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There is growing information about the heterogeneity of pancreatic �-cells and how it relates to
insulin secretion. This study used the approach of flow cytometry to sort and analyze �-cells from
transgenic mice expressing green fluorescent protein (GFP) under the control of the mouse insulin
I gene promoter. Three populations of �-cells with differing GFP brightness could be identified,
which were classified as GFP-low, GFP-medium, and GFP-bright. The GFP-medium population com-
prised about 70% of the total. The GFP-low population had less insulin secretion as determined by
the reverse hemolytic plaque assay and reduced insulin gene expression. Additionally, all three
subpopulations of �-cells were found in mice of varying ages (embryonic d 15.5 and postnatal wk
1–9). The three populations from the youngest had larger cells (forward scatter) and less granu-
larity (side scatter) than those from the adults. This approach opens up new ways to advance
knowledge about �-cell heterogeneity. (Endocrinology 153: 5180–5187, 2012)

Studies have described the heterogeneity of �-cells on a
functional level with differences in insulin secretion

and biosynthesis as well as morphology and various bio-
logical markers (1–10). Moreover, we and others have
found heterogeneity in sorted single �-cells with regard to
very low expression of mRNA of the hormone products of
other islet cell types (11, 12). Our study used sorted �-cells
from transgenic mice expressing green fluorescent protein
(GFP) under the control of the mouse insulin I gene pro-
moter (MIP) (13). The introduction of this transgene does
not appear to be deleterious, because these mice have nor-
mal pancreatic development, glucose tolerance, islet his-
tology, and �-cell secretory function (13). Our previous
analysis of single GFP-positive cells from these mice with
nested PCR revealed that only 55% of the �-cells ex-
pressed the insulin gene alone and 4% of the cells ex-
pressed genes of four islet hormones (insulin, glucagon,
somatostatin, and pancreatic polypeptide) (11, 12). An-
other example of heterogeneity in adult �-cells was shown
with a dual-reporter construct (Pdx1-monomeric red flu-
orescent protein/insulin-enhanced GFP dual-reporter len-

tivirus) (14). Most mouse and human �-cells were clearly
positive for both markers, but 10–25% Pdx (�) and in-
sulin (low) cells are presumably true �-cells but show
lower insulin expression. Yet another example of hetero-
geneity was recently demonstrated by the recent finding
that 20–25% of islets in rats appear to have reduced func-
tional activity as suggested by low oxygen tension and
reduced blood flow (15). However, little is understood
about how the �-cells in these islets are related to the het-
erogeneity found in other studies.

In our previous work with MIP-GFP mice, we noticed
variability of GFP expression in �-cells and hypothesized
that the GFP intensity regulated by the MIP might be a
marker of �-cell heterogeneity that was reflected by dif-
ferences in insulin promoter activity. Therefore, single
�-cells were sorted on the basis of GFP intensity and an-
alyzed for insulin gene expression and insulin secretion
using the reverse hemolytic plaque assay (RHPA) that al-
lows the evaluation of individual �-cell function. Those
with the lowest GFP intensity had lower insulin secretion
and lower insulin mRNA than the other two groups. We
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also examined �-cells with differing GFP intensity from
mice of varying age with flow cytometry and found that
the �-cells from the youngest age were larger and less gran-
ular than those from the adults.

Materials and Methods

Mice
Mice were maintained and studied under conditions ap-

proved by the Institutional Animal Care and Use Committee of
the Joslin Diabetes Center. MIP-GFP mice were obtained from
M. Hara (The University of Chicago, Chicago, IL) and back-
crossed 10 times with C57BL/6J mice, which were purchased
from The Jackson Laboratory (Bar Harbor, ME). Embryos were
considered to be 0.5 d of gestation [embryonic d 0.5 (E0.5)] at
noon of the day plugs were detected; neonates were considered
to be postnatal d 0 (P0) on the day of birth. Then, neonates were
weaned at P28.

DNA isolation and PCR analysis for genotyping
Genomic DNA of peripheral blood was extracted with Temp/

Nucleospin Blood Quick Pure kit (BD, Franklin Lakes, NJ). The
presence of MIP-GFP transgene was screened by PCR using
primers that recognize the GFP construct as follows: forward
5�-TGGAAACTGCAGCTTCAG-3� and reverse 5�-GTC-
CAGCTCGACCAGGATGG-3� (280 bp).

