
The presence of glutamate decarboxylase (GAD) in
pancreatic beta cells seems responsible for the devel-
opment of autoimmune reactivities in insulin-depen-
dent diabetes mellitus [1±4]. It has been suggested

that reduced GAD expression by the beta cells might
prevent their immune-mediated destruction [5±7].
Whether the resulting reduction in GAD activity
would have any functional consequences for the beta
cells, or for any of the other islet cells, is still un-
known. In fact, little is known about the role of
GAD in the endocrine pancreas. In rat islets, GAD
has been localized in the beta cells and in peripheral
neurons [8±10]. Its presence is associated with the oc-
currence of gamma-aminobutyric acid (GABA), its
enzymatic product [9±11]. Theoretically, the produc-
tion of GABA by beta cells could influence their
own metabolic activity through catabolism via the
Krebs cycle [9, 12, 13]; in addition, GABA release in
the extracellular medium might allow beta cells to
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Summary Glutamate decarboxylase (GAD) of pan-
creatic beta cells seems to be involved in the develop-
ment of autoimmune reactivities which occur in insu-
lin-dependent diabetes mellitus. Little is known
about the regulation and role of the GAD activity in
normal beta cells. In the bTC6 line, the enzymatic
product, gamma-aminobutyric acid (GABA) was re-
ported to be released under glucose stimulation, thus
supporting the concept that GABA transmits a sup-
pressive action of glucose-stimulated beta cells on
neighbouring alpha cells. In this study GABA was
found to be released from normal rat beta cells.
Over 24-h culture periods, the released amounts rep-
resented a constant fraction (25% per h) of the cellu-
lar GABA content. Cellular GABA content and re-
lease were dose-dependently increased by the gluta-
mine concentration in the medium; both values de-
creased following a sustained (24 h) glucose activa-
tion (culture at 10 or 20 mmol/l glucose instead of
3 mmol/l). The variations in the medium GABA

content did not parallel the changes in insulin release,
indicating that both beta-cell secretory products fol-
low different routes of storage and release. We sug-
gest that beta cells can discharge GABA via exocyto-
sis of microvesicles storing GABA as well as via di-
rect transport from the cytoplasmic pool of newly
formed product. Variations in GABA production re-
sult in parallel changes in extracellular GABA con-
centration; the high fractional release of GABA
makes it also a likely parameter of the cellular GAD
activity. Since chronically elevated glucose levels re-
sult in a reduced GABA discharge from the beta
cells, it is conceivable that the subsequent decrease
in GABA-mediated suppression of the alpha cells is
responsible for a higher glucagon release, as observed
in diabetes. [Diabetologia (1997) 40: 1411±1415]
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regulate neighbouring cells that express GABA re-
ceptors [14, 15]. There is presently no evidence for
the existence of GABA receptors on beta cells. Up-
take experiments with 3H-GABA have suggested
the presence of GABA receptors on rat islet delta
cells [15], while electrophysiological studies have
raised indirect support for GABAA receptors on al-
pha cells [14]. These sites are thought to exert inhibi-
tory actions on somatostatin and glucagon release [9,
14]. They might then transmit a suppressive effect of
local neural or endocrine ± i. e. beta cell ± origin.
However it remains unknown whether GABA plays
a role in the in vivo regulation of pancreatic hormone
release. There is no information on the local GABA
concentrations and their variation under physiologi-
cal or pathological conditions. Furthermore, avail-
able data are not necessarily indicative for normal
cells. In the bTC6 cell line, prolonged elevation of
glucose resulted in increased GABA release; this ob-
servation was taken as support for the concept that
glucose-activated beta cells suppress neighbouring al-
pha cells through release of more GABA [16]. This
study was however conducted in the absence of ami-
no acids, and hence of glutamine, which is considered
to be a major precursor of GABA [17]. In the present
experiments, we examined the effects of glutamine
and of glucose on the GABA content and release in
normal rat beta cells. The use of purified beta-cell
preparations avoids interference by non-beta cells,
which is an advantage in assessing interactions at the
level of the beta cells. The choice of this experimental
model does not deny possible influences by islet non-
beta cells; the latter are, however, best investigated
after information is collected on the conditions which
regulate GABA release in beta cells.

