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Abstract-Glutamic acid decarboxylase (GAD) activity in mouse brain homogenates was inhibited 
after intraperitoneal administration of convulsant doses of three pyridoxal phosphate antagonists, 
methyldithiocarbazinate (MDTC, 45 m&kg) thiosemicarbazide (TSC, 100 mg/kg) or 4-deoxypyridoxine 
(4-DP, 250mg/kg). Dopa-decarboxylase (DCA) activity in the same homogenates was inhibited to 
a similar or lesser extent than GAD activity. Addition of pyridoxal phosphate to the homogenates 
relieved or abolished the inhibition of both GAD and DCA. GAD activity in mouse brain homogenates 
was inhibited (21 per cent) after intraperitoneai admin~tration of a convulsant dose of ~lyl~y~ine 
(AG, 2~m~g) which is not a pyridoxal phosphate antagonist. Addition of AG to mouse brain 
homogenate caused an inhibition of GAD activity. The inhibition was increased by prein~ubation 
of the homogenate with AC. In contrast, cerebral DCA activity was unchanged after a convulsant 
dose of AC, or after addition of AG to brain homogenates with or without preincubation. Brain 
GABA concentration was decreased after 4DP (250 m&g) but dopamine and serotonin concentrations 
were unchanged. Homovanillic acid and 5hydroxyindoleacetic acid were significantly increased (26 
and 96 per cent respectively). Brain GABA concentration was decreased after AG, while brain mono- 
amine and monoamine metabolites were unchanged (except for a 28 per cent decrease in 5HT at 
60 min). The experiments demonstrate that inhibition of DCA activity is not the primary or critical 
mechanism in the convulsant action of hydrazides and allylglycine. 

Hydrazides and other pyridoxal phosphate antagon- 
ists that induce convulsions inhibit the cerebral 
enzyme glutamic acid decarboxylase (GAD: L-gluta- 
mate I-carboxy-lyase; EC 4.1.1.15) [l-3]. The relation- 
ship between changes in brain GABA content and 
the occurrence of convulsions after hydrazide admin- 
istration is not a simple one [4-71. However, a corre- 
lation between the degree of inhibition of cerebral 
GAD activity and the onset of seizures has been 
shown for a pyridoxal phosphate antagonist, 4-deoxy- 
pyridoxine, and two other compounds not related to 
hydrazides, 3-mercaptopropionic acid and allylglycine 
[8]. A recent study of three sulphur~ontaining hydra- 
zides-methyldithio~arb~inate (MDTC), thiocarbo- 
hydrazide, and thiosemicarb~ide (TSQ-failed to 
reveal a correlation between GAD inhibition and 
seizure onset [9]. 

Pyridoxaf phosphate (PLP) is required as coenzyme 
by all cerebral decarboxylases and transaminases, in- 
cluding GABA-transaminase (GABA-T; 4-aminobu- 
tyrate: 2-oxoglutarate aminotransferase EC 2.6.1.19) 
the enzyme responsible for the further metabolism of 
GABA [lo]. One enzyme, L-aromatic amino acid 
decarboxylase (DCA) is apparently responsible for 
both the conversion of L-DOPA to dopamine 
(3,4-dihydroxy-L-phenylalanine carboxy-lyase, EC 
4.1.1.26) and of L-hydroxytryptophan (SHTP) to sero- 
tonin (SHT) (S-hydroxy-L-tryptophan carboxy-lyase, 
EC 4.1.1.28) [ill. Cerebral transmitter systems utilis- 
ing dopamine, noradrenaline and serotonin play an 
important role in regulating the level of sleep and 