Islets isolation and dispersion
Pancreases were removed from mice from E15.5 to 4 wk of

age just after decapitation and minced with a razor blade in
media. The tissue was digested with Liberase (Roche, Indianap-
olis, IN) for approximately 20 min at 37 C and washed three
times with calcium- and magnesium-free PBS. The tissue was
then dispersed to single cells in the same buffer containing 1
mg/ml bovine pancreas trypsin (Sigma-Aldrich, St. Louis, MO)
and 30 �g/ml deoxyribonuclease 1 (Roche, Basel, Switzerland)
for 15 min at 37 C, being vortexed for 10 sec every 5 min. After
washing once with RPMI 1640 containing 10% (vol/vol) fetal
bovine serum, cells were centrifuged at 250 � g and resuspended
in less than 1 ml PBS. Cells were then filtered through a 40-�m
filter and stained with propidium iodide (Sigma-Aldrich) before
cell sorting. For mice 5–9 wk of age, animals were overdosed
with anesthesia, the pancreas was distended with Liberase solu-
tion, and islets were isolated by digestion followed by separation
with a density gradient, as described previously (16). After wash-
ing, islets were handpicked, dispersed, and prepared for cell sort-
ing as above.

Flow cytometry
All samples were analyzed on a MoFlo cell sorter with Summit

software (Cytomation, Fort Collins, CO) as previously described
(11). For analysis of islet cells from MIP-GFP mice, the GFP
signal was so strong that a neutral density filter was used to
reduce brightness. Propidium iodide was used to exclude dead
cells.

Quantitative RT-PCR
Quantitative real-time PCR was performed using the ABI

7300 real-time PCR system (Applied Biosystems, Foster City,
CA) according to the manufacturer’s instructions. The probe and
primer sets of mouse insulin I (Assay ID Mm01259683_g1) and
�-actin (Assay ID Mm00607939_s1) were purchased from Ap-
plied Biosystems. Total RNA was isolated from total cultured
population using the RNeasy Mini kit (QIAGEN, Valencia, CA).
To assess the integrity of total RNA, an aliquot of the RNA
sample was run on a denaturing 1% agarose gel. Reverse tran-
scription was performed using the High-Capacity cDNA kit (Ap-
plied Biosystems). cDNA (10 ng) was applied to each well, and
levels of mRNA were determined as the average of three aliquots.
Insulin mRNA expression was normalized to the mRNA of the
internal control �-actin and then compared using the standard
curve method. Serial diluted cDNA of GFP-positive �-cells from
MIP-GFP mice was used as standard.

Immunocytochemistry
We dispersed isolated islet cells from adult MIP-GFP mice and

sorted GFP-low, -medium, and -bright cells separately using
three gates: the first, forward scatter (FSC) and side scatter (SSC);
the second, pulse width; and the third, GFP and propidium io-
dide (PI). These sorted GFP-low, -medium, and -bright cells were
cultured overnight on gelatin-coated dishes in DMEM supple-
mented with 10% (wt/vol) fetal bovine serum, 100 U/ml peni-
cillin, and 100 �g/ml streptomycin at 37 C with 5% CO2, re-
spectively. Then, cells were fixed with 4% (wt/vol)
paraformaldehyde for 15 min and permeabilized for 15 min with
0.3% (wt/vol) Triton X-100 in PBS. After blocking with PBS
containing 10% (wt/vol) BSA for 30 min, dishes of cells were
incubated overnight with primary antibody (guinea pig anti-in-
sulin I:200; Linco-Millipore, Bedford, MA) in PBS containing
3% (wt/vol) BSA, washed with PBS, and incubated with second-
ary antibody (Texas red-conjugated anti-guinea pig IgG; Jackson
ImmunoResearch, Bar Harbor, ME) in PBS containing 3% (wt/
vol) BSA for 1 h. This was followed by washing with PBS and
mounting in glycerol medium. Lastly, 100 cells were randomly
picked from the dish of GFP-low, -medium, and -bright sub-
populations, and the number of insulin-positive cells in each
subpopulation was counted with fluorescent microscopy (Olym-
pus BH2, Center Valley, PA).

