
Glutamatedecarboxylase(GAD;EC4.1.1.15)existsas
twoisozymes,GAD67andGAD65,whichareencoded
by two separate genes [1], have different biochemical
characteristics and are differentially regulated and dis-
tributed in nerve cells in the central nervous system

(CNS) (see [2] for review). In rat, GAD65 and GAD67
are both expressed in the insulin-producing beta cell of
the pancreatic islets. In contrast, in man, GAD65 is
found in all islet cells whereas GAD67 expression can-
not be detected at all [3] or only at very low levels [4].
GADisamajorautoantigeninthepathogenesisofinsu-
lin-dependent diabetes mellitus (IDDM) and of a rare,
neurological disorder, stiff-man syndrome, which is of-
ten associated with diabetes [5, 6]. Autoanibodies [7]
andT-cellreactivity[8]againstGAD65canbedetected
inthemajorityofrecentonsetIDDMpatientsaswellas
several years before clinical onset of the disease. How-
ever, relatively little is known about the regulation of
GAD expression in pancreatic islets and even less is
known about the physiological or pathophysiological
functionofGADinthesecells.
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Summary Glutamic acid decarboxylase (GAD) is an
important autoantigen in insulin-dependent diabetes
mellitus (IDDM), but little is known about its regula-
tion and function in islet cells. We investigated the ef-
fects of the GABA-transaminase inhibitor g-vinyl-
GABA (GVG) on GAD expression in rat islets and
brain in vitro and in vivo. In islets incubated in high
glucose culture medium there was an increase in
GAD activity, GAD65 and GAD67 protein levels
compared to low-glucose conditions; however, even
in high glucose, GVG still significantly suppressed
GAD activity and GAD67 expression. Our observa-
tions suggest that glucose and GVG act on GAD in
islets through different mechanisms. Quantitative im-
munohistochemistry of pancreatic sections from rats
treated with GVG in vivo using novel monoclonal an-
tibodies specific for GAD65 and GAD67, showed a
decrease in GAD67 expression (p < 0.005) relative
to untreated rats. The effects of GVG on rat pancrea-

tic islets were very similar to those observed in brain
of rats treated with GVG in vivo. In homogenates of
cerebral tissue from GVG treated rats containing
both membrane-bound and soluble protein GAD67
levels were significantly decreased while GAD65 lev-
els were not significantly changed compared to un-
treated rats. In contrast, in homogenates of cerebral
tissues containing only soluble cytosolic protein,
GVG-treatment was also significantly found to de-
crease GAD65 levels. Taken together, these results
suggest that GVG potentially could be of use to de-
crease GAD expression in islet cells and consequent-
ly to deviate/inhibit the autoimmune response against
the beta cells seen in IDDM. [Diabetologia (1998) 41:
530±535]
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In the CNS of mammals, both GAD65 and
GAD67 are widely expressed in neurons and respon-
sible for the synthesis of the important inhibitory
neurotransmitter g-aminobutyric acid (GABA). It
has been demonstrated that GAD expression in brain
and cultured neurons can be manipulated using the
GABA-transaminase inhibitor g-vinyl-GABA
(GVG). Administration of this drug leads to substan-
tial decreases in GAD enzymatic activity and
GAD67 levels, while the levels of GAD65 remain
largely unchanged [9, 10]. GVG is used clinically in
the treatment of certain types of epilepsy and there
is one report showing its usefulness in the treatment
of stiff-man syndrome [11].

The current study was initiated in order to investi-
gate the regulative properties of GAD expression in
islets. We wanted to determine whether GVG had
the same effects on GAD expression in rat pancreatic
beta cells as it does in rat nerve cells and to analyse
the effects of varying glucose levels on GAD65 and
GAD67 expression in islets in the presence and ab-
sence of GVG. Using a combination of several bio-
chemical, enzymological and morphological tech-
niques, we report that GVG has very similar effects
on GAD expression in brain and in pancreatic islets,
in vivo as well as in vitro, and that glucose and GVG
act on GAD in islets through different mechanisms.

