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Abstract

Aims/hypothesis. An isoform of glutamic acid decar-
boxylase, (GAD)65 has been identified as a pancre-
atic beta-cell autoantigen in Type I (insulin depen-
dent) diabetes mellitus. We investigated the expres-
sion of GAD isoforms among single rat beta cells in
culture, under different conditions and the correla-
tion between GADG65 expression and insulin secre-
tion-rate.

Results. Independent of culture conditions, 100 % of
fresh and cultured beta cells express GAD67. In con-
trast, considerable heterogeneity in GAD65 expres-
sion among single beta cells was observed. After
2 days in culture in 2.6 mmol/l glucose, only 24 % of
the beta cells express GADG65. This percentage in-
creases to 39% in 5.6 mmol/l glucose and to 54 %
and 56 % in 11.6 mmol/l and 20.6 mmol/l glucose, re-
spectively. Moreover, reducing glucose concentration
from 11.6 to 2.5 mmol/l for 2 days, reduces GADG65
expression by nearly 30%. After 11 days in culture

with 11.6 mmol/l glucose, 50 % of beta cells continue
expressing GADG6S, this percentage is further in-
creased to nearly 75% by including either nerve
growth factor or dibutyryl cyclic AMP or both in the
culture medium. When beta cells are challenged for
1 h with 20.6 mmol/l glucose, 67 % respond forming
insulin-immunoplaques. More than two-thirds of in-
sulin-secretors are GADG65-positive, in contrast to
only 11 % of the non-secreting cells. Moreover, 87 %
of beta cells that have a high insulin secretory rate ex-
press GADG65.

Conclusion/interpretation. These results show that
the most active beta cells, which secrete more insulin,
also express GAD®65 and that manipulating extracel-
lular glucose may modify the expression of the en-
zyme and possibly the autoimmune attack in Type |
diabetes. [Diabetologia (1999) 42: 1086-1092]

Keywords GABA, GAD65, GAD67, pancreatic beta
cells, insulin secretion, reverse hemolytic plaque as-
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Pancreatic beta cells contain the enzyme glutamic
acid decarboxylase (GAD) that catalyses the biosyn-
thesis of the neurotransmitter y-aminobutyric acid
(GABA) [1, 2]. Two non-allelic genes probably de-
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rived from a common ancestral gene encode GAD.
The two GAD isoforms, named GADG65 and
GADG67 according to their approximate molecular
weight in kDa, share a similar structure, except in
the first 95 amino acids [3]. Despite their homology,
there are structural and functional differences be-
tween them that are reflected by their intracellular
compartmentalization and the degree of saturation
with the coenzyme pyridoxal phosphate (PLP) [2-4].

Although the physiological significance of GAD
and GABA in beta-cell function is not entirely clear,
the presence of antibodies directed against GAD65
have been implicated in the pathogenesis of Type I
(insulin-dependent) diabetes mellitus and Stiff-Man
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syndrome [5]. The expression of GAD antibodies in a
high percentage of prediabetic patients has been re-
ported, suggesting that humoral immunity directed
against GAD might be a predisposing factor to devel-
opment of this disease [4-7]. In recent onset Type 1
diabetic patients, the frequency of GADG65 antibod-
ies is 82 % but after a median duration of 21 years of
Type I diabetes the high antibody prevalence de-
creases to 32 % [7].

The manner in which GADs and GABA are regu-
lated in the pancreatic islets is controversial. Glucose
stimulates GABA secretion from the pancreatic
PTC6 cell line [8]. GABA content and release by nor-
mal rat beta cells are however, dependent on gluta-
mine concentration and glutamine-induced GABA
release is inhibited by high glucose concentrations

[9].

In vitro modulation of GAD expression by high
extracellular glucose concentration in islets has been
described. One study describes an increase in
GADG65 expression [10] and another one of both
GAD isoforms [11] in islets cultured under hypergly-
caemic conditions, suggesting that GAD expression
is correlated with an increased functional state of
beta cells.

All these studies on GAD expression were done in
pancreatic islets or in the whole pancreas; neverthe-
less, single beta cells show considerable heterogene-
ity [12-18]. The existence of functional subpopula-
tions of adult rat beta cells has been shown. In vitro
characterizations of functional subpopulations have
shown differences in:

1. Glucose sensitivity among single beta cells that re-
sult in the recruitment of previously silent cells to in-
sulin secretory-activity when extracellular glucose
concentration is increased [13-15].

