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Abstract
Aims/hypothesis Pancreatic islets have evolved remarkable,
though poorly understood mechanisms to modify beta cell
mass when nutrient intake fluctuates or cells are damaged.
We hypothesised that appropriate and timely adjustments in
cell number occur because beta cells release proliferative
signals to surrounding cells when stimulated by nutrients
and ‘bleed’ these growth factors upon injury.
Materials and methods In rat pancreatic islets, we mea-
sured DNA content, insulin content, insulin secretion after
treatment, immunoblots of apoptotic proteins and the
uptake of nucleoside analogues to assess the ability of γ-
aminobutyric acid (GABA), which is highly concentrated in
beta cells, to act as a growth and survival factor. This focus
is supported by work from others demonstrating that

GABA increases cell proliferation in the developing
nervous system, acts as a survival factor for differentiated
neurons and, interestingly, protects plants under stress.
Results Our results show that DNA, insulin content and
insulin secretion are higher in freshly isolated islets treated
with GABA or GABA B receptor agonists. Exposure to
GABA upregulated the anti-apoptotic protein B-cell chronic
lymphocytic leukaemia XL and limited activation of caspase
3 in islets. The cellular proliferation rate in GABA-treated
islets was twice that of untreated controls.
Conclusions/interpretation We conclude that GABA serves
diverse purposes in the islet, meeting a number of
functional criteria to act as an endogenous co-regulator of
beta cell mass.
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Abbreviations
BCL B-cell chronic lymphocytic leukaemia
EC50 median effective concentration
GABA γ-aminobutyric acid
GBR1 GABA B receptor subunit 1
GBR1-C C-terminus of GABA B receptor subunit 1
GBR1-N N-terminus of GABA B receptor subunit 1
GBR2 GABA B receptor subunit 2

Introduction

To maintain requisite hormonal stores, beta cells of the
pancreatic islet are continuously remodelled through cell
death and division. If healthy individuals increase nutrient
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intake, for example, beta cell turnover is shifted toward
expansion [1–3]. Significant increases in cell division are
also observed when beta cells are injured [4, 5]. Present
understanding of how injury or increased nutrients convert
to signals enhancing cell mass is limited. The lineage
studies by Dor et al. provided critical data suggesting that
the mature beta cell, rather than an undifferentiated
‘progenitor,’ is central to this routine renewal process [6].
Nevertheless, much remains to be determined of how
signals converge to initiate beta cell turnover under normal
or adverse conditions.

Ideal regulators of islet cell renewal would be mediators
of growth secreted by beta cells on nutrient stimulation and
present at sufficiently high concentrations to act locally if
leaked when beta cells are injured. Beta cells contain two
candidates that meet these criteria, insulin and γ-amino-
butyric acid (GABA). Much is known about the systemic
role of insulin signalling in growth, and recent evidence
also suggests that insulin mediates local beta cell growth
responses [4, 7]. In addition, mounting evidence implicates
GABA, predominantly viewed as a neurotransmitter, as an
evolutionarily conserved regulator of survival and growth
processes [8]. In plants, both GAD, as the enzyme of
GABA synthesis, and GABA are upregulated with changes
in pH or temperature [9] or with ripening [10], suggesting a
role in plant protection. Additional evidence supports a role
for GABA in plant development [11]. Similarly, GABA
appears to be a conserved regulator of survival and growth
in animals, having been shown to induce the maturation of
red abalone from larvae to adults [12] and stimulate
proliferation in regions of neurogenesis in the mammalian
brain [13]. GABA also participates in neuronal migration
[14], dendritic arborisation [15], the survival of striatal
neurons [16] and proliferation of cerebellar neurons [17].
Accordingly, the presence of GAD and GABA signalling in
both plants and animals suggests a signalling system
conserved over billions of years [18].

