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ABSTRACT. The inhibitory neurotransmitter y-aminobutyric acid (GABA) IS not solely located in the CNS, 

it and the enzymes responsible for its synthesis (glutamic acid decarboxylase, GAD, EC 4.1.1.15) and catabolism 
(GABA-transaminase, GABA-T, EC 2.6.1.19) are also present in non-neuronal organs. Following 2, 8 and 21 

day oral administration of ethanolamine-0-sulphate (EOS) and y -vinyl GABA (GVG), two irreversible in- 
hibitors of GABA-T, the GABA content and activities of GAD and GABA-T in rat brain, liver and kidney, 
and the GABA content of plasma were determined. GABA-T activity was significantly decreased (over 80%) 
in liver, brain and kidney, although there was 2-3 times the residual activity left in the brain compared with the 
peripheral organs. GABA content was subsequently significantly elevated in the liver (300-lSOO%), plasma 

(200-300%) and brain (200-300%), although, surprisingly, the kidney GABA content was reduced (by 60- 
70%) compared with control. GAD activity was decreased following 8 day treatment in liver and brain. Kidney 
GAD was reduced at all time points. These two compounds are anticonvulsant, GVG is used clinically for the 

treatment of epilepsy but it seems that these drugs have significant peripheral effects. RIOCHEM PHARMA- 
COL 52;9:1355-1363, 1996. Copyright 0 1996 Elsewier Science Inc. 
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GABAt is the major inhibitory neurotransmitter in the 
CNS; however, it is widely distributed in nonneuronal tis- 
sue, e.g. the presence of GABA in various tissues of the cat, 
including kidney, liver, urinary bladder, and whole pan- 
creas, has been reported [l]. Since then, the presence of 
GABA and the enzymes responsible for its synthesis (GAD, 
1 glutamate 1-carboxy-lyase, EC 4.1.1.15) and its catabo- 
lism (GABA-T, 4-aminobutyrate 2-oxoglutarate amino- 
transferase, EC 2.6.1.19) have been demonstrated in several 
mammalian organs other than the CNS [2, 31. 

Immunocytochemical evidlence suggests that GABA-like 
immunoreactivity is located in nonneuronal cells of differ- 
ent organs, including hepatocytes 141, kidney tubular epi- 
thelium [3, 51, and platelelrs and erythrocytes [6]. 

* Corresponding author at preser.t address: Dr. M. Qume, Department of 
Pharmacology, The Medical School, University of Birmingham, Edgbas- 
ton, Birmingham, B15 2TT, U.K. TEL: 0121-414-4502; FAX: 0121-414- 
4509. 

t Abbreviation.: GABA, y-aminobutyric acid; GAD, glutamic acid de- 
carboxylase; GABA-T, GABA.-transaminase; EOS, ethanolamine-O- 
sulphate; GVG, y-vinyl GABA; HPLC, high pressure liquid chromatog- 
raphy; CNS, central nervous system; GAG, y-acetylenic GABA. 
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Different forms of GAD have been located in nonneuronal 
mammalian cells [7, 81 including erythrocytes [6] and he- 
patocytes [4]. However, it is unclear whether (as in the 
CNS) the GAD pathway constitutes the major metabolic 
origin of GABA in peripheral tissues [9-121. 

GABA-T 

Evidence suggests that GABA-T is the most important 
catabolic enzyme of GABA in nonneuronal tissue [12]. 
This enzyme has been found in many nonneuronal mam- 
malian cells including platelets and lymphocytes [6], kidney 
tubular epithelial cells [8], and hepatocytes [8, 131. 

@WAergic Elements in the Mammalian Liwer 

Liver GABA content has been documented in many ani- 
mals including cat, rabbit, and rat, with concentrations of 
15-100 nmol/g tissue. Human liver, however, has been re- 
ported to be much higher, at 252 nmol/g [14]; the reason for 
the elevated levels is unclear, but the differences in the 
time taken to obtain postmortem samples from humans and 
experimental animals and the differences in analysis tech- 
niques employed [ 15, 161 may explain these findings in part. 
The liver has a relatively low GAD activity [l?] compared 
with organs such as brain and reproductive system, but it 
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has been reported to possess the highest GABA-T activity 

outside the CNS [18]. 