Reverse hemolytic plaque assay
Single �-cells were sorted by flow cytometry as described

above, and insulin secretion of individual �-cells was measured
using the RHPA as previously described (17). Sorted cells from
each group were added to an 18% suspension of protein A-
coated sheep red blood cells and introduced onto a poly-L-lysine-
coated glass Cunningham chamber. They were challenged for 2 h
with 2.6 or 16.8 mM glucose in Krebs-Ringer buffer in the pres-
ence of guinea pig anti-insulin antiserum (1:40, generated in our
lab) and, after 30 min incubation with guinea pig complement
(1:40, Calbiochem), fixed with 2.5% glutaraldehyde. Secreted
insulin was revealed as a hemolytic plaque around each secreting
cell. A secretion index was calculated by multiplying the average
plaque area by the percentage of plaque-forming cells to deter-
mine the overall secretory activity of �-cells under a given ex-
perimental condition. To identify functional subpopulations of
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�-cells, a frequency histogram was constructed from data on the
number of cell-forming immunoplaques.

Statistics analysis
Experimental results are expressed as the mean � SEM. Stu-

dent’s t test was used, and a P value � 0.05 was considered
significant.

Results

Three populations of �-cells were identified from
adult MIP-GFP mice by their differing GFP intensity

When examined with confocal microscopy, the �-cells
in isolated islets from adult MIP-GFP mice showed clear
variability in GFP intensity (Fig. 1A). GFP intensity of
dispersed islet cells from adult mice (9 wk old) was ana-
lyzed with flow cytometry (Fig. 1, B–D), and three popu-
lations of �-cells were identified: 19% of cells had bright
GFP intensity, 71% had medium, and 10% had low in-
tensity (Fig. 1D).

Dispersed islet cells from adult MIP-GFP mice were
sorted using three gates. The first was for size and granule
density estimated by FSC and SSC, respectively (Fig. 1B).
The second gate employed pulse width to exclude doublets
or other cell clusters (Fig. 1C). In our earlier study (11), we
searched for the possible presence of such doublets or clus-
ters in the sorted cells with microscopy and flow cytom-
etry, and such aggregates could not be found.

The third gate was for GFP and PI to exclude GFP-
negative cells and dead cells (Fig. 1D). We determined the
percentage of �-cells in these GFP� populations by im-
munostaining with anti-insulin antibody and found that

171 of 185 GFP-low cells (92%), 168 of 176 GFP-medium
cells (95%), and 139 of 149 GFP-bright cells (93%)
stained for insulin, respectively. These data indicate that
most of the sorted GFP� cells were �-cells.

�-Cell size and granularity of GFP-low, -medium,
and -bright cells estimated by FSC and SSC

When �-cells from adult MIP-GFP were examined for
size represented by FSC, GFP-low, -medium, and -bright
populations did not differ (Fig. 2, A and B). However, with
analysis of granularity by SSC, the cells in the GFP-low
population had less granularity than those in the GFP-
bright or GFP-medium populations as shown with nor-
malized values: low, 1.00 � 0.12; medium, 2.27 � 0.27;
and bright, 2.51 � 0.12 (Fig. 2C).

Insulin gene expression and secretion in GFP-
bright, -medium, and -low populations

With quantitative PCR, there was no significant differ-
ence in insulin I mRNA expression between the GFP-
bright and GFP-medium populations, but that of the GFP-
low population was less than half of the others (Fig. 3).

Insulin secretion was analyzed in single �-cells by
RHPA analysis in which the hemolytic plaque area is pro-
portional to the amount of insulin secreted per cell (Fig.
4A). The percentages of secreting cells in the three sub-
populations were 73% in GFP-low, 91% in GFP-medium,
and 86% in GFP-bright. Moreover, the GFP-low subpop-
ulation secreted lower amounts of insulin in response to
16.8 mM glucose as indicated by the smaller plaque areas
in the RHPA (Fig. 4B). When both parameters, percentage
of secreting cells and plaque area, were combined into an

FIG. 1. Three populations of pancreatic �-cells were identified from adult MIP-GFP mice. A, Fluorescence images of pancreatic islets isolated from
adult MIP-GFP mice, observed with confocal microscopy. Scale bar, 100 �m. B, The first gate for pancreatic �-cells was set to analyze cell size and
granule density estimated by FSC and SSC, respectively. C, The second gate employed pulse width and was used to exclude doublets or other cell
clusters. D, The third gate was set for GFP and PI to exclude GFP-negative cells and dead cells.
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overall indicator of insulin secretion from a given popu-
lation (secretion index), GFP-medium and GFP-high had
similar functional characteristics. The secretion index of
GFP-low subpopulation was half that of the other popu-

lations (Fig. 4C) and was mainly due to decreased immu-
noplaque area. These results indicate that cells from the
GFP-low subpopulation secrete less insulin in response to
16.8 mM glucose.