In animals, GABA is synthesised and stored in periph-
eral organs as well as in the central nervous system. The
highest concentration of GABA peripherally is found in
beta cells of the pancreatic islet [19], at levels comparable
with those observed in GABAergic brain nuclei [19, 20].
Work by others indicates GABA is released from beta cells
in response to nutrients and depolarisation through a
calcium-regulated secretion pathway [21–24]. Using elec-
trophysiology, Wendt et al. estimated that concentrations of
GABA within the islet reach levels sufficient for GABA to
act as a paracrine signal [25]. Presently, however, informa-
tion is limited concerning the functional consequence of
GABA in pancreatic islets. GABA has been reported to act
in part to inhibit islet alpha cell activity and glucagon
secretion [21, 24, 25], but the available evidence is
conflicting with regard to the role of GABA in regulating

insulin release from beta cells [26, 27]. Here we have
examined the alternative possibility that GABA acts through
receptor-mediated pathways to regulate growth and/or
survival, as observed in other systems. This hypothesis is
supported by the fact that the low concentrations necessary
to modulate secretion locally are incongruent with the high
concentrations of GABA present in beta cells.

The effects of GABA are mediated through three receptor
types, ionotropic GABA A and GABA C receptors and
metabotropic GABA B receptors. GABA B receptors contain
two known subunits, GABA B receptor subunit 1 (GBR1;
includes six splice variants) and GABA B receptor subunit 2
(GBR2), which heterodimerise to activate downstream
effectors, in part via G protein-coupled signal transduction
pathways. The GABA B receptor also contains a carboxy-
terminal coiled-coiled domain shown to interact with tran-
scription factors [28, 29] that provides a means to influence
cellular responses independently of G proteins [30].

The present studies were undertaken to test whether
physiological concentrations of exogenous GABA regulate
cell replication or survival properties in freshly isolated rat
pancreatic islets. The process of islet isolation, an important
component of therapeutic strategies now under develop-
ment for functional reconstitution of islets in diabetes, is
known to increase cell death through apoptosis [31]. We
found that GABA could prevent this cell loss and influence
islet cell plasticity. We therefore used pharmacological
agents and protein immunoblots to identify the receptor
subtypes involved in this process and the downstream
mediators of receptor signalling. Overall, the results support
the hypothesis that GABA, released by islet cells during
nutrient stimulation or due to cell injury, may act in an
autocrine/paracrine manner to support or regenerate the
number of islet cells necessary to maintain glucose homeo-
stasis. This local, immediate signal would allow for rapid
and efficient modification of islet cell number in response to
increases in nutrient intake or acute cellular injury.

Materials and methods

Materials Fibrinogen, GABA and baclofen were from
Sigma (St Louis, MO, USA), SCH50911 (a GABA B
receptor antagonist) was from Tocris (Ellisville, MO, USA)
and bromodeoxyuridine from Roche (Indianapolis, IN,
USA). The CyQuant assay was from Molecular Probes
(Eugene, OR, USA). Medium 199/Earle’s balanced salts
was from Invitrogen (Carlsbad, CA, USA). Insulin radio-
immunoassay reagents were from MP Biomedicals (ICN,
Irvine, CA, USA). Immunoblot protein was measured using
Micro BCA (bicinchoninic acid) reagents from Pierce
(Rockford, IL, USA). C-terminus of GBR1 (GBR1-C) and
GBR2 primary antisera were from Chemicon (Temecula,
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CA, USA). Antiserum to N-terminus of GBR1 (GBR1-N)
was raised in rabbit by Research Genetics (Carlsbad, CA,
USA) using the 16 amino acid peptide corresponding to
residues 201–216 of the GABA B receptor 1a subunit.
Mouse anti-BrdU was from Becton Dickinson (San Jose,
CA, USA). The secondary antisera rhodamine red-X anti-
rabbit and Cy2 anti-guinea pig were from Jackson
ImmunoResearch (West Grove, PA, USA). For immuno-
blotting, rabbit anti-B-cell chronic lymphocytic leukaemia
(BCL)-XL was from Cell Signaling Technology (Beverly,
MA, USA) and horseradish peroxidase-coupled anti-rabbit
antiserum was from Bio-Rad (Hercules, CA, USA). The
protease inhibitor was from Roche. Hepatocyte growth
factor was from R & D Systems (Minneapolis, MN, USA).