Materials and methods

Antibodies. The rabbit antiserum R1266 recognizes GAD67
and GAD65 equally well [12]. The neuron-specific enolase
(NSE) antiserum was obtained from Incstar (Stillwater,
Minn., USA). These two antisera were used for the immuno-
blotting studies.

The GAD65 and GAD67 monoclonal antibodies (mAbs),
named EJ65 and EJ67 respectively, were produced by immu-
nizing RBF mice [13] with purified recombinant human islet
GAD65 [14] or partially purified rat islet GAD67 (Moody et
al., unpublished). Over a period of 2 months each animal re-
ceived three subcutaneous injections of antigen in Freunds ad-
juvant (the first complete, the last two incomplete). Mice with
high levels of GAD antibodies, as tested in a radioligand assay
[15], were boosted by an i. v. injection of antigen in saline
4 days before their spleen cells were fused with FOX-NY mye-
loma cells [13]. The cells were screened for production of spe-
cific antibodies 17 days later. Two hybridomas, producing spe-
cific antibodies against GAD65 (IgG26) and GAD67 (IgG1)
respectively, were selected and recloned once, a batch of anti-
body was produced from each hybridoma and the cells were
stored in aliquots at �140�C. Details of their specificities are
given below (Fig. 1). These mAbs were used for immunocyto-
chemical staining of pancreatic sections.

Animals. Male, adult Wistar rats (approximately 200 g), with
free access to food in order to maintain a normal blood glu-
cose, received either GVG (Vigabatrin, Astra, Södertälje,
Sweden; 150 mg/kg) or 154 mmol/l NaCl by subcutaneous in-
jections daily for 3 days. This treatment regimen has previous-
ly been shown to induce maximal changes in GAD expression
[10]. 24 h after the last injection the animals were killed, the

brains and the pancreata were removed and immediately fro-
zen on ethanol/dry ice. The procedure adhered to current ani-
mal care guidelines.

Cell preparations. In three separate experiments islets were
isolated from groups of eight adult Wistar rats by collagenase
digestion [16]. Each of the three batches of purified islets
were divided into four aliquots (1600±1900 islets per aliquot)
and cultured for 24 h in RPMI 1640 with 5 % fetal calf ser-
um, 5 or 20 mmol/l glucose and with or without GVG
(1 mg/ml). Thereafter, the islets were washed 3 times in PBS
by centrifugation, homogenized and centrifuged at
100 000 � g for 1 h at 4 �C. Thus, islet cell preparations con-
taining soluble, cytosolic proteins, i. e. ªsoluble-protein frac-
tionsº, were obtained [3]. These preparations were stored at
�80 �C until analysis of GAD activity and GAD protein lev-
els. Preliminary experiments had demonstrated that GVG
1 mg/ml was not toxic to islet cells as evidenced by visual in-
spection, protein analysis and quantitative immunoblot anal-
ysis of marker proteins.

Cerebrum, i. e., the whole brain except the cerebellum and
cerebellum were dissected from the brains of adult Wistar rats
that had been injected either with GVG or buffer (see above).
The brain tissues were incubated on ice for 10 min in a HLB
buffer (10 mmol/l HEPES, pH 7.4, with 1 mmol/l MgCl2 and
1 mmol/l EGTA) and thereafter homogenized. These homoge-
nates were either used directly as ªtotal-protein fractionsº con-
taining both membrane-associated and soluble, cytosolic pro-
teins, or further processed, as described above for isolated is-
lets, to obtain preparations with only soluble, cytosolic pro-
teins, i. e. ªsoluble-protein fractionsº.

GAD activity. The enzymatic activity of GAD was assayed as
previously described [14, 17] by measuring the conversion of
L-(1-14C)glutamic acid (Amersham Amersham, UK) to
14CO2. One enzyme unit is defined as 1 mmol of product
formed per minute at 37 �C. The actual level of GAD enzyme
activity for islets incubated in 5 mmol/l glucose was found to
be 18±22 mU/islet equivalent in accordance with previous re-
ports.