wakefu~n~s and the level of motor activity [12,13]. 
Changes in these systems influence seizure thresholds 
in several animal models of epilepsy [ 14,151. Gey and 
Georgi [i6] have shown in a very diverse group of 
centrally active drugs that there is a tendency for 
drugs which lead to a reduction in DCA activity to 
increase motor activity or induce seizures, whereas 
anaesthetic or depressant drugs are associated with 
enhancement of DCA activity. Thus, convulsions in- 
duced in rats by thiosemicarbazide (15-25 mgjkg) 
were associated with 30-35 per cent inhibition of 
DCA. However, under normal circumstances, the rate 
limiting step in the synthesis of catecholamines is 
tyrosine hydroxylase [173. The rate of 5HT synthesis 
is ~ntroll~ by tryptophan hydroxylase activity for 
which substrate av~iability (i.e. intraneuron~ L-tryp- 
tophan concentration) is the limiting factor [18]. 
Thus, it is not certain that a partial inhibition of DCA 
will lead to a critical reduction in the synthesis of 
cerebral monoamines. 

We have, therefore, re-examined the action of con- 
vulsant doses of MDTC, TSC, 4DP and allylglycine 
on cerebral GAD activity and compared this with 
the concurrent inhibition of DCA (assessed by the 
decarboxylation of L-DOPA). We have then com- 
pared the actions of 4-deoxypyridoxine (which shows 
the most marked inhibition of DCA) and of allylgfy- 
tine (which produces a marked inhibition of GAD 
and no inhibition of DCA activity, on cerebral con- 
centrations of GABA, dopamine, nor~r~aIine and 
serotonin and of, as potential indicators of dopamine 
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and serotonin turnover, their acid metabolites, homo- 
vanillic acid (HVA) and 5-hydroxyindoleacetic acid 
(SHIAA). 

MATERIALS AND METHODS 

Adult DBA/2 mice, 20-30 g, were used for the prep- 
aration of brain homogenates and for ill ciao studies 
(except for the experiment in which cerebral mono- 
amines were measured). 

GAD and DCA activity in vitro. Mice were decapi- 
tated, the whole brains removed, weighed and a 10 
per cent (w/v) homogenate prepared in ice-cold 
50mM phosphate buffer, pH 6.0, containing 0.27; 
(v/v) Triton X-100 and 2.5 mM AET (2-amino ethyl- 
isothiouronium bromide hydrobromide). The homo- 
genate was allowed to stand for 10min in ice and 
was centrifuged at 3,000 g at 4” for 15 min. The pellet 
was discarded and the supernatant used as the source 
of enzymes. GAD activity was estimated by the 
method of Roberts and Simonsen [19] as modified 
by Tapia and Awapara [20]. Final concentrations in 
the reaction mixture (1.0 ml) were: L-glutamate 
(5.6 pmoles) L-[I-14C]glutamate (0.05 &i) adjusted to 
pH 6.3 with KOH, phosphate buffer, pH 6.3 
(50 pmoles) AET (2.5 pmoles) and brain homogenate 
(equivalent to 20mg wet wt. tissue). Pyridoxal 
5’-phosphate (PLP, 0.05 pmole) and drug were added 
where indicated. Samples were incubated at 37” for 
the stated times, together with appropriate blanks. 
DCA activity was estimated by the method of Lam- 
precht and Coyle [21]. Final concentrations in the 
reaction mixture (1.0 ml) were: L-3,4_dihydroxypheny- 
lalanine (0.34 pmole) dissolved in water containing 
1 mg/ml. ascorbic acid), L-3,4_dihydroxyphenyl 
[l-‘4C]alanine (0.1 &i), phosphate buffer pH 6.8 
(75 pmoles), EDTA (0.2 pmole) AET (2.5 pmoles) and 
brain homogenate (equivalent to 20mg wet wt tis- 
sue). PLP and drug were added where indicated. 
Samples were incubated for the stated times at 37”, 
together with appropriate tissue blanks. GAD and 
DCA activities were estimated using substrate con- 
centrations which were twice the K, under these 
assay conditions. In some experiments, enzyme and 
drug were pre-incubated at 37” in the assay medium 
igwiF);t substrate) for 30min (GAD) or 20min 