Materials and methods

Isolation and culture of beta cells. Rat islet beta cells were puri-
fied as previously described [18]. Briefly, pancreatic islets were
isolated from adult male Wistar rats by collagenase digestion
and then dissociated in a calcium-free medium containing
DN-ase (5 mg/ml) and trypsin (6 mg/ml). The dispersed islet
cell preparation was then sorted in a FACStar Plus flow cytom-
eter (Becton Dickinson & Co., Sunnyvale, Calif., USA). The
single beta cells (more than 95 % pure) were reaggregated af-
ter sorting during a 2 h shaking incubation at 37 °C in Ham's
F10 medium (Gibco, Strathclyde, UK) containing 0.25 mmol/l
glutamine supplemented with 10 mmol/l glucose, 0.5 % char-
coal extracted bovine serum albumin (BSA) (Type V, Boehrin-
ger Mannheim, Mannheim, Germany), 0.075 g/l penicillin and
0.1 g/l streptomycin. The aggregates were cultured in suspen-
sion (5% CO2, humidified air) in Lux dishes (Nunc, Rockville,
Md., USA ) at a concentration of 1.5 × 105 cells per dish with
3 ml medium. After 16 h of static culture the cells were washed
in basal medium, consisting of glutamine-free Ham's F10 con-
taining 3 mmol/l glucose, 0.075 g/l penicillin, 0.1 g/l streptomy-
cin and 0.5 % BSA, and cultured for a further 24 h in 2 ml basal
medium supplemented as indicated in Results. After this sec-
ond culture period, cells and media were collected for GABA

and insulin determinations (see below). The cellular GABA
and insulin content were measured in cell extracts after sonica-
tion. The GABA and insulin content of the cells and the col-
lected medium are expressed as function of the initial number
of cells counted at the start of culture.

GABA and insulin assays. The GABA content of cells and me-
dium was determined via enzymatic cycling for NADPH [19].
Fifty microlitre samples were incubated for 30 min, 37 °C after
addition of 80 ml GABA assay reagent (0.3 mol/l Tris-HCl
buffer ± pH 8.9, 0.6 U/ml GABAse [Boehringer Mannheim]
5 mmol/l a-ketoglutarate, 0.01 % mercaptoethanol, 0.5 mmol/l
NADP + ). At the end of the reaction, 20 ml 1.5 N sodium hy-
droxide was added and the incubation was continued for
20 min at 60 °C to destroy any excess of NADP + . A 20 ml ali-
quot was mixed with 250-ml enzyme cycling reagent consisting
of 0.2 mol/l Tris-HCl buffer (pH 8.0), 5 mmol/l a-ketoglut-
arate, 1 mmol/l glucose 6-phosphate, 25 mmol/l ammonium ac-
etate, 0.1 mmol/l ADP, 0.02 % BSA, 3.3 U/ml glutamate dehy-
drogenase (Boehringer) and 2.5 U/ml glucose 6-phosphate de-
hydrogenase (Boehringer). This reaction was carried out at
37 °C for 1 h and stopped by heating at 100 °C for 7 min. In
the third reaction, 6-phosphogluconate production was deter-
mined through the formation of NADPH during its conversion
to ribulose-phosphate by 6-phosphogluconate dehydrogenase.
Ninety microlitre samples were mixed with 250 ml assay re-
agent containing 0.1 mol/l Tris-HCl (pH 8.0), 1 mmol/l
NADP + , 0.4 mmol/l EDTA, 22 mU/ml 6-phosphogluconate
dehydrogenase (Boehringer) and incubated for 30 min at
25 °C. The final absorbance was recorded at 340 nm. Standard
curves were linear between 25 pmol and 250 pmol. Sensitivity
was three fold higher than in HPLC analysis. The variation co-
efficient for inter- and intra-assay determinations was respec-
tively 6 and 3 %.

The insulin radioimmunoassay was performed as previous-
ly described [20]

Statistical analysis. Data are presented as means ± SEM, and
groups of data were analysed by ANOVA.

Results

GABA release during culture of rat beta cells. At the
end of a 24 h culture period at 10 mmol/l glucose in
the absence of glutamine, the GABA content in the
medium (34.4 ± 2.9 pmol ⋅ 103 cells±1 ⋅ 24 h±1) was 4.5
times higher than that in the cells (7.5 ± 1.2 pmol/
103 cells). Addition of GABA to the culture medium
resulted in a quantitative recovery (over 95%) after
24 h, both in the absence and presence of cells, indi-
cating that the measured values are not influenced
by degradation or uptake processes and can there-
fore be taken as an expression of release. It has
been previously shown that beta cells do not exhibit
GABA-uptake from the extracellular medium [21]
as is also the case for certain other GABA-produc-
ing cells [22]. In contrast to the GABA data, the in-
sulin content in the medium (5.5 ± 0.7 ng ⋅ 103 cells
per 24 h) was only one third of that in the cells
(14.9 ± 1.1 ng/103 cells). Consequently, the fractional
release of GABA calculated as the ratio of medium
GABA content over cellular GABA content ± was
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12 times higher (4.6 ± 0.4) than that of insulin
(0.4 ± 0.6).