Immunoblotting analysis. Tissue samples were boiled for
10 min in 1 mol/l Tris, 60 % (v/v) sucrose, 15 % (w/v) sodium
dodecyl sulphate (SDS), 0.01 % (w/v) bromophenol blue,
pH 6.8, with 1 % b-mercaptoethanol and subjected to SDS-
polyacrylamide gel electrophoresis. The gels were electroblot-
ted onto Immobilon membranes (Millipore, Bedford, Mass.,
USA), and the blots were blocked by incubation for 1 h in
0.1 % Tween-20 and 3 % skim milk. Blots were incubated for
1.5 h with the primary antiserum (R1266 1 :500, NSE 1 :500)
in TBST containing 3 % skim milk. Subsequently, the blots
were incubated with 35S-methionine-labelled goat-antirabbit
Ig (H + L) (Amersham) and goat-anti mouse Ig (H + L)
(Amersham). The staining intensities of the GAD65, the
GAD67 and, in the case of brain samples, the NSE bands
were quantified in each lane on a Phosphor Imager (Molecular
Dynamics, Sunnyvale, Cal., USA). In order to minimize inter-
and intra-assay variability, GAD staining intensities were ex-
pressed relative to NSE staining intensity in the same electro-
phoretic lanes [18]. Staining intensities were linear within the
analysed range (not shown). For islets the relative amount of
GAD65 and GAD67 staining were not quantified relative to
a household protein like NSE, but to a similar number of is-
let/protein. The variability of this method was less than 13 %.

GAD immunocytochemistry. Immunocytochemical analysis
was performed on cryostat sections of pancreata from four sal-
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ine-treated and four GVG-treated rats using the mAbs specific
for GAD65 and GAD67 (see above) and a biotinylated sheep-
anti-mouse g-globulin as secondary antibody. A streptavidin
alkaline phosphatase conjugate served as a detection system
with Nitro Blue Tetrazolium/Bromo-Chloro-Indolyl-Phos-
phate as substrate. The reaction products appeared as a blue/
black staining. The digitized images of endocrine pancreata
were obtained by video-assisted bright field microscopy and
analysed. Five different areas within the endocrine pancreas
of each of the eight rats were digitized, GAD positive cells
were selected by thresholding and the mean optical densities
in each of these five areas were calculated for all eight animals.
The mean optical density of exocrine pancreas in five areas in
each rat was subtracted as background.

Results

Specificity of GAD65 and GAD67 monoclonal antibo-
dies. There was no cross-reactivity between the
GAD65 and GAD67 mAbs to in vitro transcribed and
translated GAD67 and GAD65, respectively in immu-
noprecipitation analysis (data not shown). The specifi-
cities of the mAbs were further analysed in a competi-
tive radioligand assay. In vitro transcribed and trans-
lated human GAD65 and GAD67 [15] were incubated
with the mAbs raised against GAD65 andGAD67 re-
spectively, in competition with homogenates of mock-
transfected baby hamster kidney (BHK)-cells, of
BHK-cells stably transfected with GAD65 and
GAD67, or with rat brain homogenate which con-
tained both GAD65 and GAD67. The binding of the
GAD65 mAb to GAD65 was inhibited only by the
homogenate from BHK-cells expressing GAD65 and
with the brain homogenate. Similarly, the binding of
the GAD67 mAb to GAD67 was only inhibited by
the homogenate from BHK-cells expressing GAD67
and with the brain homogenate (not shown).