2. Insulin secretion rate, which means that in re-
sponse to fixed glucose stimulation, one functional
subpopulation secretes more insulin than the other
[13-15]. This property is also evident with other se-
cretagogues like carbachol [16] and amino acids [17].
3. Sensitivity of the beta cells to diabetogenic agents
and their defence mechanisms after a cytotoxic expo-
sure [18].

Other factors possibly regulate GAD expression in
normal beta cells. We characterized the effects of
nerve growth factor (NGF) and dibutyryl-cAMP
(dbcAMP) on beta—cell morphology and insulin se-
cretion [19]. We found that after 11 days in culture
under these conditions, all beta cells retained their
immunoreactivity to insulin and GABA. Insulin se-
cretion of dbcAMP-treated cells was 2.5-fold higher
than in control cells, whereas NGF-treated cells
were able to discriminate between different glucose
concentrations, a property lost in control cells with
time in culture. It has been shown in the insulinoma
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cell line INS-1 that NGF potentiates glucose in-
duced-insulin secretion by activating the mitogen-ac-
tivated protein kinase [20]. We have also found that
beta cells synthesize and also secrete NGF in re-
sponse to glucose [21]. If the expression of GAD is
correlated with the metabolic state of beta cells, it is
then possible that dbcAMP and NGF could increase
this expression.

Identification of the traits, which make some beta
cells more susceptible to diabetogenic conditions, is
important to understand the clinical pathological
findings in Type I diabetes. It is not known if GAD
distribution is homogenous among beta cells. In this
study, we analysed GAD65 and GAD67 expression
in single rat beta cells under different conditions: (1)
fresh and cultured cells for 2 days in different glucose
concentrations (2) cultured cells for 11 days in
11.6 mmol/l glucose, in the presence of either NGF
or dbcAMP or both (3) GADG65 expression in cells
cultured for 2 days in 11.6 or 2.5 mmol/l glucose and
sequentially for 2 more days in 2.5 and 11.6 mmol/l
glucose, respectively.

We also analysed the expression of GADG65 by the
functional subpopulations of beta cells.

Materials and methods

Reagents were obtained from the following sources: collagena-
se type IV from Worthington (Freehold, N.J., USA); guinea-
pig insulin antisera for reserve haemolytic plaque assay
(RHPA) from Arnel (New York, N.Y., USA); bovine serum
albumin (BSA, fraction V), chromium chloride, staphylococ-
cal protein A, HEPES, glucose, Ficoll, NGF 2.5 s, dbcAMP,
trypsin, poly-L-lysine hydrobromide (MW > 380,000), RPMI
1640 salts, 3-3 * diaminobenzidine tetrahydrochloride and tis-
sue culture dishes (Corning, Cat. No. 25000-35) from Sigma
Chemical, Co. (St. Louis, Mo., USA); fetal bovine serum, guin-
ea-pig complement, Hanks’ balanced salt solution (HBSS) and
penicillin-streptomycin solutions from GIBCO (Grand Island,
N.Y., USA); biotin/Avidin Vectastain ABC kit from Vector
Laboratories (Burlingame, Calif., USA); CY5 from Zymed
(San Francisco, Calif., USA).

Dr. A. Tobin kindly providled GAD 65 (GAD6) and
GADG67 (K2) antisera. The latter is an antiserum and GAD6
is a monoclonal antibody. The specificity of both antisera has
been extensively characterized [22, 23].

Animals and pancreatic islet cell cultures. Animal care was in
accordance with the NIH Guide for the Care and Use of Labo-
ratory Animals (National Institute of Health Publication No.
85-23, revised, 1985). Young adult male Wistar rats, (200-250
g), were obtained from the local animal facility, maintained in
a 14-h light (0600-2000 hours), 10-h dark cycle and allowed
free access to standard laboratory rat chow and tap water.