Analysis of GFP� cell populations
from MIP-GFP mice at different
ages

The size and granularity of the three
populations were analyzed on cells
from different ages from embryonic to
adult. Cell size estimated by FSC de-
creased with age, reaching the adult
level at 2 wk. Normalized to the values
of E15.5 GFP-low cells, the mean FSC
of GFP-low, -medium, and -bright cells
were 1.00, 1.08, and 1.13 at E15.5 and
0.77, 0.88, and 0.91 at 2 wk, respec-
tively (Fig. 5A).

FIG. 3. Quantitative RT-PCR analysis for insulin I gene expression in GFP-low, -medium, and
-bright cells from adult MIP-GFP mice (n � 3). The mean insulin I expression level GFP-low
was defined as the base value of 1.0. *, P � 0.05.

FIG. 2. FSC and SSC of GFP-low, -medium, and -bright cells from adult MIP-GFP mice (n � 4). A, Histogram of FSC and SSC of GFP-low, -
medium, and -bright cells. B, Mean FSC value of GFP-low, -medium, and -bright as normalized to that of E15.5 GFP-low (equal to 1). C, Mean SSC
value of GFP-low, -medium, and -bright as normalized to that of E15.5 GFP-low. *, P � 0.05.
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In all three populations, granularity estimated by SSC
increased with age until reaching the adult level at 5 wk.
Normalized to thevaluesofE15.5GFP-lowcells, themean
SSC of GFP-low, -medium, and -bright were 1.00, 1.35,

and 2.19 at E15.5 and 3.38, 11.5, and 12.7 at 5 wk, re-
spectively (Fig. 5B). For statistical analysis, the following
groups of cells from female mice were combined as em-
bryonic (E15.5 to P1; n � 13), preweaning (1–3 wk; n �

FIG. 5. Flow cytometry analysis for cell size and granularity of GFP-low, -medium, and -bright cells over time. A, Cell size of GFP-low, -medium,
and -bright cells estimated by FSC. The FSC value of GFP-low at E15.5 is defined as 1. B, Granularity of GFP-low, -medium, and -bright cells
estimated by SSC. SSC value of GFP-low at E15.5 is defined as 1. White, dotted, and striped bars represent GFP-low, -medium, and -bright
populations, respectively. F, Female; M, male. Bars represent mean � SE.

FIG. 4. RHPA analysis for insulin secretion in GFP-low, -medium, and -bright cells from adult MIP-GFP mice. A, Representative hemolytic plaques
around GFP-low, -medium, and -bright cells. B, Frequency distribution of hemolytic plaque area around GFP-low, -medium, and -bright cells.
Triangles, squares, and circles represent data of GFP-low, -medium, and -bright cells, respectively. C, Secretion index of GFP-low, -medium, and
-bright cells. The secretion index was calculated by multiplying the average plaque area by the percentage of plaque-forming cells to determine the
overall secretory activity of �-cells under a given experimental condition. In B and C, the number of analyzed cells was 1041 in the GFP-bright
population, 1715 in GFP-medium, and 330 in GFP-low, respectively. *, P � 0.05. This experiment is representative of a total of three.
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12), and postweaning (5–9 wk; n � 8) (Fig. 6). These data
clearly show the greater cell size as assessed with FSC of
fetal and preweaning �-cells compared with those from
postweaning mice. The increases of granularity with age as
determined by SSC were even more impressive. These
changes were found in all three groups of differing GFP
intensity. No significant difference was observed in the
FSC and SSC values between adult (12–16 wk) and
postweaning mice (data not shown).

Discussion

In this study, we showed that the heterogeneity of GFP
expression in the islets of MIP-GFP mice can be seen in
microscopic sections of islets. Moreover, with flow cy-
tometry, three populations of �-cells with differing GFP
brightness could be identified, which were classified as
GFP-low, GFP-medium, and GFP-bright. The GFP-me-
dium cells were the majority population comprising about
70% of the total. Of the sorted GFP-positive cells, over
90% could be co-stained for insulin. The few cells that did
not stain for insulin remain to be understood, but because
of studies indicating variability of insulin biosynthesis in
�-cells (18), we suspect they are �-cells that contain very
little insulin. This raises interesting questions about the
relative contributions of transcription, translation, insulin
degradation, and insulin secretion to such an end result
(19). When the populations were evaluated for size with
FSC, no differences in mean size could be found between
the three populations. However, within each group, there
was considerable variation in �-cell size as has been pre-

viously described in MIP-GFP mice (6). When granularity
was assessed with SSC, the GFP-low population was
clearly less than that of the other two populations. It has
been previously reported that SSC of �-cells after gliben-
clamide stimulation have a similar reduction of granular-
ity, which was accompanied by a marked reduction of
insulin content (7).