In addition, [3H]-GABA binding to hepatocytes, which 

are sensitive to bicuculline, indicated the presence of 

GABA, binding sites [19], and a GABA transport system 

has been identified and characterised [20] as a result of 

experiments investigating the role of GABA in the patho- 

genesis of hepatic encephalopathy. Subsequent studies have 

shown that interference with this transport system (e.g. 

cirrhosis, hepatitis, partial hepatectomy) leads to impaired 

hepatic clearance and/or elevation in serum GABA con- 

tent [21-231. 

@BAergic Elements in the Mammalian Kidney 

All elements of the GABA system (GABA-T, GABA, 

GAD etc) are present in the mammalian kidney [13]. The 

presence of binding sites for the specific GABA, and 

GABA, ligands, muscimol, and baclofen have also been 

shown [24, 251. A high-affinity GABA transport system has 

also been identified [26]. GABA may also be released from 

cortical and medullary areas by ouabain and K’ [5]. Details 

of the GABA system in the mammalian kidney have been 

summarised [27], although the function is poorly under- 

stood. 

Many workers have investigated the in viva effect of 

treatment with the specific GABA-T inhibitors EOS and 

GVG (4saminohexenoate, vigabatrin) on brain GABA 

content and GABA-T and GAD activity [28-321. Because 

these drugs cross the blood-brain barrier poorly [29, 331, 

they need to be administered in relatively high doses and 

would be expected to affect peripheral enzymes. Almost 

complete inhibition of liver GABA-T following 2 and 9 

days of EOS administration in rabbits has been reported 

[34]. GVG is now a widely used antiepileptic drug, so it is 

of interest to document the effect of this drug and the 

related GABA-T inhibitor EOS on GABA-T and GAD in 

liver and kidney as well as the content of GABA and other 

amino acids of liver, kidney, and plasma. The use of these 

inhibitors may assist understanding of the role of GABA in 

the periphery. Two, 8, and 21 days of treatment were em- 

ployed, a regime we previously reported to produce a maxi- 

mum of 85% inhibition of brain GABA-T activity and an 

elevation of 150% in brain GABA content [35]. 

MATERIALS AND METHODS 

GVG was the gift of the Marion Merrell-Dow Research 

Centre (Winnersh, Berkshire, U.K.). EOS was purified as 

previously described [36]. 

Fifty-four male Wistar rats (255 f 5 g) were randomised 

into three even groups. Group 1 (control) received 1 g/L 

sucrose in the drinking water (vehicle), group 2 received 

3 g/L GVG, and group 3 received 3 g/L EOS. Body weights 

and fluid consumption were monitored regularly. After 2, 8, 

and 2 1 days of treatment, six animals from each group were 

killed by stunning prior to decapitation. Blood was col- 

lected into 1-mL plasma microtainers and stored on ice 

until centrifugation at 13,000g for 10 min and stored at 

-20°C until subsequent analysis. The brain was rapidly dis- 

sected out and homogenised (teflon-glass homogeniser) in 

3-mL ice-cold distilled water. Liver samples and one kidney 

(de-encapsulated) were also homogenised. Samples were 

aliquoted into Eppendorf tubes and stored at -20°C until 

required. 

GABA-T and GAD activity were assayed by the fluori- 

metric methods of Salvador and Albers [37] and Lowe et al. 

[38] respectively. Tissue homogenates were analysed for 

protein content by the method of Bradford [39]. For high 

pressure liquid chromatography (HPLC) analysis, 10 PL of 

100% trichloracetic acid was added to 90 p,L tissue homog- 

enate and the resultant suspension centrifuged at 11 ,OOOg 

for 10 min. Ten microlitres of the supernatant were neu- 

tralised with 90 ~.LL 0.2 M NaHCOj, pH 9; this was diluted 

with distilled water as necessary. Analysis of the amino acid 

content of samples was carried out by gradient, reverse- 

phase HPLC [40] following precolumn derivatisation with 

o-pthaldialdehyde. The gradient conditions used did not 

completely resolve the serine and histidine doublet or the 

glycine, threonine, and arginine triplet. 

