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Abstract: Gamma-aminobutyric acid (GABA) is produced and secreted by adult pancreatic β-cells, which also ex-
press GABA receptors mediating autocrine signaling and regulating β-cell proliferation. However, whether the auto-
crine GABA signaling involves in β-cell progenitor development or maturation remains uncertain. By means of immu-
nohistochemistry we analyzed the expression profiles of the GABA synthesizing enzyme glutamic acid decarboxylase 
(GAD) and the α1-subunit of type-A GABA receptor (GABAARα1) in the pancreas of mice at embryonic day 15.5 
(E15.5), E18.5, postnatal day 1 (P1) and P7. Our data showed that at E15.5 the pancreatic and duodenum homeo-
box-1 (Pdx1) was expressed in the majority of cells in the developing pancreata. Notably, insulin immunoreactivity 
was identified in a subpopulation of pancreatic cells with a high level of Pdx1 expression. About 80% of the high-
level Pdx-1 expressing cells in the pancreas expressed GAD and GABAARα1 at all pancreatic developmental stages. 
In contrast, only about 30% of the high-level Pdx-1 expressing cells in the E15.5 pancreas expressed insulin; i.e., 
a large number of GAD/GABAARα1-expressing cells did not express insulin at this early developmental stage. The 
expression level of GAD and GABAARα1 increased steadily, and progressively more GAD/GABAARα1-expressing cells 
expressed insulin in the course of pancreatic development. These results suggest that 1) GABA signaling proteins 
appear in β-cell progenitors prior to insulin expression; and 2) the increased expression of GABA signaling proteins 
may be involved in β-cell progenitor maturation.
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Introduction

The development and lineage differentiation of 
pancreatic β-cells represents the culmination 
of a complex cell biological program [1]. 
Numerous studies show that γ-aminobutyric 
acid (GABA), a primary neurotransmitter of the 
central nervous system, is widely used as a sig-
naling molecule by various non-neuronal cells 
[2-4], including β-cells in islets of Langerhans 
[5, 6]. Specifically, adult pancreatic β-cells pro-
duce GABA [7] through the enzymatic activity of 
two isoforms of glutamic acid decarboxylase 
(GAD65 and GAD67) [8]; and they also express 
type-A GABA receptors (GABAARs) [5], mediat-
ing an autocrine signaling. This GABA signaling 
regulates insulin secretion by β-cells in vitro [5, 
6], and it is also involved in β-cell regeneration 
in the pancreas of adult rats [9]. It is known that 

GABA, through GABAARs, up-regulates neuro-
genesis in the brain [10] and modulates embry-
onic stem cell proliferation and differentiation 
in vitro [11]. However, whether this GABA signal-
ing is involved in embryonic development of 
β-cell progenitors remains uncertain [12]. To 
investigate whether a GABA signaling system 
exists in β-cell progenitors during development, 
this study examined the expression profiles of 
GABA signaling molecules in the late-fetal and 
early-postnatal pancreas of mice.

Pancreatic-duodenal homeobox-1 (Pdx1) is a 
transcriptional factor that is important for pan-
creatic genesis [13], development and β-cell 
maturation [14]. In mice, Pdx1 protein is detect-
ed in early pancreatic progenitor cells and it is 
essential for specialization of β-cell phenotype 
[15]. During adulthood, Pdx1 expression 
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becomes largely confined to the β-cells, where 
it functions to activate insulin gene transcrip-
tion and to control β-cell regeneration [15, 16]. 
All lines of evidence indicate that Pdx1 is a 
marker of pancreatic progenitors in both 
rodents and humans [16]. In this study, Pdx1 
was used as a marker of pancreatic progeni-
tors, while insulin was used as an indicator of 
pancreatic β-cells.

Materials and methods

Animals and tissue preparations

Our investigation conforms to the Guide for the 
Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH 
Publication No. 85-23, revised 1996). Use of 
animals was approved by the Animal Use 
Subcommittee at the University of Western 
Ontario, Canada. Pancreatic tissues were col-
lected from C57BL/6 mice at embryonic day 
15.5, 18.5 (E15.5, E18.5), and postnatal day 1, 
day 7 (P1, P7). Specifically, mouse dams at 
15.5 and 18.5 days of gestation were anesthe-
tized by ketamine and xylazine, and fetuses 
were harvested by Caesarean sections. P1 and 
P7 mouse pups were sacrificed by rapid cervi-
cal dislocation. Fetal abdominal trunks and 
postnatal pancreatic tissues were dissected 
and then fixed in 4% paraformaldehyde, embed-

ded in paraffin and cut into 5 mm sections. The 
structure of the pancreas at each time point 
was identified by hematoxylin and eosin (H/E) 
staining.