Adult pancreatic islet cells were isolated as described previ-
ously [19]. Briefly, pancreatic islets were separated from the
acinar tissue by collagenase digestion and a Ficoll gradient
centrifugation; clean islets were then handpicked. Dissociation
of the cells was achieved by incubating the cells in a shaker
bath for 10 min at 37°C in calcium-free Hanks’ balanced salt
solution, with 15.6 mmol/l glucose, 0.5 % BSA and 0.01 % tryp-
sin, followed by mechanical disruption.
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Isolated islet cells were cultured in RPMI 1640, supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin,
100 pg/ml streptomycin and 0.25 mg/ml fungizone, on standard
tissue culture dishes. Cells were cultured: a) for 2 days in
RPMI-1640 with different glucose concentrations (mmol/l):
2.5, 5.6, 11.6, 20.6; or b) for 11 days in regular RPMI-1640
(with 11.6 mmol/l glucose, control conditions) or with either
NGF (50 ng/ml) or dbcAMP (5 mmol/l )or both, changing the
medium every other day; or c) cells were cultured for two
days in RPMI 1640 with 11.6 or 2.5 mmol/l glucose and sequen-
tially for other two days in 2.5 and 11.6 mmol/l glucose, respec-
tively. Cultures were maintained at 37 °C, in a humidified incu-
bator (5% CO, in 95 % air).

Reverse Haemolytic Plaque Assay (RHPA). Insulin secretion
from individual beta cells was analysed after two days in cul-
ture, under different experimental conditions, with a RHPA
[24], as previously described [25]. Briefly, islet cells were de-
tached from culture dishes by incubating them for 10 min in
calcium-free Hanks’ solution, with 15.6 mmol/l glucose and
0.5% BSA. Equal volumes of cells were mixed with protein
A-coated sheep erythrocytes, introduced into Cunningham
chambers treated with poly-L-lysine to promote cell attach-
ment and incubated for 45 min. Then the chambers were
rinsed and filled with Hanks’ balanced salt solution which con-
tained 20.6 mmol/l glucose and incubated for an hour in the
presence of insulin antiserum. The monolayer was further in-
cubated for 30 min with guinea-pig complement. Insulin re-
leased during the incubation time with the insulin antiserum
was shown by the presence of haemolytic plaques (immuno-
plaques) around the secretory cells, which result from the com-
plement-mediated lysis of erythrocytes bearing insulin-anti-in-
sulin complexes bound to protein A.

We measured the size of immunoplaque by projecting the
image of the cell on a monitor attached to a video camera and
a Nikon Axiophot inverted microscope(Nikon, Tokyo, Japan),
with the aid of the JAVA video analysis software (Jandel Scien-
tific, Version 1.40, Corte Madeira, Calif., USA). Immuno-
plaque size was expressed as area. At least 50 cells were mea-
sured for each experimental condition. We also counted the
number of cells that formed immunoplaques and these results
were expressed as the percentage of insulin plaque-forming
cells. At least 100 cells were counted per experimental condi-
tion. All the experiments were carried out in duplicate.

A frequency distribution of immunoplaque areas was con-
structed to identify functional populations of beta cells. Ac-
cording to the size of immunoplaques formed by the cells, we
classified them as follows: small plaque-forming cells (SP) di-
ameter of immunoplaque 2000 um 2 or less and large plaque
forming cells (LP), diameter more than 2000 um?.

Immunocytochemistry. For laser confocal analysis, fresh single
cells were processed and incubated overnight with a mouse
anti-GADG65 antibody, a rabbit anti-GAD67 and guinea-pig
anti-porcine insulin antibody (Incstar, Stillwater, Mich.,
USA), as recommended by the supplier’s technical bulletins.
After this incubation, a second CY5-conjugated (excitation =
650 nm, emission = 670 nm) goat anti-mouse IgG antibody
was added in the case of GAD®65. In the case of GAD67 detec-
tion, a CY5-conjugated goat anti-rabbit IgG antibody was
used. Finally, a FITC-conjugated goat anti-guinea-pig IgG an-
tibody (excitation = 494 nm, emission = 520 nm) was used for
insulin detection. Cells were observed under a confocal mi-
croscopy using the red channel for CYS5 and the green channel
for FITC. We avoided spurious labelling of cells with the sec-
ond antibody by using antibodies generated in different spe-
cies.
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For other experiments, the ABC method was carried out on
cultured cells to detect GADG65 or GAD67, using 3,3 ’-diami-
nobenzidine as the final substrate, to form a brown reaction
product. After this procedure, double antigenic staining to de-
tect insulin was accomplished, using a secondary FITC-la-
belled antibody. Finally in other experiments, ICC against
GADG65 and GAD67 was done on beta cells identified with
the RHPA.