Statistical investigation was carried out by the applica- 

tion of Student’s unpaired t-test. Statistical significance was 

determined at the 5% level. 

RESULTS 
Body Weight and Fluid Consumption 

Animals receiving GVG did not gain weight, and EOS 

consumption caused no significant difference in weight 

gain compared with control animals, which supports results 

reported previously [41]. The mean (*SD) drug consump- 

tion of treated animals throughout the study for those re- 

ceiving GVG was 185 f 27 mg/kg/day versus 280 + 28 

mg/kg/day for EOS. 

GVG-treated animals drank 45% less fluid than did con- 

trol animals (90 f 13 ml/day, cf. 164 f 12, P < 0.0001). 

EOS-treated animals drank 93% of controls’ intake (153 * 

12, P < 0.005). 

Tissue Determination 

GABA-T ACTIVITY. The GABA-T activity of liver, brain, 

and kidney was found to be significantly decreased (Fig. 1). 

In the peripheral tissues, a decrease of more than 93% was 

observed at all time points versus the 75% (GVG) and 60% 

(EOS) inhibition produced in the brain following 2 days’ 

treatment. Enzyme activity decreased with further treat- 

ment to leave 14-18% remaining after 21 days. 

GAD ACTIVITY. Figure 2 illustrates the change in GAD 

activity observed after treatment. Liver and brain possessed 

the same profile: 2-day treatment with both compounds had 

no effect, g-day treatment caused a significant decrease in 

brain (30%) and liver (40-50%), and 21-day treatment 



T
A

B
L

E
 

1.
 

E
ff

ec
t 

o
f 

2.
, 

S
e,

 a
n

d
 2

1-
d

a
y

 t
re

a
tm

en
ts

 w
it

h
 3

 g
/L

 G
V

G
, 

E
O

S
, 

o
r 

v
eh

ic
le

 (
C

T
L

) 
o

n
 w

h
o

le
 b

ra
in

 a
m

in
o

 a
ci

d
 c

o
n

te
n

t 
(n

m
o

U
m

g
 p

ro
te

in
) 

A
m

in
o

 
2 

D
a

y
s 

tr
ea

tm
en

t 
8 

D
a

y
s 

tr
ea

tm
en

t 
21

 D
a

y
s 

tr
ea

tm
en

t 

a
ci

d
 

C
T

L
 

G
V

G
 

E
O

S
 

C
T

L
 

G
V

G
 

E
O

S
 

C
T

L
 

G
V

G
 

E
O

S
 

A
S

P
 

G
L

U
 

A
 C

N
 

. 
IY

I 
. 

S
E

R
/H

IS
 

G
L

N
 

A
/G

/T
t 

T
A

U
 

A
L

A
 

T
Y

R
 

G
A

B
A

 

71
.7

5 
f 

5.
26

 
68

.0
0 

* 
3.

48
 

15
8.

15
 +

 9
.2

8 
14

6.
76

 +
 2

.2
4 

8.
77

 5
 (

1.
52

 
8.

21
 f

 c
7.

33
 

68
.8

3 
f 

7.
00

 
54

.2
5 

+
 3

.7
9 

81
.7

3 
f 

9.
15

 
80

.7
6 

k
 2

.1
4 

31
.6

7 
+

 4
.5

0 
32

.1
3 

+
 1

.3
3 

91
.5

1 
* 

4.
14

 
89

.8
0 

+
 2

.4
9 

46
.6

4 
k

 5
.7

2 
33

.7
3 

* 
2.

08
 

7.
69

 f
 0

.7
3 

7.
24

 r
 1

.0
2 

59
.7

9 
k

 4
.4

3 
10

7.
08

 f
 4

.7
3*

 

63
.0

3 
+

 4
.6

5 
69

.1
9 

? 
4.

77
 

13
8.

38
 r

 4
.6

1 
15

7.
72

 f
 

7.
88

 
6.

89
 *

 0
.4

* 
8 

42
 +

 0
.5

9*
 

39
.4

1 
k

 1
.2

3*
 

59
.3

7 
+

 8
.2

1 
67

.2
7 

+
 3

.9
1 

77
.8

2 
+

 3
.7

2 
26

.9
2 

r 
1.