Effects of glutamine and glucose. When rat beta cells
were cultured at 3 mmol/l glucose, GABA release in
the medium dose-dependently increased in the pres-
ence of 0.25 and 2 mmol/l glutamine (Fig.1). Howev-
er, no changes in insulin release were observed
(Fig.1). The GABA content of the cells was also
higher at 0.25 and 2 mmol/l glutamine (respectively
11.2 ± 1.0 and 14.1 ± 1.2 pmol/103 cells vs 7.1 ± 0.7
pmol/103 cells at 0 mmol/l glutamine, p < 0.05, n = 4),
indicating that total GABA accumulation is elevated
by glutamine. An increase of the glucose concentra-
tion to 10 and 20 mmol/l, did not result in a higher
GABA release in a glutamine-free medium, while it
resulted in a higher insulin release (Fig.2). At
2 mmol/l glutamine, higher glucose levels (10 and
20 mmol/l) inhibited GABA release while stimulat-
ing insulin release (Fig.2). The corresponding cellular
GABA content varied in parallel with the medium
GABA content, indicating that glutamine-induced
GABA accumulation is inhibited by glucose (Ta-
ble 1). The presence of isobutylmethylxanthine
(IBMX) (50 mmol/l) prevented this inhibitory effect
of glucose on GABA accumulation (Table 1) and re-
lease (Fig.2) while amplifying its stimulatory effect
on insulin release (Fig.2).

Under all tested in vitro conditions, beta cells re-
leased approximately 25 % of their GABA content
per hour. Plotting of all collected data on medium
and cellular content indicated a strong correlation be-
tween both parameters as evaluated by regression
analysis (r = 0.9, p < 0.01) (Fig.3).

Effects of acetylcholine, clonidine and tumor promot-
ing phorbol ester (TPA). Addition of acetylcholine

(10±6 mol/l) or clonidine (10±7 mol/l) did not influence
GABA release during 24 h culture (51 ± 6 pmol/103

control cells vs 57 ± 8 pmol/103 cells with acetylcho-
line and 45 ± 7 pmol/103 cells with clonidine,
p > 0.05, n = 4). These agents respectively stimulated
and inhibited insulin release under this condition
(8 ± 0.3 control cells vs 15 ± 0.4 ng/103 cells with ace-
tylcholine and 5 ± 0.4 ng/103 cells with clonidine,
p < 0.05, n = 4). Neither was a variation in GABA re-
lease measured after addition of l-Dopa (10±4 mol/l)
or TPA (10±8 mol/l).

Discussion

This study demonstrates that normal rat beta cells re-
lease GABA. The released amounts can vary with the
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Fig.1. Effect of different glutamine concentrations on GABA
and insulin release from reaggregated purified beta cells dur-
ing 24 h culture at 3 mmol/l glucose. Data are shown as means
± SEM of four independent experiments. Statistical signifi-
cance of differences with 0 mmol/l glutamine calculated by
ANOVA, *p < 0.05

Fig.2. Effect of glucose concentration on GABA and insulin
release from reaggregated purified beta cells during 24 h cul-
ture at 0 mmol/l or 2 mmol/l glutamine with or without isobu-
tylmethylxanthine. Data are shown as means ± SEM of four in-
dependent experiments. Statistical significance of differences
with 3 mmol/l glucose calculated by ANOVA, p < 0.05



environmental conditions but appear tightly corre-
lated to the cellular GABA content. In all conditions
presently tested over a 24 h culture period, the cells
released 5 times their GABA content, indicating
that the rate of GABA synthesis in the cells exerts a
major influence on the rate of GABA release. How-
ever, the release of insulin corresponded to only a
fraction of the cellular store. It is therefore suggested
that the release of GABA is an index of the cellular
GABA production. GABA release by beta cells was
dose-dependently increased by glutamine. Addition
of glutamine is expected to provide amino acids for
protein synthesis and substrates for the glutamate de-
hydrogenase and decarboxylase reactions. GAD ac-
tivity results in formation of GABA which can be
transaminated in the mitochondria [9] or transported
into synaptic-like microvesicles (SLMV) [10]. The re-
lease of GABA in the extracellular medium is
thought to occur by exocytosis of the SLMV [10] but

is also conceivable from the cytoplasm through
GABA-transporters in the plasma membrane. The
latter mechanism may lead to a higher GABA con-
tent in the medium when GABA production is in-
creased by glutamine and the excess of cytoplasmic
GABA is not (completely) catalysed in the mito-
chondria or stored in the SLMV.