In all cases, dilution of antisera was as follows: insulin
1:4000, GADG65 1:250, GAD67 1:5000. Specificity of all stain-
ings was assessed carrying out the whole procedures without
the primary antibodies. In such cases, no positive reactions
were observed.

At least 50 cells were measured for each culture dish and all
experiments were done in duplicate. In any given condition, a
minimum of three separate cultures were evaluated.

Statistical analysis. Significant differences between data were
evaluated by analysis of variance (ANOVA), followed by Fish-
er’s multiple range test, using the Number Cruncher Statistical
System (NCSS, 4.2, Dr. J.L. Hintze, Kaysville, Utah, USA,
1983). All results are expressed as mean values (£ SEM), n de-
notes the number of cells studied or of experiments.

Results

The expression of GAD65 and GADG67 in fresh and
cultured beta cells. The expression of GAD65 and
GADG67 by single beta cells fresh or cultured for
2 days was examined using immunofluorescence. Fig-
ure 1 shows fresh islet cells. A double labelling tech-
nique was used to identify beta cells with a FITC
probe for insulin, (green staining) and a CY5 probe
for either GADG65 or GADG67 (red staining).

Only 33% of fresh beta cells express GAD65
(Fig.2). The arrows in Fig.1A show beta cells that
do not express GADG65; no insulin-negative,
GADG65-positive cells were observed. Almost all
freshly isolated beta cells express GAD67 (Figs. 1C
and D and 2), and nearly 13% of GADG67 positive
cells are negative to insulin.

After 2 days in culture in 11.6 mmol/l glucose, all
beta cells express GAD67 and nearly 50 % of them
also express GADG65; there were no further changes
in these percentages after 11 days. When cells were
cultured for 11 days in the presence of either NGF
or dbcAMP or both for maximum stimulation, the
percentage of beta cells expressing GAD®65 increases
to nearly 80 % (Fig.2).

Expression of GADG6S5 in beta cells is glucose-depen-
dent. After culturing islet cells for 2 days in a low glu-
cose concentration (2.5 mmol/l) only 24% of beta
cells are positive to GAD65. When glucose concen-
tration in the medium was increased to 5.6 mmol/l,
11.6 mmol/l and 20.6 mmol/l glucose, the percentage
of GADG65 positive beta cells increased to 39 %,
54% and 56 %, respectively (Table 1). The expres-
sion of GAD67 is not dependent on glucose concen-
tration in the culture medium because nearly all beta
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Fig.1A-D. Expression of GAD65 and GAD67 in freshly
isolated beta cells. A, B Cells were double-stained for insu-
lin (green staining, A) and GADG65 (red staining, B). Insulin-
positive but GAD65-negative cells are indicated by arrows.
C, D Cells were double-stained for insulin (green staining, C)
and GADG67 (red staining, D) In this section, nearly 80 % of
cells are double positive to GAD67 and insulin and nearly
15 % of fresh cells express only GAD67. Bar = 50 um

cells were stained for this enzyme in every culture
condition.

To explore glucose-dependence in GADG65 expres-
sion and the reversibility of the process, islet cells
were cultured for 2 days in 11.6 mmol/l glucose and
changed sequentially to 2.5 mmol/l glucose for
2 days. In these conditions the percentage of
GADG65 positive cells decreased from 47 % to 32%
(Table 2). By contrast, when cells were cultured for
2days in 2.5 mmol/l glucose and changed to
11.6 mmol/l glucose, the percentage of GAD65—posi-
tive cells increased from 26 % to 46 %.