Effects of GVG and glucose on GAD in rat, pancrea-
tic islets in vitro. Pancreatic islets were isolated from
normal Wistar rats and cultured for 24 h in a medium
containing either 5 mmol/l or 20 mmol/l glucose and
either zero or 1 mg/ml of GVG. ªSoluble-protein
fractionsº were obtained from these cells and ana-
lyzed for GAD activity and GAD65 and GAD67 pro-
tein levels (Table 1). Compared to islets cultured only
in 5 mmol/l glucose, GVG treatment did not lead to
any significant changes in GAD activity or expres-
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Fig.1. A±D Effects of in vivo GVG treatment on rat islet
GAD protein content: immunocytochemistry. Histological
sections of pancreata of rats treated in vivo with GVG were
compared with sections from saline-treated rats at identical
magnification. Two-layer indirect immunohistochemical meth-
ods for GAD staining (see Materials and methods) give a posi-
tive reaction in beta cells of pancreatic islets. Bar = 30 mm.
A. Saline-treated rat. Immunohistochemical reaction for
GAD67 is seen as intense, cytoplasmic granules in beta cells.
B. GVG-treated rat. GAD67 reaction is reduced in beta-cell
cytoplasm and now are seen as separated grey granules. Only
a few beta cells with intense staining are observed (arrow).
C. Saline-treated rat. GAD65 reaction is intense and confluent
in beta-cell cytoplasm. D. GVG-treated rat. GAD65 reaction
intensity is slightly reduced and granular in beta cells



sion. In contrast, the addition of GVG to islets cul-
tured in 20-mmol/l glucose caused a 67% decrease
in GAD activity (p < 0.05), and a 54% decrease in
GAD67 levels (p < 0.005) compared to islets cultured
only in 20 mmol/l glucose.

Compared to islets cultured in 5 mmol/l glucose
medium without GVG, islets incubated in 20 mmol/l
glucose medium without GVG resulted in a small,
non-significant increase in GAD activity and GAD65
levels but in a marked increase in GAD67 levels
(p < 0.05). Similarly, culturing islets in 20 mmol/l glu-
cose medium with GVG increased GAD activity by
69%, GAD65 by 86% and GAD67 by 230% com-
pared to islets cultured in 5 mmol/l glucose in the
presence of GVG, however, neither of these changes
reached statistical significance due to large errors.

Effects of GVG on GAD in rat, pancreatic islets in
vivo. To analyse the effects of in vivo GVG treatment
on the islets of Langerhans, rats were injected with
GVG and the pancreata analysed by immunocyto-
chemistry using specific mAbs to GAD65 and
GAD67. GAD staining could be observed in islets
only. The staining reactions to both the GAD67 and
GAD65 mAbs were intense in saline-treated rats
(Fig.1A and C), but reduced after GVG-treatment,
particularly for GAD67 (Fig.1B and D). By quantita-
tive image processing, GVG treatment was shown to
lead to a decrease in GAD67-staining intensity in is-
let cells to 75% of control levels (p < 0.005), in con-

trast, GAD65-staining intensity decreased by only
13% (NS) (Table 2).

Effects of GVG on GAD in rat brain in vivo. Immu-
noblotting analysis of the cerebral ªtotal-protein frac-
tionsº from GVG-treated rats showed a significant
decrease in GAD67 levels (p < 0.05; Table 2) com-
pared to control preparations. GAD65 levels were
not significantly changed.

Immunoblotting analysis of the cerebral ªsoluble-
protein fractionsº from GVG-treated rats also de-
monstrated a significant decrease in GAD67 soluble
protein levels (p < 0.05; Table 2) but in addition a sig-
nificant decrease in GAD65 protein levels (p < 0.05)
was also observed. Furthermore, total GAD activity
was decreased by 50% by GVG treatment (p < 0.005).

In the cerebella of the same animals, GAD67 was
decreased by 52 % (p < 0.01) in ªsoluble-protein frac-
tionsº after treatment with GVG, whereas GAD65
levels were not significantly changed.

Discussion

The major findings of the present study are that:
1) GVG has similar effects on GAD activity and pro-
tein levels in rat islets and in rat brain. 2) Glucose en-
hances the expression of GAD in cultured rat islets
both in the presence and absence of GVG; however,
GVG and glucose appear to exert their effects on
GAD expression through different mechanisms.
3) GVG appears to have different effects on mem-
brane-associated GAD65 and soluble GAD65/
GAD67 in brain.