Islet isolation and incubation Islets were isolated according
to the method of Gotoh et al. [32] from pancreata of 150–
200-g male Sprague-Dawley rats that were anaesthetised
(pentobarbital 100 mg/kg i.p.) and subsequently killed. Islets
were then size-selected to be <200 μm in diameter. Animals
were maintained according to the rules and standards of the
NIH and the Institutional Animal Care and Use Committee
of Tufts University School of Medicine. To measure DNA
content, islets were manually divided (while on ice) and
placed in groups of ∼80 islets per well in 96-well tissue
culture plates. The islets were plated in contact with each
other and in a small volume to allow adherence before the
addition of medium to 200 μl. They were maintained at
37°C, in a CO2 incubator, in M199 medium with Earle’s
balanced salts, 38 mmol/l NaHCO3, 5.6 mmol/l HEPES,
10% normal calf serum and 10 mmol/l nicotinamide. For
quantification of 3H-labelled thymidine incorporation, 35
hand-picked, freshly prepared islets were secured within a
fibrin gel as described by Beattie et al. [33]. Islets were kept
on ice during selection and plating. Once the fibrin gel was
firm, M199 medium, modified as described above, was
added to a final volume of 100 μl. To quantify BrdU
labelling of islet cell nuclei, 40–50 freshly isolated islets
were suspended in 10 μl of M199 medium with additives as
listed above and allowed to attach to tissue culture treated
96-well plates, after which 200 μl of the modified M199
medium was added.

Measurement of DNA content Freshly isolated islets were
incubated for 60 min with GABA (100 μmol/l), S-baclofen
(100 μmol/l) or GABA plus the GABA B receptor
antagonist SCH 50911 (100 μmol/l) or left untreated.
These reagent concentrations are standard for all known
GABA receptors, which are low-affinity and require
micromolar amounts for saturation [34]. Unless otherwise
stated, the glucose concentration in the suspending medium
was 5.6 mmol/l. The islets were transferred to medium
lacking test agents and incubated for an additional 3.5 h at

37°C. Incubation with 2× lysis buffer was at 37°C
overnight, followed by freezing and thawing, and trituration
through a 27-gauge needle. DNA content was quantified
fluorometrically using the CyQuant assay according to the
manufacturer’s instructions.

Immunohistochemistry To reproduce conditions of islet
isolation and enhance receptor expression, 6 ml of medium
M199 were infused into the pancreatic duct of an
anaesthetised rat. The pancreas was removed and incubated
for 30 min in a 50-ml tube in a 37°C water-bath and
agitated to simulate islet isolation, but in the absence of
collagenase. The pancreas was fixed in neutral-buffered 2%
paraformaldehyde for 30 min, then cryoprotected for quick
freezing and sectioning at 8 μm. Sections were blocked for
1 h in PBS containing 3% normal goat serum and 0.2%
triton, washed with PBS and incubated overnight at 4°C
with primary antibodies diluted to the following concen-
trations: insulin (1:100), GBR1-C (1:2000) GBR1-N
(1:2500) and GBR2 1:1,000. The sections were washed
and incubated with secondary antibodies for 20 min at
room temperature.

Measurement of insulin content Islet cell lysate (100 μl)
was frozen for measurement of total cellular insulin. The
lysate was diluted 1:7,500 in PBS and 100 μl of that
dilution (or standards) were added to tubes lined with
antibodies to insulin. Manufacturer-supplied buffer (Valeant
Pharmaceuticals) containing 125I-labelled insulin was added
to each tube to bring the final volume to 1 ml. The tubes
were incubated at room temperature overnight and washed,
after which bound 125I-labelled insulin was assayed on a
gamma-counter.