Immunohistochemical staining and confocal 
microscopy

To study the expression profile of GAD and 
GABAAR in β-cell progenitors and/or β-cells, 
pancreatic sections from mice at four time 
points were immunostained using previously 
described protocols [17, 18]. Specifically, the 
pancreatic slices were incubated overnight in 
phosphate buffered saline (PBS) containing 
rabbit anti-GAD 65/67 (1:1000 dilution, Catalog 
# G5163, Sigma, MO) or rabbit anti-GABAARα1 
(GABAARα1) (1:100 dilution, Catalog # 06-868, 
Millipore, MA), followed by one hour incubation 
with CY3 conjugated anti-rabbit IgG secondary 
antibody (1:400 dilution, JacksonImmuno 
Research Laboratories, PA). The pancreatic 
sections were double-stained for mouse anti-
insulin (1:1000 dilution, Catalog # I2018 
Sigma, MO) or for goat anti-Pdx1 (1:1500 dilu-
tion, Catalog # ab47383, Abcam, MA) followed 
by FITC conjugated anti-mouse IgG or anti-goat 
IgG secondary antibodies (1:200 dilution, 
JacksonImmunoResearch Laboratories, PA). 
Omitting the primary antibody in the staining 
procedure was used as negative controls. 

Figure 1. General structure of the mouse pancreas at late embryonic and early postnatal stages. Upper row: Typical 
pictures of hematoxylin and eosin (H/E) stained mouse pancreata at E15.5, E18.5, P1 and P7. Black bar represents 
50 μm. Lower row: Shown are representative images of mouse pancreata at E15.5, E18.5, P1 and P7, collected by 
means of differential interference contrast (DIC) microscopy. Note: in both upper and lower rows, the solid lines in 
pictures of E15.5 tissue sections outline the border of the pancreas, and the dotted lines in pictures of E18.5, P1 
and P7 pancreatic slices delineate islets of Langerhans.
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Figure 2. Expression patterns of Pdx1 and insulin in the late embryonic and early postnatal pancreas of mice. A. 
Representative pictures of double-staining of Pdx1 and insulin of mouse pancreata at E15.5, E18.5, P1 and P7. 
Note: the dotted lines in pictures of E15.5 tissue slice outline the border of pancreas, whereas the lines in E18.5, 
P1 and P7 pancreatic sections delineate islets of Langerhans. B. Shown are the correlation coefficient (R) between 
the immunofluorescence of Pdx1 and immunofluorescence of insulin in pancreatic tissue slices of mice at different 
developmental stages (at E15.5, E18.5, P1 and P7, R = 0.83, 0.81, 0.86 and 0.89, respectively). C. Graph summa-
rizes the percentage of high-Pdx1 expressing cells that express insulin at different developmental stages (at E15.5, 
E18.5, P1 and P7, the percentage = 29.5 ± 12.2, 67.5 ± 9.7, 83.0 ± 7.7 and 93.0 ± 4.2, respectively). D. Graph 
shows the arbitrary unit of immunofluorescent intensity of insulin in pancreatic slices at E15.5, E18.5, P1 and P7 
(the intensity unit = 10.0 ± 1.1, 13.0 ± 1.8, 15.0 ± 0.82 and 16.3 ± 0.96, respectively).
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Figure 3. Expression profiles of Pdx1 and GAD in developing mouse pancreas. A. Shown are illustrative pictures of 
double-staining of Pdx1 and GAD of mouse pancreata at E15.5, E18.5, P1 and P7. White bar = 50 μm. B. Correla-
tion coefficient (R) between the Pdx1 immunoluorescence and GAD immunofluorescence in pancreatic tissue slices 
of mice at E15.5, E18.5, P1 and P7 (R = 0.77, 0.83, 0.83 and 0.86, respectively). C. The percentage of high-Pdx1 
expressing cells that express GAD at E15.5, E18.5, P1 and P7 (The percentage = 83.0 ± 9.2, 85.8 ± 9.3, 87.0 ± 7.0 
and 91.8 ± 6.3, respectively). D. Graph shows the arbitrary unit of immunofluorescent intensity of GAD in pancreatic 
slices at E15.5, E18.5, P1 and P7 (the intensity unit = 7.3 ± 1.7, 9.3 ± 3.3, 12.2 ± 1.7 and 15.0 ± 2.2, respectively).