46
 

30
.9

4 
+

 2
.8

5 
88

.5
9 

+
 4

.5
2 

90
.6

9 
k

 3
.5

0 
27

.0
5 

k
 l

.O
O

* 
30

.4
8 

+
 2

.3
0 

6.
25

 +
 0

.4
9 

6.
39

 ?
 1

.3
1 

69
.8

8 
? 

3.
68

$ 
55

.3
3 

k
 1

.6
5 

63
.0

2 
k

 5
.1

1 
14

2.
66

 k
 1

1.
48

 
5.

54
 +

 0
.3

1*
 

41
.7

3 
+

 1
0.

86
 

56
.5

8 
+

 4
.8

6*
 

25
.6

5 
+

 4
.3

1 
86

.7
6 

* 
5.

95
 

26
.4

6 
f 

6.
26

 
5.

65
 +

 1
.4

2 
12

8.
02

 k
 8

.3
6*

 

76
.8

4 
f 

4.
67

 
73

.6
2 

k
 8

.3
6 

17
5.

59
 f

 4
.7

2 
14

4.
16

 k
 4

.9
1 

6.
60

 k
 0

.7
4 

8.
18

 f
 0

.8
3 

49
.7

5 
* 

5.
39

 
55

.2
6 

f 
13

.4
 

78
.8

6 
f 

2.
56

 
78

.8
1 

+
 4

.6
2 

27
.8

0 
f 

1.
32

 
27

.9
3 

f.
 3

.9
7 

11
3.

81
 k

 7
.0

3*
 

88
.5

4 
f 

3.
72

 
29

.9
7 

+
 2

.9
1 

30
.1

2 
f 

5.
89

 
5.

50
 k

 0
.5

9 
4.

82
 k

 1
.1

0 
10

9.
20

 +
 5

.0
7*

 
52

.9
5 

+
 3

.3
7 

71
.6

3 
* 

6.
89

 
61

.4
1 

+
 7

.1
9 

15
4.

98
 +

 6
.0

6 
15

6.
98

 f
 4

.9
8 

7.
02

 f
 0

.5
8 

5.
26

 5
 0

.5
4 

57
.9

3 
* 

17
.1

3 
55

.6
1 

f 
30

.3
1 

64
.4

5 
+

 1
.7

0*
 

68
.1

3 
f 

1.
70

* 
36

.4
4 

t 
6.

01
 

21
.0

6 
f 

0.
57

 
92

.1
3 

k
 2

.5
4 

96
.8

9 
f 

3.
44

 
35

.4
4 

k
 7

.2
9 

31
.1

1 
k

 1
3.

50
 

6.
35

 f
 

1.
58

 
5.

56
 k

 0
.5

4 
13

3.
23

 f
 6

.4
7*

 
91

.1
1 

k
 4

.7
4*

 

V
al

ue
s 

ar
e 

m
ea

n 
t 

SE
M

, 
n 

=
 

6 
an

m
ul

s/
gr

ou
p 

fo
r 

ea
ch

 
tim

e 
po

in
t. 

* 
D

if
fe

re
nc

e 
fr

om
 

co
nt

ro
l 

re
le

va
nt

 
to

 
th

at
 

tm
x 

po
in

t, 
P

 
<

 
0.

05
, 

St
ud

en
t’

s 
t-

te
st

. 

t 
T

he
 

ar
gi

ni
ne

-g
ly

ci
ne

-t
hr

eo
nt

ne
 

tr
ip

le
t. 

I 
A

lth
ou

gh
 

th
is

 
L

S 
no

t 
st

at
ts

tic
al

ly
 

si
gt

uf
un

t 
at

 
95

%
 

co
nf

id
en

ce
 

In
te

rv
al

. 
th

e 
tr

en
d 

IS
 e

vi
de

nt
 

(P
 

=
 

0.
1)

. 

T
A

B
L

E
 

2.
 