Measurement of insulin secretion after treatment Freshly
isolated small islets (20–30) were plated in clusters in
60–90 μl respectively of M199 medium in half-diameter
96-well plates. Islets were incubated for 60 min with test
reagents, as above, or left untreated. After incubation, the
medium was changed to KRB with 2.8 mmol/l glucose for
washing and equilibration. The low-glucose medium was
removed and fresh KRB with 11 mmol/l glucose was added
for 60 min of islet incubation at 37°C in a 5% CO2

incubator. The supernatant fraction was removed for
measurement of insulin by RIA as described above.

Western blot For immunoblotting of BCL-XL, freshly
isolated islets were incubated at the designated times,
homogenised in radioimmuno-precipitation buffer
(50 mmol/l Tris HCl, 150 mmol/l NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS), subjected to SDS-
polyacrylamide gel electrophoresis (75 μg/lane, 10% gels),
transferred to nitrocellulose membranes and probed with
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anti-BCL-XL antibody at 1:1,000 dilution. The same
methods were used for the immunoblot of cleaved caspase
3, except that polyvinylidene difluoride membranes were
used and probed with anti-caspase 3 antibody at 1:3500
dilution. Chemiluminescence was detected with reagents
(SuperSignal West Femto; Pierce).

3H-labelled thymidine incorporation Freshly isolated islets
in fibrin clots [33] were incubated for 1 h at 37°C in M199
medium containing varying concentrations of either baclofen
or GABA along with 0.037 MBq/ml 3H-labelled thymidine.
The medium was replaced with medium plus 3H-labelled
thymidine but lacking GABA and baclofen and the islets
incubated for an additional 3.5 h at 37°C. For time-
dependent experiments, the duration of islet incubation with
GABA in medium with 0.037 MBq/ml 3H-labelled thymi-
dine varied between 0 and 90 min. The islets were then
incubated without test reagents in medium M199 with
0.037 MBq/ml 3H-labelled thymidine for a total of 4.5 h.
Islets were washed with PBS and 100 μl cold 5% trichloro-
acetic acid was added for 20 min to remove unincorporated
label. The islets, in fibrin clots, were lysed by overnight
incubation in 100 μl NaOH (1 mol/l). A shorter incubation
time resulted in incomplete lysis. NaOH neutralisation
was with 100 μl HCl (1 mol/l). Radioactivity was quantified
using a liquid scintillation counter (Beckman, Fullerton, CA,
USA).

Bromodeoxyuridine labelling Freshly isolated islets were
incubated with 30 μmol/l BrdU in the presence or absence of
GABA (100 μmol/l) or hepatocyte growth factor (20 ng/ml)
for 1 h. The culture medium was replaced with fresh
medium lacking both GABA and hepatocyte growth factor.
After overnight culture, the islets were washed, immersed in
optimal cutting temperature Tissue-Tek (Bayer, Pittsburgh,
PA, USA) and quick-frozen in moulds. Sections (8 μm) were
post-fixed for 10 min in acetone, followed by washing in
PBS and denaturation by treating for 5 min with PBS
containing 0.5% triton and subsequent exposure to
1.5 mmol/l HCl for 30 min. Sections were blocked, exposed
to mouse anti-BrdU 1:50 for 1 h, washed and antibody
labelling detected using Cy2 anti-mouse secondary anti-
bodies (1:50 dilution). Nuclei were counterstained with
propidium iodide (0.0001%).

Analysis of data The results reported in this manuscript
reflect the findings of three or more experiments. The
significance of changes was determined by one-way
ANOVA followed by Tukey’s multiple comparison test for
significance or when sample size was less than ten (baclofen
dose-response experiments) the Kruskal–Wallis test followed
by Dunn’s multiple comparison test. Chi-square analysis was
used to determine the significant differences of treated and

untreated BrdU-labelled nuclei with significance defined as a
change associated with a p value of less than 0.05.