Images were taken with the Zeiss LSM 510/
ConfoCor 2 confocal microscope. The detecting 
threshold for the immunofluorescence of a spe-
cific protein was set above the fluorescent level 
of negative control. Multiple images were taken 
from each pancreatic slice with a focus on cells 
that displayed immunofluorescence of Pdx1 or 
insulin.

Image analyses and statistics

The subcellular colocalization or correlation of 
the double-stained proteins was analyzed by 
means of the image-analyzing program Image-J 
(http://rsb.info.nih.gov/ij) using a protocol 
described by Colin Rickman (http://www.calm.
ed.ac.uk). Data were expressed as means ± SD.
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Results

High-level Pdx1 is a marker of β-cell progeni-
tors in developmental mouse pancreata

We first examined the general structure of 
mouse pancreata at each of four developmen-

tal time points (E15.5, E18.5, P1 and P7) by 
viewing the pancreatic sections with H/E stain-
ing. As demonstrated previously [19, 20], no 
islet of Langerhans was identified in the E15.5 
pancreas, whereas the structure of islets was 
spotted in most pancreatic sections of E18.5, 
P1 and P7 mice (Figure 1; upper row). We also 

Figure 4. Expression profiles of Pdx1 and GABAARα1 in developing mouse pancreas. A. Representative pictures of 
double-staining of Pdx1 and GABAARα1 of mouse pancreata at E15.5, E18.5, P1 and P7. White bar = 50 μm. B. 
Correlation coefficient (R) between the Pdx1 immunoluorescence and GABAARα1 immunofluorescence in mouse 
pancreata at E15.5, E18.5, P1 and P7 (R = 0.76, 0.70, 0.71 and 0.81, respectively). C. The percentage of high-
Pdx1 expressing cells that express GABAARα1 at E15.5, E18.5, P1 and P7 (The percentage = 70.3 ± 10.2, 78.8 ± 
7.9, 83.0 ± 7.7 and 93.0 ± 4.2, respectively). D. The arbitrary unit of immunofluorescent intensity of GABAARα1 in 
pancreatic tissues at E15.5, E18.5, P1 and P7 (the intensity unit = 8.3 ± 1.7, 9.8 ± 2.5, 12.3 ± 1.7 and 14.0 ± 1.8, 
respectively).
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collected the differential interference contrast 
(DIC) images of the pancreas during confocal 
microscopy. The general structure of pancreat-
ic islets could be recognized by DIC microscopy, 

as the islet cells displayed a lighting scheme 
very different from the adjacent acinar cells 
(Figure 1; lower row). This optical feature of 
confocal DIC images allows for determining 

Figure 5. Expression patterns of GAD and insulin in developing mouse pancreas. A. Typical pictures of double-
staining of GAD and insulin of mouse pancreata at E15.5, E18.5, P1 and P7. White bar = 50 μm. B. The percent-
age of GAD-expressing cells that express insulin at E15.5, E18.5, P1 and P7 (The percentage = 13.8 ± 5.1, 38.3 ± 
12.6, 74.8 ± 11.8 and 91.5 ± 2.6, respectively). C. Correlation coefficient (R) between the GAD immunoluorescence 
and insulin immunofluorescence in mouse pancreata at E15.5, E18.5, P1 and P7 (R = 0.60, 0.61, 0.72 and 0.86, 
respectively).
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anatomic location of islet cells in the 
pancreas.

We then examined the expression patterns of 
Pdx1 and insulin in the mouse pancreata of 

each developmental time point. Previous cell-
tracing experiments show that both endocrine 
and exocrine cells derive from Pdx1-expressing 
progenitor cells [21]. Consistent with previous 
reports [20, 22], immunofluorescence of Pdx1 