GVG treatment of rat pancreatic islets in
20 mmol/l glucose in vitro leads to decreased GAD
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Table 1. Effects of GVG and glucose on GAD in rat islets in
vitro

a 5 mmol/l glucose
GVG, 1 mg/ml

20 mmol/l glucose
GVG, 1 mg/ml

GAD activity 59 ± 11 67 ± 4.2a

GAD65 protein 32 ± 14 20 ± 8.6
GAD67 protein 62 ± 18 54 ± 8.8b

b 20 mmol/l glucose
no GVG

20 mmol/l glucose
GVG, 1 mg/ml

GAD activity 42 ± 11 69 ± 29
GAD65 protein 46 ± 13 86 ± 35
GAD67 protein 110 ± 22a 230 ± 170

a: Effects of GVG on GAD in islets cultured in 5 mmol/l or
20 mmol/l glucose. The results are expressed as the mean %
decrease in GAD, relative to the corresponding data obtained
from islets incubated with 5 mmol/l and 20 mmol/l glucose, re-
spectively but without GVG.
b: Effects of 20 mmol/l glucose on GAD in islets cultured with
or without GVG. The effects are expressed as the mean % in-
crease in GAD, relative to islets incubated in 5 mmol/l glucose
with no GVG or with 1 mg/ml GVG.
Data are from three separate experiments ± SEM.
Each condition was performed with three separate batches of
islets using 1600±1900 islets per condition. The soluble protein
levels were similar between 5 and 20 mmol/l glucose, 3.2
and 3.1 mg/islet respectively. The enzyme activity at 5 and
20 mmol/l glucose was 20 and 28 mU/islet.
A paired, two-tailed t -test of the raw data was used to test for
statistical significance of differences: a p < 0.05; b p < 0.005

Table 2. Effects of in vivo GVG treatment on GAD activity
and GAD protein levels in rat islets and cerebrum

GAD
activity

GAD65
levels

GAD67
levels

Islets
Saline ND 100 ± 7.4 100 ± 2.1
GVG ND 87 ± 9.8 75 ± 4.7b

Cerebrum (total protein)
Saline ND 100 ± 22 100 ± 13
GVG ND 77 ± 17 52 ± 10a

Cerebrum (soluble protein)
Saline 100 ± 9.0 100 ± 22 100 ± 17
GVG 46 ± 11b 52 ± 12a 41 ± 14a

Values are expressed as a percentage of saline treated controls.
In the case of the rat islets, the values are the mean optical den-
sities ± SEM from sections of the four animals within each test
group. In the case of rat cerebrum, values are the means
± SEM of four animals and the errors were obtained by the er-
ror propagation method which takes the SEM of both the no-
minator and denominator into account. a p < 0.05; b p < 0.005
(two-tailed t -test). ND: not done



activity and GAD67 levels in the ªsoluble-protein
fractionsº. Results from immunocytochemical stain-
ing of pancreatic sections from rats treated with
GVG in vivo demonstrate a significant decrease in
GAD67 expression in islet cells, thus supporting the
observations made in vitro.

In rat brain, in vivo GVG administration led to de-
creased GAD activity and GAD67 levels in ªtotal-
protein fractionsº (Table 2). These results confirm
previous findings using homogenates as well as syn-
aptosomal preparations from the rat cerebral cortex
[10, 18, 19]. Analysis of the ªsoluble-protein frac-
tionsº from rat brain demonstrated a decrease also
in GAD65 levels (Table 2) in the cerebrum but not
in the cerebellum.

In summary, the current study clearly demon-
strates that GVG, administered in vitro as well as in
vivo, has effects on GAD expression in rat islet cells
that are very similar to those observed in rat brain.

The primary aim of the study was to determine
whether GAD expression in pancreas could be ma-
nipulated at all. The mechanism through which
GVG affects GAD expression in the pancreas is not
known. However, in neurons GVG's effects have
been demonstrated to be secondary to its GABA-ele-
vating effect and probably due to effects on transla-
tion and/or protein stability [9, 10, 18, 19]. Previously
it has been demonstrated that GVG-treatment of cul-
tured islets leads to increased islet GABA levels [20].
GABA has also been shown to be co-localized with
GAD in mouse beta cells [21] and in cultured rat is-
lets [3] and GABA-T has been demonstrated in beta
cells [22]. On the basis of these findings it seems likely
that GVG exerts its effect on the GAD proteins
through increased GABA levels and subsequently
through effects on stability/translation of the enzyme
also in beta cells.