Results

Islets treated with GABA and GABA B agonists maintain
DNA content As shown in Fig. 1, incubation of freshly
isolated islets in GABA-free medium for 4.5 h resulted in a
19.4±3.6% decrease in islet DNA, equivalent to the cell
loss observed by others [31]. In contrast, islets incubated
for the initial 60 min with GABA or the GABA B receptor
agonist baclofen and then subsequently incubated in
GABA-free medium retain the same DNA content as
measured at time 0. This maintenance of islet DNA content
was not observed when the GABA B receptor antagonist
SCH 50911 was included with GABA in the incubation
mixture (Fig. 1a). These experiments suggest that GABA,
acting via GABA B receptors, activates cellular programmes
capable of protecting the cells normally vulnerable to injury
induced by islet isolation.

GABA and GABA B receptor agonists preserve islet insulin
content To assess the sensitivity of the beta cell sub-
population to GABA, we measured the effect of GABA
treatment on maintaining islet insulin content (Fig. 1b). In
these experiments we measured total insulin content of islet
lysates at the end of the culture period and compared that to
insulin content of islets frozen immediately after islet
isolation (time 0). Islets left untreated had 14±6% more
insulin after 4.5 h of culture than islets at time 0. Islets
exposed to GABA during the first hour of the 4.5 h culture
period contained 54±14% more insulin than control islets
frozen at time 0 (Fig. 1b). Similarly, islets treated for 1 h
with the GABA B agonist baclofen contained 45±9% more
insulin than 0 time controls. These results suggest that
GABA, acting via GABA B receptors, can regulate
individual beta cell insulin content and/or beta cell mass.

Pretreatment of islets with GABA and GABA B receptor
agonists enhances insulin secretion To further evaluate the
effects of GABA specifically on beta cells, freshly isolated
islets were cultured in the presence of GABA, the GABA B
receptor agonist baclofen, GABA plus the receptor antag-
onist SCH 50911 or without treatment. After 1 h, islets
were washed and equilibrated in KRB with 2.8 mmol/l
glucose and then stimulated with KRB with 11 mmol/l
glucose. After an additional 1 h of glucose stimulation,
supernatant fractions were removed for RIA of secreted
insulin. The islets were lysed for normalisation to DNA
content. GABA-treated islets secreted 31.45±9% more
insulin than controls (Fig. 1c). The increase was not
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statistically significant by one-way ANOVA, possibly due
to the fact that insulin secretion was expressed as a ratio to
DNA content, which the data suggested to have been
maintained to a greater degree than controls. Islets treated
with baclofen secreted 39±14% more insulin than controls.
Insulin secretion from untreated control islets was the same
as that from islets treated with the antagonist to GABA B
receptors + GABA.

GABA B receptors subunits are present on beta cells Our
method of detecting GABA B receptors involved immuno-
histochemistry using antiserum that labels GBR1-C, our
own anti-GBR1-N-terminal antiserum and antiserum to
GBR2. The C-terminus antiserum, targeting full-length
GBR-1, evenly labels all cells in moderate to small-sized
islets, including cells that co-label for insulin (Fig. 2a–c).
Cells that do not label for insulin also show receptor
expression. Both GBR1 and GBR2 were immunohisto-
chemically detected in rat islets. In some islets, as in the
nervous system [34], labelling for both the GBR1 and
GBR2 subunits appeared equal (Fig. 3a–c), while in others
labelling for GBR2 appeared greater than for GBR1
(Fig. 3e–g).