Figure 6. Expression of GABAARα1 and insulin in developing mouse pancreas. A. Illustrative images of double-
staining of GABAARα1 and insulin of mouse pancreata at E15.5, E18.5, P1 and P7. White bar = 50 μm. B. The 
percentage of GABAARα1-expressing cells that express insulin at E15.5, E18.5, P1 and P7 (The percentage = 17.3 ± 
9.3, 43.3 ± 16.8, 73.5 ± 13.2 and 84.8 ± 12.0, respectively). C. Correlation coefficient (R) between the GABAARα1 
immunoluorescence and insulin immunofluorescence in mouse pancreata at E15.5, E18.5, P1 and P7 (R = 0.63, 
0.67, 0.72 and 0.83, respectively).
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was seen in the nuclei of E15.5 pancreatic cells 
(Figure 2A; the 2nd column). Interestingly, a sub-
population of pancreatic cells at E15.5 dis-
played a higher intensity of Pdx1 immunofluo-
rescence in comparison to cells outside the 
pancreas, and they often clustered as groups 
(the 2nd column of Figure 2A). Conversely, from 
E18.5 to P7 the relatively high immunoreactivi-
ty of Pdx1 was only seen in cells compiled in the 
islets of Langerhans, which were identified in 
DIC images (the 1st column of Figure 2A). At 
E15.5 the immunofluorescence of insulin was 
observed in cells scattered in the pancreas, 
whereas from E18.5 to P7, the immunoreactiv-
ity of insulin was primarily restricted to the cells 
in the islets of Langerhans (Figure 2A; the 3rd 
column). Image analysis revealed that the 
immunofluorescence of insulin was highly cor-
related to cells that displayed a high level of 
Pdx1 (Figure 2B). However, at E15.5 only about 
30% of pancreatic cells that displayed high-
level Pdx1 displayed immunofluorescence of 
insulin, although the percentage of insulin-
expressing cells (Figure 2C) and the expression 
level (Figure 2D) of insulin increased in this cell 
subpopulation along with pancreatic develop-
ment. These results not only suggest that Pdx1, 
at high expression levels, is a relatively-reliable 
marker of β-cell progenitors in the developing 
pancreas, but also corroborate that the expres-
sion level of insulin increases in the course of 
β-cell maturation.

Expression of GAD and GABAARα1 is associ-
ated with Pdx1-positive cells

Next we studied the expression profiles of GAD 
and GABAARα1 in the developing β-cell progeni-

tors and/or β-cells from E15.5 to P7, by double-
staining Pdx1 and GAD or Pdx1 and GABAARα1, 
respectively. The immunofluorescence of GAD 
(Figure 3A; mid row) and GABAARα1 (Figure 4A; 
mid row) was observed in cells that expressed 
a high level of Pdx1 (Figures 3A and 4A; upper 
row) in pancreatic slices of mice at all develop-
mental stages. Specifically, the GAD-positive 
cells and/or GABAARα1-positive cells were 
broadly distributed throughout the pancreas at 
E15.5; however, at E18.5, P1 and P7, these 
cells became associated only with cells within 
the islets. Notably, the immunofluorescence of 
GAD (Figure 3A and 3B) and GABAARα1 (Figure 
4A and 4B) was highly correlated to cells that 
expressed high-level Pdx1 at each develop-
mental stage. The GAD-expressing cells (Figure 
3A and 3C) and/or GABAARα1-expressing cells 
(Figure 4A and 4C) were constantly above 80% 
and 75%, respectively, of the cells that 
expressed high-level Pdx1. Moreover, the 
expression levels of GAD (Figure 3A and 3D) 
and GABAARα1 (Figure 4A and 4D) increased 
steadily from E15.5 to P7. These results show 
that an autocrine GABAAR signaling system 
exists in β-cell progenitors. Next we investigat-
ed whether this autocrine GABA signaling is 
involved in β-cell development.

Expression of GAD and GABAARa1 is associ-
ated with insulin-positive cells

We reasoned that if this autocrine GABA signal-
ing was involved in β-cell progenitor matura-
tion, the related GABA signaling proteins should 
be expressed in β-cell progenitors prior to insu-
lin expression. Thus we made double-staining 
of insulin and GAD, or double-staining of insulin 

Figure 7. Expression profiles of Pdx1, GAD/GABAARα1 and insulin in mouse β-cell progenitors at E15.5, E18.5, P1 
and P7. During development, cells in the pancreas express different levels of Pdx1. At E15.5, pancreatic cells that 
display a high level of Pdx1 express GAD and GABAARα1 (illustrated as green cells), and some of them also express 
insulin (shown as yellow cells). From E18.5 to P7, the high Pdx1-expressing cells tend to cluster as groups in the 
islet; and increasingly more of them express insulin.
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and GABAARα1. Our assays showed that insulin 
expressing cells were scattered in the mouse 
pancreata at E15.5, and they became primarily 
assembled in pancreatic islets after E18.5 
(Figures 5A and 6A, upper row). Notably, at 
E15.5 a large number of pancreatic cells that 
expressed GAD (Figure 5A) or GABAARα1 
(Figure 6A) did not express insulin; although 
increasingly more GAD-expressing cells (Figure 
5A and 5B) or GABAARα1-expressing cells 
(Figure 6A and 6B) exhibited insulin immuno-
fluorescence along with pancreatic develop-
ment. After E18.5, the immunofluorescence of 
insulin was always highly correlated to cells 
that expressed GAD (Figure 5A and 5C) or to 
the cells that expressed GABAARα1 (Figure 6A 
and 6C).