GAD and DCA actioity (in vivo). Mice were injected 
with DL-al&lyCitIe (AG, 200 mg/kg) 4-deoxypyridox- 
ine hydrochloride (4DP, 250 mg/kg), methyldithiocar- 
bazinate (MDTC, H,NNHC: SSCHJ, 45 mg/kg) thio- 
semicarbazide (TSC, lOOmg/kg) or saline and killed 
at the stated times by decapitation. Brain homo- 
genates were prepared and assayed as above. Enzyme 
activity in control homogenates or from saline in- 
jected animals was assayed concurrently with homo- 
genates to which drugs had been added or from drug 
injected animals. Body temperature was recorded by 
a rectal probe and controlled by external heating. 

Estimation of GABA and cerebral monamines. Mice 
(Swiss S) were injected with AG(2OOmg/kg, i.p.) 4DP 
(250 mg/kg) or saline, and were observed for the onset 
of seizure activity. Animals were killed at the stated 
times by decapitation, the brains removed and 
divided midsagitally through the superior longitudi- 
nal fissure and frozen in liquid nitrogen (within 1 min 

of killing) and kept at -76” until homogenised. One 
half of the brain was used to estimate cerebral mono- 
amines, dopamine (DA), noradrenaline (NA) scro- 
tonin (5HT) and 5-hydroxyindoleacetic acid (SHIAA) 
and the other half to estimate GABA. Homovanillic 
acid (HVA) was estimated on whole brain. Cerebral 
monoamine, monoamine metabolites and GABA 
were estimated as previously described 1221. Differ- 
ences between control and drug-treated enzyme ac- 
tivities and cerebral metabolites were compared by 
Student’s t-test. 

Radioactivity counting. Samples were prepared and 
counted as previously described [9]. 

Materials. Isotopes were purchased from the 
Radiochemical Centre, Amersham. Drugs, coenzymes, 
enzymes and other chemicals were purchased from 
Sigma Chemical Co. Methyldithiocarbazinate was a 
gift from Phillips Duphar Laboratories. 

RESULTS 

In vitro experiments. The addition of allylglycine 
(AG) to mouse brain homogenates caused a signifi- 
cant inhibition of GAD activity (Table 1). Control 
activity decreased with increasing time of incubation; 
the percentage inhibition produced by AG increased 
as the duration of the assay was extended. Inhibition 
was not markedly changed by increasing the concen- 
tration of AG (within the range used). Addition of 
PLP did not change the percentage inhibition of 
GAD by AG. 

Preincubation of brain homogenate with AG 
(50mM) increased the GAD inhibition markedly 
(Table 2) compared to no preincubation (cf. Tables 
1 and 2). Unlike the experiments without preincuba- 
tion (Table l), addition of PLP (either at the start 
of the preincubation or at the start of the assay) 
reduced the inhibitory effect of AG on GAD. 

Control DCA decreased with duration of incuba- 
tion but, in contrast to GAD DCA activity was not 
consistently modified by AG (50 or 100 mM) (Table 
1). The one out of 20 results showing a significant 
change (P < 0.05) is probably the result of random 
factors as there is no evidence for a trend with time. 
Preincubation of mouse brain homogenates with AG 
(50mM) in the presence or absence of PLP did not 
significantly alter DCA activity (Table 2). 

In vivo experiments. AG (2OOmg/kg, i.p.) induced 
seizures after a mean latency of 95 min. A significant 
inhibition of GAD activity was seen in brain homo- 
genates subsequent to this (Table 3). Addition of PLP 
to the homogenates did not alter this inhibition. DCA 
activity in the same homogenates was not decreased 
compared to control (Table 3). 