GABA-treated islets upregulate the anti-apoptotic protein
BCL-XL and reduce activation of pro-apoptotic caspase 3 The
process of islet isolation is known to cause a percentage of
cells to die by apoptosis [31]. Therefore, to investigate
possible mechanisms for GABA-induced cell survival, we
evaluated the ability of GABA to regulate the anti-apoptotic
proteins BCL2 and BCL-XL. No GABA effects on BCL2
levels were observed in freshly isolated islets, but GABA
influenced BCL-XL production in a time-dependent man-
ner. BCL-XL levels were increased over controls after
60 min of GABA treatment (180 min after pancreatectomy)
and remained at higher levels 1 h after GABAwas removed
(Fig. 4a,b). Although these changes appear to be quite
rapid, the cascade signalling cell death or cell survival is
likely to be activated when the pancreas is perfused and
blood supply is terminated during the islet isolation
process. The isolation and plating of islets provides an
additional 2 h for protein synthesis. We also point out that
the reagents used detect changes in protein levels in the
femtogram (g×10−15) range. To further examine the
possibility that GABA might regulate islet cell apoptosis,
the effect of GABA treatment on the activation of the pro-
apoptotic protein caspase 3 was evaluated. Freshly isolated
islets treated with GABA showed substantially less cleaved,
activated caspase 3 than untreated controls (Fig. 4c,d).
These results support the findings of increased cell survival
in GABA-treated islets as measured by DNA content and
suggest that one mechanism effecting this is regulation of
pro- and anti-apoptotic proteins.

GABA stimulates pancreatic islet cell proliferation In
addition to influencing cell survival, GABA also increases
the incorporation of 3H-labelled thymidine into islet cell
DNA (Fig. 5), suggesting a role in cell replication. Half-
maximal stimulation of 3H-labelled thymidine incorporation
into islet DNA was observed in the presence of approxi-
mately 1 μmol/l GABA and a maximal response was
observed in the presence of 10 μmol/l GABA (Fig. 5a).

Fig. 1 GABA treatment protects islet DNA and insulin content and
improves insulin secretion. Freshly prepared islets were cultured with
or without GABA (100 μmol/l), S-baclofen (S-Bac) (100 μmol/l) or
SCH50911 + GABA for 60 min and then placed in fresh medium
lacking these agents for another 3.5 h. a DNA content was measured
from islet lysates. Values are mean and SEM for five experiments and
eight to 19 independent measurements. Insulin content (b) was also
measured from islet lysates after no treatment, 1 h of GABA or S-
baclofen treatment and 4.5 h total culture. Values are mean and SEM
for three to five experiments and seven to 24 independent measure-
ments. Statistical analysis was by one-way ANOVA. c Freshly
prepared islets were cultured as above. Islets were washed and
equilibrated in KRB with 2.8 mmol/l glucose. Low glucose KRB was
removed and replaced with KRB with 11 mmol/l glucose for 60 min
incubation at 37°. Supernatant fractions were removed for analysis of
insulin secretion. Values are mean and SEM for three to five
experiments and 11–25 independent measurements. * p<0.05 and **
p<0.01 compared with time 0 point control samples or control
samples
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These data correlate with the pharmacological concentrations
necessary for neurotransmission [34]. Similar to its effect on
islet DNA content (Fig. 1), 3H-labelled thymidine incorpo-
ration into islet DNA was also increased when islets were
incubated with the GABA B receptor agonist baclofen. The
median effective concentration (EC50) for this response to
baclofen is approximately 600 nmol/l and a maximal
response was noted when 1 μmol/l baclofen is present
(Fig. 5b). The stimulatory effect of GABAwas first apparent
after a lag period of approximately 60 min and increased
with longer exposure to GABA (Fig. 5c). The uptake of 3H-
labelled thymidine over the few hours of these experiments
probably reflects the short cell cycle of beta cells, namely
14.9 h [35]. GABA exposure has also been shown to reduce

the duration of each phase of the cell cycle in neural
progenitors [13].

Finally, as shown in Fig. 6, GABA increased the rate of
islet cell proliferation as measured by nuclear labelling with
the nucleoside analogue BrdU. BrdU was included in the
medium during and following 60 min exposure of islets to
GABA. As noted by others [1, 33, 35], under resting
conditions and without GABA, nuclear labelling with BrdU
is infrequently observed (Fig. 6a). In contrast, nuclear
labelling with BrdU was markedly increased in the
presence of GABA (100 μmol/l) (Fig. 6b). Insulin-contain-
ing beta cells in rats are primarily located in the core of the
islet (Fig. 6c) where BrdU nuclear labelling is prominent
(Fig. 6d). Using a double labelling technique, many cells