Expression of GADG65 by insulin secreting cells. Insu-
lin secretion by individual beta cells, previously cul-
tured for 48 h with 11.6 mmol/l glucose, in response
to a 20.6 mmol/l glucose challenge for 1 h in the pres-
ence of an insulin antiserum was measured with
RHPA. At the end of the assay, cells were fixed and
the expression of GAD65 was determined by immu-
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Fig.2. Expression of GAD65 and GAD67 in single beta cells.
The highest expression of GADG65 was observed in cells treat-
ed with NGF (50 ng/ml) and dbcAMP (5 mmol/l). Each data
point represents the mean + SEM of 4 separate experiments
in duplicate. * Denotes significance level for fresh beta cells,
p <0.01. + Denotes significance level for beta cells cultured
for 11 days, p < 0.01. [ ] GAD67; ZZ GAD65

Table 1. GADG65 and GAD67 expression on different extracel-
lular glucose concentrations

Glucose 2.5mmol/l 5.6mmol/l 11.6 mmol/l 20.6 mmol/l
GAD67 97.0+£19 97.0+1.5 97.7+1.8 97.7+1.8
GADG65 24 +1.6* 39+4.5° 54+3.2° 56 +8.3%P

Each data point represents the mean + SEM of 4 separate ex-
periments in duplicate.

2 Denotes significance level for beta cells cultured in 2.5 mmol/l
glucose. ® Denotes significance level for beta cells cultured in
5.6 mmol/l glucose, p < 0.01

Table 2. Effect of changing glucose concentration in culture
medium on GADG65 expression by islet-cells

% of GAD 65 (+) cells

Glucose (mmol/l)

11.6* 47+8
2.5% 26£8.5

11.6 — 2.5° 32+ 4¢
25-11.6° 46 +£0.4¢

2 Incubation time 4 days, ® incubation time 2 days sequentially
at each concentration. After 4 days in culture, cells were fixed
and the percentage of GADG65 positive cells was measured by
immunocytochemistry. Data point is the mean £ SEM of 3 se-
parate experiments in duplicate. ¢ Denotes significance level
for control cells, p < 0.05, paired Student’s T test

nocytochemistry in the single beta cells identified by
insulin immunoplaque.

In the presence of 20.6 mmol/l glucose, 67 % of to-
tal cells formed insulin immunoplaques (insulin-se-
creting cells) and nearly two-thirds of them express
GADG65. On the other hand, of the total cells that
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Fig.3. Expression of GADG65 in active insulin secretors. Islet
cells were cultured for 2 days and insulin secretion by single
beta cells was measured by RHPA, by incubating the cells
with an insulin antiserum for 1hour in the presence of
20.6 mmol/l glucose. At the end of RHPA, cells were fixed
and immunocytochemistry detected the expression of
GADG65. Each data point represents the mean + SEM of 4 sep-
arate experiments in duplicate. * Denotes significance level for
insulin immunoplaque-forming cells that are positive to
GADG6S5; + denotes significance level for non-secreting cells
that are positive to GADG65, p < 0.01. [ |GAD65 (+) CELLS;
GAD 65 (-) CELLS

Non-secreting cells

Table 3. Expression of GAD65 in beta-cell functional-subpo-
pulations

Functional % of insulin-immuno- % of GADG65 (+) cells
subpopulation  plaque forming-cells in each subpopulation
% of SP cells 405 6312
% of LP cells 54+9 8§7+1

Immunoplaque area frequency distribution of GAD65-posi-
tive cells and GADG65-negative cells was constructed with
data pooled from 3 separate experiments by duplicate

did not form insulin immunoplaques, 11 % were posi-
tive for this enzyme and 22% were negative for
GADGS5 (Fig.3). We do not know if all of the non-se-
cretors, GADG65-negative cells are beta cells or an-
other type of islet cell but we can estimate that at
least 5 % of them are beta cells.

Distribution analysis of insulin immunoplaque ar-
eas showed a bimodal distribution for GAD65-posi-
tive beta cells that corresponds to small plaque-form-
ing cells and large plaque-forming cells. Half of the
insulin secreting cells in 20.6 mmol/l glucose are LP
cells. It is important to note that LP cells have the
highest hormone secretion-rate and are responsible
for 75% of the insulin secreted [13]. Nearly 85% of
LP cells are positive to GADG65, indicating its expres-
sion is linked to the most active beta—cell subpopula-
tion (Table 3).
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Discussion

Functional and structural heterogeneity among beta
cells has been shown in different in-vitro and in-vivo
studies [26]. In addition, heterogeneity among beta-
cell destruction in insulin-dependent diabetic pa-
tients has been detected; although the majority of
beta cells were destroyed, those that survived re-
mained healthy and had a dense insulin immunoreac-
tivity [18]. Identification of the traits, which make
some beta cells more susceptible to diabetogenic con-
ditions, would be important to understand the clinical
pathological findings in Type I diabetes.