Questions can be raised about whether this heteroge-
neity is dependent upon genetic background. This must
await backcrossing MIP-GFP (C57BL/6J) to another ge-
netic background. Another way to study heterogeneity
might be to use a marker other than GFP. It has been
shown that �-cells are heterogeneous for the cell surface
marker polysialated-neural cell adhesion molecule in rat
pancreas and that these populations have different secre-
tory characteristics (20).

Our results with granularity are complementary to the
insulin gene expression values, which were considerably
lower in the GFP-low population than the two brighter
populations. They were also consistent with the insulin
secretion studies on single cells as determined with RHPA.
It was of interest that although the secretion index was
lower in the GFP-low group, some cells in the group had
active secretion. In fact, considerable heterogeneity of se-
cretion could be seen in all three groups.

GFP-positive cells from MIP-GFP mice of varying ages
were also assessed with flow cytometry, and some clear
differences emerged. �-Cells from the youngest mice
(E15.5 and P1) were larger as determined by FSC than
thoseobtained frommice2wkofageandolder.This result
is consistent with the finding by others that �-cells at 10 d

FIG. 6. Flow cytometry analysis for cell size and granularity of cells during fetal and neonatal preweaning and postweaning time periods. A, Cell
size of GFP-low, -medium, and -bright cells estimated by FSC. FSC value of GFP-low at E15.5 to P1 is defined as 1. B, Granularity of GFP-low, -
medium, and -bright cells estimated by SSC. The SSC value of GFP-low at E15.5 to P1 is defined as 1. White, dotted, and striped bars represent
GFP-low, -medium, and -bright populations, respectively. The error bars represent �SE. For E15.5–P1, n � 13; 1–3 wk, n � 12; 5–9 wk, n � 8.
*, P � 0.05.
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of age in mice were larger than those at 45 d of age (21).
The results for granularity assessed by SSC were even more
striking, with a gradual increase from the low levels in
embryonic �-cells until a plateau was reached after 3.5 wk
of age. This has similar timing to the maturation of glu-
cose-stimulated insulin release, which takes more than 4
wk in rodents (22). Similar temporal maturation occurs
with �-cell transcription factors (23) and the gene expres-
sion of key metabolic pathways including mitochondrial
shuttles (24). Given the similarities in granularity, insulin
content and insulin secretion between immature �-cells
and the GFP-low subpopulation, one can speculate that
the latter represent a younger, recently formed, subpop-
ulation within the adult mouse islet. It must be noted,
however, that these data differ from those obtained with
rat �-cells using microscopy (25, 26). In these latter stud-
ies, younger �-cells were smaller and did not have a re-
duction of insulin content.

These results add another dimension to the expanding
knowledge about �-cell heterogeneity. Moreover, our ap-
proach using �-cells marked by GFP with flow cytometry
provides a new way to study differences in �-cell pheno-
type, which remain poorly understood. There are many
possibilities. At least some of these differences must be due
to variation in �-cell maturation. In addition, for �-cells
from older mice, there may be natural cycles of �-cell ac-
tivity from fully active to quiescent. This possibility re-
mains to be defined. The differences could also be related
to the recently described phenomenon in rodents of a pop-
ulation of islets that is relatively hypoxic, has less blood
flow, and is probably less active with regard to insulin
secretion (15). An interesting question is whether these
processes can be influenced by glucose. There are data
indicating that quiescent cells can develop more active in-
sulin secretion when cultured in media with high glucose
(27). Moreover, the finding that neonatal �-cells are more
active in offspring of diabetic mothers suggests that high
glucose levels can accelerate the maturation of �-cells.

�-Cell replication in rodents is an active process (28),
and the progeny could have an altered phenotype after
division. Yet another possibility is that some heterogeneity
is accounted for by differences in embryonic and neonatal
pathways for �-cell differentiation. These are just a few of
many possibilities, but additional work and advances in
technology should provide answers to these questions that
are important for our understanding of �-cell function and
turnover in the pathogenesis of diabetes.
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