Fig. 3 Pancreatic islet expression of GABA B receptor subunits.
GABA B receptor subunits were localised by immunohistochemical
analysis of whole pancreas. a, e Labelling using an antibody to GBR1
(anti-GRBI-N). b, f GBR2 immunohistochemical localisation (anti-
GBR2). c Merged image of panels (a) and (b). g Merged image of

panels (e) and (f), demonstrating variable levels of production of
GBR1 and GBR2. Islets exposed to excess peptide antigen along with
the antibody for GBR1-N (PA-anti-GBR1-N) (d). Fluorescence
microscopy. e–g Confocal microscopy. Scale bars=20 μm

Fig. 2 Co-localisation of insu-
lin and GABA B receptor sub-
units in pancreatic beta cells.
Pancreas sections were exam-
ined by confocal microscopy
using antibodies directed against
(a) insulin and (b) GBR1-C.
c Merged images from panels
(a) and (b). Scale bar=10 μm
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demonstrating GABA-stimulated nuclear BrdU labelling
were found to contain insulin. The rate of BrdU nuclear
labelling induced by GABA was approximately double that
observed in the absence of GABA (Fig. 6e), a rate similar
in magnitude to that elicited by a known islet cell mitogen,
hepatocyte growth factor [36] (Fig. 6e). These findings of
increased labelling of dividing cells, especially in the core
of the islet, support the notion that GABA plays a role in
beta cell replication.

Discussion

Taken together, our results indicate an important role for
GABA in protecting and replenishing pancreatic islet cells.
Our results also implicate beta cells as a principal target of
the GABA-induced biological effects, since we demon-
strated: (1) the production of GABA B receptors on beta
cells (as have others [23, 37]); (2) the higher insulin content
and secretion from islets exposed to GABA or baclofen;
and (3) BrdU/insulin co-labelling in the core of treated
islets.

This evidence, that GABA affects beta cells and
activates compensatory mechanisms involved in their
viability, suggests potential roles for GABA in the

treatment of diabetes. First, our finding that GABA
treatment protected DNA and insulin content of isolated
islets suggested to us that maintaining a critical concentra-
tion of GABA in the media during isolation and culture
may provide a means to diminish the routinely observed
cell loss occurring with these procedures prior to islet
transplant. Second, these studies address issues of optimal
islet transplant location and suggest that islets transplanted
as a group under conditions of low flow would be more
likely to sustain optimal levels of GABA. Islets that
separate into individual cells or small cell clusters, or islets
exposed to blood flow may not accumulate adequate
GABA concentrations to activate survival programmes,
accounting for some of the diminished function of trans-
planted islets observed over time [31]. Third, systemic
restoration of GABA, particularly for patients with type 1
diabetes, may be a potentially important therapeutic
strategy. Because beta cells are depleted in these patients
by autoimmune attack, and in addition because GAD, the

Fig. 5 GABA stimulates 3H-labelled thymidine incorporation into
islet DNA. Freshly isolated islets were incubated with 3H-labelled
thymidine (0.037 MBq/ml) and varying concentrations of either
GABA (a) or baclofen (b) for 1 h. They were then transferred to
fresh medium without the test reagents and incubated for an additional
3.5 h. The mean cpm for the controls was 2,511±237 and 2,543±202.
c Time-dependence of GABA-stimulated 3H-labelled thymidine
incorporation. Values are mean and SEM for four to six independent
experiments. * p<0.05; ** p<0.01 compared with control values