GAD activity was inhibited in brain homogenates 
from mice killed 30 min after MDTC (45 mg/kg i.p.; 
mean time to seizure onset 15 min), 30 min after TSC 
(100 mg/kg i.p.; no seizures observed up to 30 min) 
and 60min after 4DP (250mg/kg i.p.; mean time to 
seizure 45 min) (Table 4). Addition of PLP to the 
homogenates greatly reduced or abolished the GAD 
inhibition following i.p. administration of MDTC, 
TSC or 4DP. DCA activity was inhibited in the same 
brain extracts to a similar or a lesser extent than 
GAD activity (Table 4). As with GAD activity, addi- 
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Table 2. EfTect of prclncubatlon with AC; on GAD and DCA actlrltles In mouse hraln homogenates 
~ - .._ ~-.-. -.__ __. -._.__- 

I>urallon of Duration GAD Act~vnv DC‘A Act~vn, 
prelncuhatlon 

- - _.._ 
20 mln .- PLP 
2Omln + PLP 
20 mln PLP 
20 mln - PLP 

30 mln - PLP 
3Om1n + PLP 
30 mln - PLP 
30 mln - PLP 

60 mln PLP 
60 mln + PLP 
60 mtn - PLP 
60 min - PLP 

of assay Control 

20 mln - PLP 
20 mtn - PLP 
20 mln - PLP 
20 mln + PLP 

30mln -PLP 
30 min - PLP 
30 mm - PLP 
30 mln + PLP 

30 mln - PLP 
30 mln - PLP 
30 mln - PLP 
30 mln + PLP 

x.47 f 0.55 
19.05 + 0.54 
9.75 * 1.0x 

17.71 k 0.62 

IO.72 f 2.45 
27.75 + 4.95 

9 59 ? 2.16 
‘5 14 + 4.78 

50 mM.A(; 

3.59 + 0.27 
IO.00 + 0.45 
2.49 f 0.28 
7.47 f 0.67 

3.31 f 0.63 
13.59 * 2.67 
7.03 + 0.47 
9.68 & I.72 

‘I,, Con!. Control 50 mM.Ai; “(, Cnnt 

2.92 t 0.45 
4 31 ; i, 70 

3 IY k 041 
4.80 k 0 x0 

42“ + L1 
s?“,,+ 
26” t 
42”“t 0 

31” t 
490::t 
21” t (1 
39” 0 t 

2 51 * o.i- W’,, 
4.W + 0.6i IO,“,, 
’ 72 + I),iV _. 
1.0’ -t 0 x3 

NY’,, 

xj”,, 

__.. .-. _.-_ ---_ -_. _ ~. - 

Mouse hraln homogenates were prelncubated with the assay mlrturc (less substrate) in the presence and absence 
of AG and PLP for the stated flmes. The assays were Initiated by the addition of substrate wnhout (- PLP) or 
with (+PLP) added PLP. and WCTL’ terminated at the stated ttmes. En/rme acrivity (Itmoles.g,;hr) is expressed as 
mean tS.F 51.. together wnh the per cent of control activity for 4 estlmatlons. Differences between control and drug 
rrcated homogenates were compared by Student’s r-test and denoted by ‘P i 0.05. +P < 0.01. 

Table 3. Flfecl of AG (Z(X)mg/kg) on mouse hraln GAD and DCA actlvnles 1~ riro 

Treatment 
and duration 

GAD DCA 
-PLP + PLP - PLP + PLP 

Saline 10.96 + 0.57 23.08 f 0.67 2.84 & 0.06 4.19 + 0.15 
AC; 30 min 10.x7 + 0.43 ‘2.51 f 0.62 3.1s k 0.16. 4.36 f 0.20 

YY”,, 98”” II?‘” I (14”,, 
AC; 6Omln Y.R6 + 0.38 20.69 + 0.25 2.92 f 0.03 4.36 z 0.14 

‘x)“” 90” 0 103”, I W”,, 
AC; I20 min H.66 + 0.38t 18.72 f 0.50 2x0 f 00x 4.02 k 0.20 