The somewhat selective effect of GVG on GAD67
protein expression could be because most of the short-
term regulation of GAD65 enzymatic activity is medi-
ated through its interaction with the co-factor pyri-
doxal 5¢-phosphate, since a significant portion of
GAD65 exists as an apo-enzyme, i. e. not bound to
pyridoxal 5¢-phosphate. In contrast GAD67 mainly
exists as a holo-enzyme, i. e. bound to pyridoxal 5¢-
phosphate, and thus probably mainly regulated via
translation and/or protein stability as discussed above.

The observation that GAD65 levels were also de-
creased when ªsoluble-protein fractionsº from the
cerebra of GVG-treated rats were assayed was unex-
pected, but may be explained by the differences in
the membrane-anchoring capability of GAD67 and
GAD65. Thus, GAD65 is associated with membranes
both in nerve cells [23] and in beta cells [1, 24±26]. In
nerve cells, GAD67 is mainly present in the perikarya
(soluble) while there is relatively more GAD65 than
GAD67 in the nerve terminals (membrane-associ-
ated) [1, 18, 27±29]. In the beta cell, as little as 6%

of GAD65 is estimated to be soluble [30, 31]. Mem-
brane-anchoring may somehow make GAD65 ªinac-
cessibleº to the actions of GVG, so decreases in
GAD67 would be the main observation in ªtotal-pro-
tein fractionsº.

Incubation of rat islets in 20 mmol/l glucose medi-
um increased the levels of GAD proteins and GAD
activity (Table 2). However, although these results
were not statistically significant, they agree well with
studies from other laboratories. For example, Hao et
al. [32] demonstrated an approximately 50% increase
in GAD65 levels and 100% increase in GAD67 lev-
els in rat islets cultured in 5 compared to 20 mmol/l
glucose and Velloso et al. [33] could show significant
increases in GAD mRNA expression in rat islets
when cultured in 11 mmol/l glucose.

The high-glucose-induced increase in GAD activ-
ity and levels observed in the present study could
also be observed in cultured islets treated with
GVG. This observation together with the fact that
GVG actually decreased GAD expression in islets
cultured both under high- and normal-glucose condi-
tions (Table 1), suggests that glucose and GVG act
on GAD through different mechanisms. As discussed
above, there is good evidence that GVG's decreasing
effects on GAD expression in brain as well as in islet
cells are secondary to increases in GABA levels and
probably due to effects on translation and/or protein
stability [18]. By contrast, it has been demonstrated
that high-glucose treatment of rat islets in vitro leads
to increases in GAD mRNA levels [33].

The results from this study show that the expres-
sion of GAD65 and GAD67 are regulated similarly
in rat islet cells and in rat neurons. The fact that even
very low doses of GVG have been demonstrated to
have substantial effects on neuronal GAD67 expres-
sion [18] gives strong support to the idea that this
type of regulation has physiologically and maybe, in
the case of IDDM and stiff-man syndrome, pathophy-
siological relevance. There are indications that by
downregulating beta-cell function (ªbeta-cell restº),
e.g., by diazoxide treatment [34] or by insulin s. c./i. v.
[35] the autoimmune beta-cell destruction may be
halted or stopped. This effect has been suggested in
part to be mediated by a reduced expression of beta-
cell autoantigens, supported by the finding that meta-
bolic stress on beta cells, e. g. by high glucose concen-
trations results in the upregulation of autoantigens,
e.g. GAD65, insulin [32, 33], which consequently
could lead to increased immune recognition of the
beta cells. We have therefore initiated studies to in-
vestigate whether GVG, which we here have shown
modulate the expression of GAD in beta cells, can
be used to deviate or inhibit islet cell autoimmunity.
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