Fig. 4 GABA upregulates the anti-apoptotic protein BCL-XL and
decreases active caspase 3. A representative immunoblot (a) of three
experiments that demonstrate progressive increase of the anti-
apoptotic protein BCL-XL in islets treated with GABA for different
lengths of time (30, 60, 120 min as shown). b Histogram of BCL-XL
immunoreactivity analysed by densitometry and compared with actin
immunoreactivity; average of three experiments. c A representative
immunoblot of three experiments that demonstrate a decrease of the
activated, cleaved form of the pro-apoptotic protein caspase 3 in islets
treated with GABA. Histogram (d) of cleaved caspase 3 immunore-
activity analysed by densitometry and compared with total caspase 3
immunoreactivity; average for three experiments. Error bars represent
SEM. * p<0.05; ** p<0.01 compared with control values
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principal GABA-synthesising enzyme, is an initial autoim-
mune target in this process, it is likely that GABA is
severely reduced at an early stage of beta cell pathogenesis.
Therefore, our in vitro findings that GABA exerts protec-
tive and proliferative affects raise the possibility that
replenishing this amino acid in vivo may provide a means
to maintain islet cell number and thereby maintain normal
mechanisms of glucose control. This concept is supported
by the in vivo findings of Beales et al., who administered
the GABA B receptor agonist baclofen orally to non-obese
diabetic mice, a model of type 1 diabetes, and found that
the treatment significantly delayed the onset of diabetes

[38]. Moreover, Tian et al. found that sustained systemic
GABA treatment suppressed diabetogenic T cells in the
non-obese diabetic mouse, preventing diabetes onset [39]
for up to a year in >80% of treated mice. The possibility
that GABA acts systemically raises the additional question
of which diabetes complications could be ameliorated by
restoring GABA levels.

An argument against a therapeutic role for GABA or
baclofen on islets could be made on the basis of findings by
Kash et al., indicating GABA is not essential for islet
development, as islet mass was found to be normal in
neonatal mice lacking genes encoding the GABA synthetic
enzymes GAD65 and GAD67 [40]. However, an alternative
interpretation of those results is that islets develop normally
because GABA is present in the maternal circulation at
concentrations of 0.580 to 4 μmol/l [20, 41], near the EC50

value for GABA B receptor activation [34]. Therefore,
maternally derived levels of GABA could suffice to activate
fetal GABA receptors, preventing any deficiencies that
might otherwise result. It is also likely that additional
factors, such as lactogenic hormones [42], could support
islet neogenesis during development, providing sufficient
stimulus even in the absence of fetal-derived GABA.

To our knowledge, these studies are the first to
demonstrate a GABA-induced effect on the apoptotic
proteins BCL-XL and caspase 3, as well as on beta cell
replication. This ability to suppress apoptosis and act as a
mitogen indicates that GABA and its receptors may play a
critical role in islet cell viability and function. Furthermore,
given that physiologically relevant concentrations of
GABA are present in the circulation, the question of
systemic GABA actions arises, as well as the possibility
that GABA, like insulin, activates trophic programmes in
other organs. This premise is supported by findings that
GABA is secreted from vesicles in a calcium-regulated
manner [23, 43, 44], circulates in the blood stream at
physiological concentrations [20, 41, 43] and activates
effector systems through GABA receptors (both GABA A
and GABA B) on many peripheral tissues [37, 39, 43, 45–
50]. Avenues of GABA-related study appear to be plentiful
and augur well for the possibility that additional compre-
hensive treatments for diseases like diabetes remain
accessible.
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Fig. 6 GABA stimulated BrdU incorporation into islet DNA. Freshly
isolated islets were incubated with BrdU, with or without GABA
(100 μmol/l) or hepatocyte growth factor (HGF) (20 ng/ml) for 1 h
and then cultured without GABA or HGF. a–d Fluorescence
microscopy of: untreated sample (a), a sample incubated with GABA
(b), the sample from panel (b) stained for insulin (red) (c), and (d) an
overlay of insulin staining and BrdU. Green, BrdU; orange, propidium
iodide nuclear stain; red, insulin. Scale bar=25 μm. e Nuclear BrdU
incorporation into islets that were incubated in the presence of GABA
(8,209 nuclei) or HGF (4,187 nuclei) or in the absence of these agents
(control, 5,663 nuclei). Results are from three independent experi-
ments quantified by a treatment-blinded observer. * p<0.05 compared
with control value by chi-square analysis. Values are means, error bars
show SEM
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