7Y”,, gl”,, 99”,, Y6”” 
- .~_. --- 

Mice were Injected i.p. with 200mgkg AG or saline and kllled at the stated times. 
G.AD and DCA activities were measured as described In Methods. without (- PLP) 
or wnh the addition ( + PLP) of exogenous PLP. 

lncubatlon times: GAD 60min. DCA 2Omin. 
Activities @moles g,hr) are expressed as the mean rS.E.M.. together wnh per cent 

actlv~ty compared IO controls for 8 determinations. Differences between control and 
drug treated animals were compared by Student’s r-test. and denoted by *P < 0.05. 
tP < 0.01. 

Table 4 The effect 

Trcatmcnt 

Sallrl~ 

MDTC 45 mg kg 
30 mln 
TSC I(X) mg,kg 
30 mm 
IDP 250 mg,kg 
H) mm 

of MDTC. TSC and 4DP on mouse hraln GAD and DCA actIvItIes 
1,) riro 

- .._- ..-. ..-. _-. __ 
GAD DC.4 

- PLP + PLP - PLP +PLP 
-_. -- 

14.05 + 0.Y3 29.17 + 0.98 3.43 + 0.13 5.27 0.20 2 
8.44 f 0.79t 25.46 + 1.57’ 2.87 f O.I?‘L 4.71 t 0.14 
60”” R 7’:” 84” (, XY”., 

10.50 + 0.96’ 26.50 1.46 & 2.3Y * 0.1 It 4.77 f 0.0X’ 
75”,, 910, 700, YI”,, 

4.64 + 0.4xt 25.57 + I..& I.71 f 0.06 5.09 f 0. I I 
33”,, X8”,, 50”,, Y7”,, 

Mice were Injected 1.p. with the stated dose of the drug or sahne and killed at the stated 
limes. GAD and DCA activities were measured in brain homogenates as described In 
Methods. wnh (- PLP) or wnh I+ PLP) the addition of exogenous PLP. lncubatlon times: 
GAD 6Omm. DCA 2Omin. Acflvities (pmoles/g/hr) are expressed as the mean +S.E.M.. 
together wnh the per cent activity compared to controls for 6 8 determinations. Differences 
hctween control and drug treated animals were compared by Student’s r-test. and are denoted 
by *P < 0.05. +P < 0.01. 
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tion of PLP to the homogenates reduced or abolished 
this inhibition. 

Since 4DP was the most effective of the four drugs 
at inhibiting GAD and DCA activities, the concen- 
trations of cerebral monoamines. monoamine metab- 
olites and GABA were determined in mouse brain 
after treatment with 4DP. and compared to treatment 
with AC. Animals were sacrificed before (20min 
4DP; 60min AG) or after (60min 4DP; 12Omin AG) 
the onset of convulsions. GABA concentration was 
significantly reduced at 60 min and 120 min after AC 
(Table 5). The concentrations of DA and its principal 
metabolite HVA were unchanged at both times, A 
reduction in 5HT concentration (28 per cent) was seen 
at 60 min after AC but not at 120 min. SHIAA and 
NA concentrations were unchanged after AC. The 
concentration of GABA was reduced 60min after 
4DP (Table 5). DA and HVA concentrations were 
unchanged at 20min after 4DP but HVA concen- 
tration was significantly elevated (26 per cent) 60 min 
after 4DP. 5HT and SHIAA concentrations were un- 
changed 20min after 4DP, but SHIAA was signifi- 
cantly elevated (96 per cent) 60min after 4DP. NA 
concentration was unchanged 20min after 4DP but 
was significantly reduced (24 per cent) 60min after 
4DP (Table 5). 