E
ff

ec
t 

o
f 

2.
, 

8-
, 

a
n

d
 2

1-
d

a
y

 t
re

a
tm

en
ts

 w
it

h
 3

 g
k

 
G

V
G

, 
E

O
S

, 
o

r 
v

eh
ic

le
 (

C
T

L
) 

o
n

 l
iv

er
 a

m
in

o
 a

ci
d

 c
o

n
te

n
t 

(n
m

o
u

m
g

 p
ro

te
in

) 

A
m

in
o

 
a

ci
d

 
C

T
L

 

2 
D

a
y

s 
tr

ea
tm

en
t 

G
V

G
 

E
O

S
 

C
T

L
 

8 
D

a
y

s 
tr

ea
tm

en
t 

G
V

G
 

E
O

S
 

C
T

L
 

21
 D

a
y

s 
tr

ea
tm

en
t 

G
V

G
 

E
O

S
 

A
S

P
 

9.
94

 *
 0

.6
8 

9.
84

 +
 0

.6
4 

8.
27

 +
 0

.9
7 

G
L

U
 

36
.8

7 
f 

2.
98

 
33

.0
7 

t 
1.

81
 

31
.5

5 
f 

2.
42

 
A

S
N

 
9.

54
 f

 0
.2

9 
9.

52
 +

 0
.7

4 
8.

02
 k

 1
.0

0 
S

E
R

/H
IS

 
18

.4
0 

k
 0

.4
5 

19
.2

6 
+

 1
.3

8 
16

.3
3 

? 
2.

04
 

G
L

N
 

38
.0

3 
f 

1.
08

 
39

.7
4 

f 
2.

64
 

37
.8

8 
k

 3
.2

7 
A

/G
/T

t 
13

.6
0 

+
 1

.3
0 

12
.1

3 
k

 1
.0

6 
10

.9
0 

k
 1

.2
2 

T
A

U
 

8.
28

 +
 0

.1
4 

7.
51

 k
 0

.5
5 

8.
51

 +
 0

.6
1 

P
-A

L
A

 
2.

00
 f

 0
.1

0 
2.

46
 +

 0
.4

8 
2.

28
 +

 0
.2

0 
A

L
A

 
41

.5
3 

* 
2.

18
 

32
.7

7 
r 

3.
33

 
35

.6
5 

f 
3.

20
 

T
Y

R
 

5.
68

 f
 0

.3
3 

5.
75

 +
 0

.5
9 

4.
84

 +
 0

.5
7 

G
A

B
A

 
0.

58
 +

 0
.1

1 
1.

81
 +

 0
.2

3*
 

1.
75

 k
 0

.3
0*

 

V
al

ue
s 

ar
e 

m
ea

n 
r 

SE
M

, 
n 

=
 

6 
an

im
al

s/
gr

ou
p 

fo
r 

ea
ch

 
tu

ne
 

po
in

t. 

* 
D

if
fe

re
nc

e 
fr

om
 

co
nt

ro
l 

re
le

va
nt

 
to

 
th

at
 

tim
e 

po
in

t, 
P

 
<

 
0.

05
, 

St
ud

en
t’

s 
t-

te
st

. 

t 
A

rg
in

in
e-

gl
yc

in
e-

th
re

on
in

e 
tr

ip
le

t. 

7.
04

 f
 0

.3
9 

7.
23

 +
 0

.3
0 

7.
40

 f
 0

.4
0 

6.
44

 f
 0

.9
2 

6.
67

 +
 0

.4
8 

5.
84

 f
 0

.3
7 

30
.5

3 
+

 2
.1

7 
28

.5
7 

f 
1.

00
 

29
.6

2 
+

 2
.2

2 
25

.5
6 

f 
1.

70
 

25
.0

4 
+

 2
.3

8 
21

.9
3 

f 
1.

55
 

6.
83

 +
 0

.3
8 

5.
51

 k
 0

.2
a*

 
6.

10
 f

 0
.4

1 
5.

25
 *

 0
.7

0 
6.

04
 +

 0
.3

8 
4.

62
 +

 0
.1

1 
Il

.4
2 

f 
0.

57
 

12
.1

2 
? 

0.
51

 
12

.9
6 

* 
0.

61
 

10
.7

8 
r 

0.
88

 
12

.6
6 

k
 0

.6
8 

10
.0

9 
* 

0.
74

 
35

.8
7 

k
 2

.2
1 

32
.8

8 
+

 2
.1

9 
32

.9
8 

f 
2.

