcrase or aspartate aminotrdnsferdse) [3.4]. 

The behavioural effects of EOS were similar to 
those described by Baxter et trl. 161. The individual 
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variation is presumably the result of dill’ering arcas 
of diffusion of drug from the injection site. When even 
slight behavioural changes were apparent all phases 
of the seizure response to auditory stimulation wet-c 
absent. This is an extremely potent anti-convulsant 
effect and contrasts with the weak protection against 
maximal electroshock observed in mice up to 36 hr 
after comparable doses of EOS [6]. 

An increase in brain GABA concentration has been 
reported for rats receiving DPA 200 or 4OOmg.;kg 
i.p. (+30”,, and +46”,, respectively) [ 121 or for mice 
receiving DPA 400 mg:kg i.p. (+W40”,,) [13]. We 
have not found significant increases in GABA after 
such doses of DPA, but 600 mgkg produced a greatet 
augmentation (+ 57”,,). An in z.it’o inhibition of 
GABA-transaminase (such as we observe in brain 
homogenates from mice treated with DPA 600 mg/kg 
i.p.) was not detected by Godin rt (I/. [12]. The latter 
authors reported that 25 mM DPA inhibited GABA- 
transaminase in eifr~~ by 37.6”,,. In cats DPA 
2OOmg/kg gives peak plasma concentrations in the 
range 0.30.5 mg/ml [1 11: assuming the drug has un- 
impeded access to the brain cerebral concentrations 
of DPA would be 223 mM. and if the concentrations 

remain proportional. 600 mgjkg would give a cerebral 
concentration of 69mM. (Preliminary exper- 
iments 1701 with ‘SC-DPA have suggested that mouse 
brain concentrations of DPA may be higher than this, 
possibly 20mM after DPA 4OOmg/kg, but the exper- 
iments did not cxcludc the possibility of the accumu- 
lation of metabolites of DPA). 

We are unable to show in ~itw inhibition of 
GABA-transaminase activity by apparently appro- 
priate concentrations of DPA (i.e. 5-15 mM). How 
inhibition of GABA-transaminase in 1’1~0 arises is un- 
hnown. The claim that DPA irl vitro is a competitive 
inhibitor of GABA-transaminasc 1131. with a K, 
value of I.4 x IO-’ M. is probably erroneous and 
arose because the assay system employed a linked 
reaction including SSA-DH. and. as shown by Harvey 
or (11. [14]. and confirmed by LIS. DPA potently in- 
hibits SSA-DH. DPA is competitive with succinic 
semialdehyde with an apparent K, less than IO-” M 
(i.e. adequate to account for the apparent findings of 
Simler (11 ul. [ 131 with GABA-transaminase). The con- 
centration of DPA required to produce an approxi- 
mately 90”,, inhibition of SSA-DH (5 mM) is probably 
achieved in the brain after DPA 600 mg!kg. However. 
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with our assay conditions it was not possible to 
demonstrate SSA-DH inhibition in brain homo- 
gem&s from such animals, presumably because of the 
competitive nature of the inhibition and the dilution 
of the DPA in the final reaction mixture. As the reac- 
tion catalysed by GABA-transaminase is a reversible 
equilibrium reaction an increase in the concentration 
of succinic semialdehydc following inhibition of 
SSA-DH could presumably increase brain GABA 
content, The failure of GABA to accumulate in the 
brain after DPA. XX) or 400 mgjkg. indicates either 
that any inhibition of GABA-transaminase or of 
SSA-DH is insufhcient to lead to an accumulation 
of GABA. or that the flux through the GABA shunt 
is reduced. The latter possibility, as it would indicate 
a rcduccd rate of synthesis of GABA would be 
expected to increase the probability of seizures 131. 

That DPA 400 mg/kg protects mice for up to 2 hr 
against seizures induced by auditory stimulation (in 
the absence of any ‘psychomotor’ changes) has been 
previously reported [13]. We find that protection is 
not quite complete after DPA 4OOmg/kg, but is total 
after 600mg/kg. however. the higher dose produced 
slight changes in motor activity. 

It has been claimed that the anticonvulsant action 
of DPA is a consequence of the increased concent- 
ration of GABA in the brain [ 12, 131. The demonst- 
ration of a clear anticonvulsant action associated with 
insignificant changes in GABA concentration (follow- 
ing DPA 4OOmg:kg) makes it unlikely that there is 
a causal relationship between these effects. The struc- 
tural similarity of DPA and GABA makes it possible 
that DPA will act on receptors for GABA or other 
amino acids, or on carriers involved in reuptake or 
transport of GABA and related compounds. 

Although the changes in brain GABA concent- 
ration are very much greater after EOS. it is not pro- 
ven that the behavioural changes and anticonvulsant 
effects of EOS are a direct consequence of such in- 
creases in brain GABA concentration. One problem 
concerns the compartment in which the increase oc- 
curs. If the increase is primarily in GABA-ergic 
synaptic terminals. enhanced release of GABA could 
lead to more effective inhibitory synaptic transmis- 
sion Synaptically released GABA is inactivated by 
reuptake into glia and neurones, especially inhibitory 
interneurones [?I -231. Inhibition of GABA-trans 
aminase (in the mitochondria of neurones and glia) 
mdy produce an accumulation of GABA in neurones 
or in glia. Even if the accumulation is primarily in 
glia this may be of physiological significance. as a 
release of GABA from glia has been demon- 
strated [24]. The possibility that anticonvulsant ef- 
fects could be a secondary or indirect consequence 
of changes in brain GABA content is suggested by 
the observations that (a) many drugs modifying brain 
GABA metabolism also alter brain amine concent- 
rations [25] and (b) that in mice receiving EOS intra- 
cerebroventricularly the rise in brain GABA concent- 
ration is followed by an increase in brain 5-hydroxy- 
tryptamine concentration [6]. A relationship between 
the concentration in the brain of 5-HT or other 

amines and seizure threshold has frequently been de- 
monstrated 126.271, and a role for such changes in 
anticonvulsant drug action has been pro- 
posed [2%31]. 

The correlation between changes in motor behav- 
iour and inhibition of GABA-transaminase activity 
that is apparent in mice receiving EOS or high doses 
of DPA suggests that acute neurological toxicity of 
these and perhaps other anticonvulsant drugs, may 
be related to altered GABA metabolism. 
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