The antigen GADG65 has been identified as being
expressed by beta cells, to which autoantibodies are
generated leading to beta-cell destruction, preceed-
ing onset of Type I diabetes and in its early stages
[4-7]. In this study, we show heterogeneity in
GADG6S expression among single rat beta cells, relat-
ed to the metabolic conditions of the cells.

We found that although nearly all the fresh beta
cells express GAD67, only 33 % express GAD65. In
agreement with this freshly isolated rat islets express
more GAD67 mRNA than GAD65 mRNA [27].

The expression of GADG65 is dependent on the
metabolic state of the cell, as the percentage of
GADG65-positive cells increases with glucose concen-
tration. This dependence is further shown by the re-
versibility of the process; when cells were cultured in
11.6 mmol/l glucose for 2 days and sequentially chan-
ged to 2.5 mmol/l glucose, GAD65 expression de-
creased by 30 %.

Similar results have been obtained in rat and hu-
man islets [10, 28], where GAD65 synthesis is strong-
ly stimulated at high glucose concentrations in the
culture media, suggesting that an enhanced function
of human islet cells increases expression of GADG65.

In contrast, another study reports that in rat pan-
creatic islets, after 3 days in culture, both GAD iso-
forms increase with increasing glucose concentration
[10]. That study did not, however measure GAD67
in fresh islets, and differences could be due to an in-
crease in GAD67 expression by other islet cell types,
as has been described [29]. In fresh cells, we observed
that 13% of GADG67 positive-cells are negative for
insulin. We do not know if glucose could regulate
GADG67 expression in such cells because they are
lost with increased time in culture.

The enhanced function of beta cells could be im-
portant for GADG65 expression in rat islets, since in
dbcAMP-treated beta cells, which have the highest
insulin secretory-rate [19], the percentage of
GADG65-positive beta cells increases to 84 %. Note
that NGF treatment also increases the percentage of
GADG65-positive beta cells to 73%, because this
kind of treatment preserves the capability of single
beta cells to discriminate between different glucose
concentrations, a property lost in control cells with
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time in culture. In agreement with these results, it has
been observed that primary cultures gradually lose
their ability to produce insulin and this inability is ac-
companied by the loss of GAD65 expression [28]. It is
therefore possible that GADG65 expression is related
to the capability of beta cells to secrete insulin [30].

Nearly 70% of the insulin-secreting cells are
GADG65-positive. In contrast, in the beta-cell subpopu-
lation that does not secrete enough insulin to be detect-
ed by the RHPA, only 11 % of them are GAD65-posi-
tive. We can assume that the latter are beta cells be-
cause we observed in the double staining experiments
that all the GAD®65-positive cells are beta cells, in
agreement with previous observationsin ratislets [29].

The expression of GADG6S5 has been associated
with insulin expression in beta cells and it has been
suggested that GADG65 could be a marker of maturity
in beta-cell [28].

That 85% of the cells that present high insulin
secretory rate (LP cells) express GADG65 is consistent
with this idea. Large plaque-forming cells represent a
beta-cell subpopulation that has reached the last stag-
es in beta-cell maturation. These cells are responsible
for most of the insulin secreted, exhibit the lowest
threshold for insulin secretion in response to changes
in extracellular glucose concentration and are the
most suitable to be modulated by secretagogues [13,
16, 17]. Moreover, in fetal rat islets, LP cells comprise
only 3% of total cells; this percentage is lower than in
adult islets, where LP cells comprise roughly 50 %. It
has been suggested that these differences could ac-
count for the lower insulin secretion observed in fetal
beta cells compared with adult beta cells [31].

A higher expression of GAD65 would cause LP
cells to be more susceptible to an autoimmune attack,
which possibly destroys this high insulin secretory-
rate subpopulation, while sparing the subpopulation
with a lower secretory rate. This latter subpopulation
could account for the surviving beta cells observed in
the diabetic pancreas [18].

The lack of LP cells would render the islets unable
to cope with increases in plasma glucose concentra-
tion and for this reason could be causally related to
the development of diabetes. Therefore, understand-
ing the regulation of GAD65 expression could be of
practical importance in efforts to ameliorate the au-
toimmune response towards beta cells in insulin de-
pendent diabetes mellitus.
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