23
 

26
.7

6 
f 

1.
71

 
31

.9
3 

+
 2

.0
3 

29
.8

4 
f 

0.
64

 
7.

93
 i

 
1.

47
 

8.
50

 k
 0

.3
5 

8.
36

 f
 0

.5
4 

7.
00

 +
 0

.4
8 

7.
83

 f
 0

.3
4 

6.
89

 +
 0

.4
3 

8.
10

 f
 

1.
28

 
6.

49
 +

 0
.2

3 
8.

86
 f

 
1.

19
 

9.
44

 f
 

1.
88

 
5.

99
 f

 0
.3

1 
7.

45
 f

 0
.8

6 
1.

59
 f

 0
.1

1 
2.

52
 f

 0
.2

6*
 

2.
51

 f
 

0.
29

* 
1.

33
 f

 
0.

11
 

2.
20

 +
 0

.3
7*

 
1.

95
 f

 0
.2

1*
 

30
.2

4 
k

 2
.0

9 
23

.7
9 

f 
2.

26
 

31
.4

7 
+

 2
.2

4 
28

.6
6 

k
 2

.6
5 

25
.4

6 
t 

0.
50

 
24

.7
3 

k
 1

.8
5 

3.
91

 *
 0

.1
1 

3.
49

 f
 0

.2
2 

3.
74

 f
 0

.3
0 

3.
29

 r
 0

.3
4 

3.
62

 k
 0

.2
3 

2.
93

 k
 0

.1
7 

0.
43

 f
 0

.0
5 

3.
26

 f
 0

.2
7*

 
1.

33
 f

 0
.3

6*
 

0.
22

 k
 0

.0
3 

3.
57

 f
 0

.5
8”

 
1.

26
 k

 0
.2

4*
 



1358 

BRAIN 
10 

8 

I 

4 

2 

0 

LIVER 
LIVER 

KIDNEY KIDNEY 
2.5 

2.0 

1.5 

1.0 

0.5 

0.0 L_ l + - 
2 8 27 . ,. 

II 2 
DURATION OF TREATMENT 

(DAYS) 
DURATIObl OF TREATMENT 

(DAYS) 
FIG. 2. The effect of treatment with 3 g/L. GVG (striped bar), 
EOS (cross-hatched bar), or vehicle (white bar) on GAD 
activity. Units are nanomoles of GABA produced per mg 
protein/mm, expressed as mean * SEM. *I’ < 0.05, Student’s 
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FIG. 1. The effect of treatment with 3 gk GVG (striped bar), 
EOS (crossehatched bar), or vehicle (white bar) on GABAcT 
activity. Units are nanomoles of succinic semildehyde 
(SSA) produced per mg protein/mm, expressed as mean t 
SEM. *P < 0.05, Student’s tetest, n = 6 animals/group for 
each time point. 
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showed a return to control values. Kidney GAD activity, 
however, showed a decrease, compared with control, of 
40-50% after 2 days, and a decrease of 40% and 55% after 
8 and 21 days, respectively. 

AMINO ACID CONTENT. The amino acid content of con- 
trol and treated brain, liver, kidney, and plasma are sum- 
marised in Tables l-4. 

In brain, GABA levels were significantly elevated at all 
time points after treatment with GVG, and 8 and 21 days 
following EOS treatment (I’ < 0.0001). Two-day treatment 
with EOS elevated GABA levels by 17%, but this was not 
significant at the 95% confidence level. 

In liver, GABA content was elevated at all time points, 
showing an increase of 1500% after 2 1 -day GVG treatment 
and 469% with EOS. @Alanine content was also elevated 
following treatment, but the 14-23% increase observed fol- 
lowing 2-day treatment was not statistically significant. 

In kidney, GABA content was significantly decreased 
upon treatment (except after 8 days with GVG, where the 
20% decrease was not statistically significant), which was in 
sharp contrast to that observed for liver and brain. B-Ala- 
nine content followed the same trend as GABA, i.e. a 
decrease, but this reached significance only after 2 days of 
GVG treatment. 

In plasma, GABA content showed a significant increase 
after treatment at all time points, ranging from 180 to 300% 
of control values. 