DISCIJSSION 

Gey and Georgi [16] concluded. from their study 
of thiosemicarbazide, aminooxyacetate, pentylenete- 
trazol, and amphetamine, that central excitant actions 
of these’compounds were related to a reduction in 
DCA activity and not to observed increases or de- 
creases in GAD activity. The group of drugs that they 
studied is heterogenous. with varied biochemical. 
pharmacological and behavioural effects. We have 
compared thiosemicarbazide with other pyridoxal 
phosphate antagonists (MDTC, 4DP) and the convul- 
sant allylglycine. In confirmation of their observa- 
tions, systemically administered TSC inhibits cerebral 
DCA activity and this inhibition can precede seizure 
onset. MDTC and 4DP in convulsant dosage also 
inhibit DCA activity; this is associated with a marked 
inhibition of GAD activity. Allylglycine. which is not 
a pyridoxal phosphate antagonist. does not inhibit 
DCA activity. either in vitro or following its systemic 
administration in convulsant doses. 

Drug induced decreases in the cerebral content of 
monoamines are associated with a decreased thresh- 
old for seizure induction in several rodent test systems 
[14,23]. However, our measurements of cerebral 
monoamines and their metabolites indicate that the 
reduction in cerebral DCA activity is probably not 
inducing seizures in this way. A 50 per cent inhibition 
of DCA activity after 4DP was accompanied by no 
changes in brain DA content and an increase in HVA 
content suggesting that the turnover of DA was in- 
creased [24]. The marked increase in SHIAA is prob- 
ably also indicative of an increased release of 5HT. 
although an effect of 4DP on reuptake or storage 
of 5HT is also possible. Impairment of transport of 
acidic metabolites may also contribute to the 
observed increases in HVA and in SHIAA. Thus an 
impairment of 5HT synthesis after 4DP is not 
excluded by our data. However. larger decreases in 

5HT concentration (e.g. 60 per cent after reserpine 
/25] or 61 per cent after p-chlorophenyl-alanine [22]. 
do not lead to ‘spontaneous’ seizures, although they 
may be associated with a decrease in seizure thresh- 
old. 

Allylglycine in a convulsant dose did not modify 
cerebral monoamine content, except for a decrease 
in 5HT content at 60min. This could indicate a 
change in synthesis or storage of 5HT. The absence 
of any change in cerebral DA content, or in DCA 
activity. suggests that a change in decarboxylation 
rate is unlikely to be involved. 

It is possible that transport of L-tryptophan into 
the brain could be reduced after 4DP or AG. 

The 67 per cent inhibition of GAD activity follow- 

ing 4DP. 250mg/kg, is in accordance with our pre- 
vious observations of 58 per cent inhibition after 
4DP. 225 mg/kg [S]. The 49 per cent reduction in 
brain GABA concentration is consistent with the rate 
limiting role of GAD in GABA synthesis. 

There is massive evidence that GABA functions as 
an inhibitory transmitter in many sites in the CNS 
[26]. Drugs known to block its post-synaptic action 
(such as picrotoxin, bicuculine and tetramethylene- 
disulphotetramine) are powerful convulsant agents 
[3,27]. In contrast, drugs blocking the postsynaptic 
actions of DA (e.g. haloperidol and pimozide) or of 
serotonin (e.g. methysergide) do not normally pro- 
voke seizures [28,29]. There thus appears to be no 
reason to alter our previous conclusion that seizures 
after 4DP are most probably due to impaired syn- 
thesis of GABA [S]. 

Our earlier description [S] of the contrast between 
the weak inhibition of GAD when AG is added to 
brain homogenates and more marked inhibition 
observed when the drug is administered systemically, 
has been confirmed [30,31]. Our suggestion that the 
GAD inhibition is due to formation of a metabolite 
of allylglycine has been supported by Orlowski et al. 
[31]. who have produced evidence that transamina- 
tion or oxidative deamination may be involved. It 
is clear from the in vitro (Tables 1 and 2) and in 
oico (Table 3) experiments reported here that neither 
AG. nor an active metabolite responsible for GAD 
inhibition, inhibit DCA activity. 
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