Cellular accumulation and release of GABA was
higher during culture at 3 mmol/l glucose ± when the
beta cell population was not in a glucose-activated
state ± than during culture at 10 and 20 mmol/l glu-
cose ± when virtually all cells exhibited a glucose-acti-
vated state [20]. The sustained glucose activation may
have reduced the cellular GABA pool via two mech-
anisms, namely an increased amino acid incorpora-
tion in newly synthesized proteins and an increased
oxidative degradation, thus leading to a lower dis-
charge of GABA in the extracellular medium. If lo-
cally released GABA indeed exerts a tonic suppres-
sion of glucagon release [14, 16], these data would
then indicate that chronically elevated glucose con-
centrations result in elevated glucagon levels because
the beta cells release less GABA under this condi-
tion. For a comparable reason, a massive reduction
in beta-cell number could be held responsible for an
increase in the glucagon release rates. The higher glu-
cagon levels which have been observed in diabetic pa-
tients ± both insulin-dependent and non-insulin-de-
pendent [23, 24] ± might thus be the consequence of
a diminished GABA release from the beta cells. Fail-
ure of glucose to suppress glucagon release in diabet-
ic subjects can also be explained within this concept
[23]. Additional studies are of course needed to fur-
ther explore this possibility.

Our observations are consistent with data of Gylfe
and Hellman [25], indicating a reduced GABA accu-
mulation in glucose-stimulated islets from ob/ob
mice [25]; the latter study however did not mention
whether this reduction was also correlated with a de-
creased GABA release. On the other hand, high glu-
cose concentrations increased GABA release from a
bTC6 cell line [16]; it is not clear whether this obser-
vation is really discrepant, since these cells lack the
characteristic glucose-responsiveness of specific func-
tions such as insulin release.

Our study clearly indicated a dissociation between
insulin release and GABA release. Changes in hor-
mone secretion were not associated with parallel
variations in GABA release suggesting that the dis-
charge of these two beta cell products is subject to
different regulatory mechanisms and follows differ-
ent subcellular routes. These data do not support the
view that GABA is co-released with insulin. They
are consistent with previous findings that the secreto-
ry vesicles are not the main site for GABA storage in
the beta cells [9]. Most cellular GABA is stored in
microvesicles which resemble the SLMV in neurons
[10]. By measuring the GABA accumulation in the
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Table 1. Effect of glucose on GABA release and cellular
GABA content in cultured rat beta cells

Culture condition
(24 h at 2 mmol/l
glutamine)

GABA content

Medium Cells Total

Glucose IBMX (pmol/103 cells)

3 mmol/l − 91.2 ± 9.6 14.1 ± 1.2 105.3 ± 11.8
+ 84.0 ± 4.8 10.9 ± 1.1 94.9 ± 5.9

10 mmol/l − 57.6 ± 7.2a 10.1 ± 1.2a 67.7 ± 8.4a

+ 98.4 ± 9.6 14.5 ± 2.4 112.9 ± 12.0

20 mmol/l − 55.2 ± 4.8b 10.1 ± 1.6b 65.3 ± 6.4b

+ 91.2 ± 4.8 13.7 ± 0.8 104.9 ± 5.6

Data represent means ± SEM of 4 independent experiments.
Statistical significance of differences between a 3 and
10 mmol/l glucose; between b 3 and 20 mmol/l was calculated
by ANOVA (a, b p < 0.05)

Fig.3. Correlation between GABA release and cellular
GABA content following 24 h culture of rat islet beta cells at
varying glutamine or glucose concentrations, with or without
50 mmol/l isobutylmethylxanthine, evaluated by linear regres-
sion analysis (r = 0.9, p < 0.01)



culture medium over 24-h periods, we probably fail to
detect rapid variations in microvesicle-exocytosis as
occurring in neurons exposed to muscarinic or adren-
ergic stimuli, or subject to changes in intracellular cal-
cium [26]. This may certainly explain the lack of any
regulatory effect by neurohormonal agents which in-
duce membrane fusion in islet beta cells; it also un-
derlines the need for another model if microvesicle
release is to be studied. On the other hand, the pres-
ently used model allowed us to demonstrate the influ-
ence of a sustained metabolic state on the release of
GABA. Nutrients such as glutamine and glucose
were found to exert major effects on the production
of GABA, and hence on the cytoplasmic GABA
pool. The presence of GABA transporters in the mi-
tochondrial, microvesicular and plasma membrane is
expected to keep cytoplasmic GABA concentrations
low. An increased discharge in the extracellular medi-
um may thus be an adequate index of the rate of
GABA formation. This route of GABA release by
the beta cells is still hypothetical, but deserves further
investigation in view of its potential regulating func-
tion on neighbouring cells.
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