DISCUSSION 
Body Weight and F&d Consumption 

Animals receiving GVG in a drinking solution are reported 
to show resistance to drinking [42], showing an almost 50% 
statistically significant decrease in fluid intake. EOS- 
treated animals had only a slightly lower fluid intake com- 
pared with controls. The lack of an increase in body weight 
following GVG treatment was in line with the anorexic 
effect of GABA-T inhibitors [43]; interestingly, EOS 
caused no change in body weight. The 50% decrease in 
fluid intake of GVG-treated animals may have contributed 
to the lack of weight gain. 

CjABA-T Activity 

Liver and kidney GABA-T activity were almost completely 
abolished following 2-day treatment, and this was main- 
tained with further treatment; this was in contrast with 
brain, whose GABA-T activity became progressively less 
with continuing treatment. This residual brain activity has 
been observed previously [29] and is presumably due to the 
fact that these GABA-T inhibitors do not cross the blood- 
brain barrier easily. 

Brain CjABA 

The reason for this alteration in GABA is not known, 
but a few suggestions may be offered. Although GABA-T is 
present in kidney, it does not necessarily operate in the 
direction demonstrated in brain and liver; the normal re- 
action may be the production of GABA from succinic acid 
semialdehyde and glutamate. In this case, inhibition of 
GABA-T would prevent the formation of GABA, leading 
to a decrease in the kidney content observed. However, the 
observed decrease in kidney GAD content is inconsistent 
with this hypothesis because brain GAD activity is thought 
to be reduced following “feed-back” inhibition of the el- 
evated GABA. 

As expected and published elsewhere [29,30] brain GABA As much as 50% of a bolus injection of GABA may be 
content was elevated following administration of GVG and recovered in the urine [46]. Urinary excretion of GABA 

EOS in a time-dependent manner due to the continuing 
inhibition of GABA-T. 

Liver @U3A 

Liver GABA content was significantly elevated at all time 
points following treatment with GVG and EOS, leading to 
a maximum GABA content following 21-day GVG treat- 
ment of over 16 times control levels, compared with the 
sixfold increase following EOS administration. However, 
these large increases in liver GABA over control levels still 
represent only approximately 3-7% of the GABA concen- 
tration found normally in brain. 

Intravenous administration of [3H]-GABA to rabbits 
has been reported to result in rapid and efficient clearance 
by the liver [21]. Three to 4 min following administra- 
tion, more than 90% of the [3H]-GABA was not detect- 
able as GABA within the systemic circulation, with in- 
creasing levels of hepatic GABA and GABA metabolites. 
Pretreatment with the hepatotoxin galactosamine hydro- 
chloride impaired the GABA clearance [44], which would 
seem to indicate that the liver may have some function in 
GABA clearance, especially because 80% of all GABA-T 
in the human body (including the CNS) is found in this 
organ [18]. 

Although little is actually known about GABA’s role in 
hepatobilliary function and disease, impaired hepatic clear- 
ance and elevation in serum GABA content has been ob- 
served following diseases interfering with the liver GABA 
transport system, such as cirrhosis and hepatitis [21-231. 
Clinically, the suppression of normal neuronal activity is a 
symptom of hepatic encephalopathy, and preventing 
GABA synthesis has been shown to improve the encepha- 
lopathic state [45]. 

Kidney CjABA 

In sharp contrast to that observed in the other organs ex- 
amined, an unexpected result was observed following GVG 
and EOS treatment in kidney: the GABA content was 
decreased. The decrease was significant at all time periods 
examined and tended to stay at the same absolute value 
throughout. 



Peripheral GABA-T Inhibition 

may be observed following a substantial increase in plasma 

GABA content as in hyper-P-alaninemia [47]. It is pos- 

sible, although not particularly feasible, that following the 

elevated GABA content peripherally, excess GABA is ex- 
creted into urine, with an overcompensation producing the 
lowered GABA content observed in kidney. A study in- 

vestigating changes in urine GABA content following 
GABA-T inhibition would be of interest; preliminary in- 
vestigations of control rat urine, where GABA is normally 
present in trace amounts, f;Dund that the interpretation of 
HPLC profile of urine was impossible without prior clean- 
ing of the urine through ion-exchange columns. The ad- 

ministration of GVG to ral:s showed a marked increase in 
the urinary excretion of GABA [48], hypotaurine, and 

p-alanine; quantification of either the levels or the in- 

creases was not provided. 