Discussion

The β-cell differentiation and/or maturation is a 
complex process involving multiple signaling 
pathways, and identifying these molecular reg-
ulators of β-cell differentiation may provide 
new therapeutic targets for diabetes [23]. An 
autocrine GABA signaling exists in adult rodent 
and human pancreatic β-cells [5, 7, 8]. Our pre-
vious studies showed that GABA regulates 
β-cell function [5, 6] and enhances β-cell prolif-
eration/regeneration in adult rodents [9]. 
However, the role of GABA signaling in β-cell 
progenitors remains unclear. It is well known 
that GABA, via GABAARs, modulates the devel-
opment of neuronal progenitors, including their 
proliferation, differentiation and migration [10]; 
and that GABA regulates the activity of neuro-
progenitors by increasing their intracellular 
Ca2+ concentrations [24]. Interestingly, GABA 
also increases intracellular Ca2+ concentrations 
in β-cells [5]. Although it has been proposed 
that GABA regulates islet cell development, evi-
dence in support of this hypothesis remains 
elusive. For example, knocking-out either 
GAD65 or GAD67 at the initial embryonic stage 
does not affect the development of islet cells or 
the general morphology of islets [12]. Arguably, 
lacking the function of one isoform of GAD 
could be compensated by the other isoform. On 
the other hand, a recent study demonstrates 
that GABA enhances pancreatic β-cell prolifera-
tion in vivo [9]. This new finding navigates us to 
determine a potential role of GABA signaling in 
the process of β-cell progenitor differentiation 
and maturation.

As an initial effort, the present study examined 
the expression profile of GABA signaling pro-
teins such as GAD and a GABAAR subunit in the 
pancreas of fetal and early postnatal mice. 
Since no specific marker for β-cell progenitors 
has been identified, we attempted to label pan-
creatic β-cell progenitors by immunostaining 
Pdx1 in the present study. This is because 1) 
early pancreatic progenitors express Pdx-1, and 
2) Pdx1 expression is down-regulated in acinar 
and ductal cells beginning at approximately 
E13.0, but is maintained in differentiated endo-
crine cells and up-regulated specifically in 
β-cells throughout life [25]. Consistent with pre-
vious studies, our analyses revealed that at 
E15.5, Pdx1 was widely expressed in intestinal 
duodenal and pancreatic cells (Figure 2). 
However, a higher expression level of Pdx1 was 
always seen in a subpopulation of cells in the 
pancreas at all developmental stages. In par-
ticular, pancreatic cells that expressed a high-
level of Pdx1 mainly compiled in the islets of 
Langerhans; and increasingly more of them 
expressed insulin along pancreatic develop-
ment (Figure 2). Our results support the notion 
that high-level Pdx1 is likely a reliable marker of 
β-cell progenitors in the developing pancreata 
of mice.

As summarized in Figure 7, our results demon-
strated that as early as E15.5 the majority of 
pancreatic cells displaying a high-level of Pdx1 
express GABA signaling proteins GAD and/or 
GABAARα1. In contrast, at the same develop-
mental stage only about 30% of these pancre-
atic progenitors express insulin. These findings 
suggest that an autocrine GABA signaling sys-
tem occurs in pancreatic β-cell progenitors 
prior to insulin expression. Our data also 
showed that the expression level of GAD and 
GABAARα1 increases progressively from E15.5 
to P7. Remarkably, during the same time course 
of pancreatic development more and more 
β-cell progenitors express insulin, and the 
expression level of insulin rises steadily.

Taken together, our data show that at the devel-
opmental stages from E15.5 to P7, an auto-
crine GABA signaling system exists in pancre-
atic β-cell progenitors and/or β-cells. Since the 
GABA signaling proteins appear prior to insulin 
expression, this autocrine GABA signaling sys-
tem is possibly involved in the process of β-cell 
progenitor maturation. However, a definitive 
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role of GABA signaling in β-cell development is 
not examined in the present study and requires 
further investigations.
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