The GABA content of plasma was elevated following GVG 

and EOS administration at all time points. GABA levels in 
the plasma have been reported not to reflect CNS concen- 
trations. The blood-brain b,arrier is practically impermeable 
to GABA, so plasma levels therefore reflect peripheral syn- 
thesis and absorption from enteric bacterial sources [49]. It 
has been reported that platelet GABA-T activity exhibited 

a similar profile of inhibit Ion as brain GABA-T [50], al- 

though the platelet enzyme was inhibited more rapidly and 
to a greater extent. 

Plasma and CSF GABA content following GVG admin- 
istration has been studied [5 11. Following 60 mg/kg GVG (a 
very low dose compared wil:h almost 200 mg/kg/day used in 
these studies) administered intravenously to anaesthetised 
dogs, CSF GABA was elevated by a maximum of 38%, but 
no concomitant increase in plasma was observed. However, 

20 and 60 mg/kg GAG produced dose-dependent eleva- 
tions in GABA in both plasma and CSF. The reason for the 
discrepancy may be the very low dose of GVG administered 

and the observation that GAG is a much more potent 
GABA-T inhibitor than GVG [52]. 

P-Alanine Content 

The structure of P-alanine is similar to that of GABA and 
as such is a suitable substrate for metabolism by GABA-T 
[53]. The p-alanine content of liver was found to be in- 

creased after 8 and 21 days of treatment with GVG and 
EOS; this is parallel (although not of the same magnitude) 
to the changes observed in GABA content. However, the 
@-alanine content of kidney was found to decrease signifi- 
cantly only after 2 days’ treatment with GVG. A trend in 
decrease at other time points was found not to be signifi- 
cant. As with liver these changes parallel those observed in 
kidney GABA content, the reasons for the observed de- 
cline would supposedly be in line with those discussed pre- 
viously for the change in GABA content. 
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CjAD Activity 

The GAD activity of brain and liver was reduced following 
8 days of treatment, and kidney GAD was decreased at all 
time points analysed. Both GVG and EOS have been re- 

ported not to inhibit GAD in vitro [33,54]; however, in viva 

administration of EOS does lead to a small significant re- 
duction on whole brain GAD activity [32], as does GVG 

[29,48]. The results of these groups suggest that these drugs 
do not cause a direct inhibition of the enzyme, but that 
the elevated brain GABA levels induce the inhibition of 

existing enzyme and/or the synthesis of new enzyme [32, 
52, 551. 

An interesting observation was that, following 21 days’ 

administration with GVG and EOS, both liver and brain 

GAD content returned to control. The reason for this is 
unclear; it may be that the synthesis of new GAD had been 

carried out to replenish that inhibited by the elevated 
GABA. As far as we can tell, this effect has not been 
observed by any other investigators. 

In conclusion, it seems clear that the liver is a site for 
metabolism of GABA (and p-alanine) by the action of 
GABA-T, but the complete inactivation of the enzyme by 
GABA-T inhibitors does not result in large absolute con- 
centrations of GABA in the periphery. One report [56] has 
shown that cirrhosis leads to elevated plasma GABA con- 

centrations but that the impaired metabolism of peripheral 
GABA does not lead to cerebral dysfunctions. The changes 

in peripheral GABA metabolism brought about by the 
chronic use of GABA-T inhibitors may, however, be of 
significance in hepatic regenerative capacity. It has been 
found that GABA inhibits hepatic putrescine synthesis at a 
posttranscriptional level in rats after partial hepatectomy 
[57]. These investigators have suggested that this inhibition 
may help to explain why hepatic regenerative activity is 
impaired in patients with elevated serum GABA concen- 
trations and fulminant hepatic failure. The absolute levels 

of plasma GABA and the increases following partial hepa- 
tectomy reported by these investigators are similar to the 

results we report here for the level of GABA in the plasma 
and its increase following GABA-T inhibition. 
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