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Prediabetic NOD mice exhibit hyperglucagonemia, possibly due
to an intrinsic a-cell defect. Here, we show that the expression of
a potential glucagon inhibitor, the adenosine A1 receptor (Adora1),
is gradually diminished in a-cells of NOD mice, autoantibody-
positive (AA+) and overtly type 1 diabetic (T1D) patients dur-
ing the progression of disease. We demonstrated that islet
inflammation was associated with loss of Adora1 expression
through the alternative splicing of Adora1. Expression of the
spliced variant (Adora1-Var) was upregulated in the pancreas
of 12-week-old NOD versus age-matched NOD.B10 (non–
diabetes-susceptible) control mice and was detected in the
pancreas of AA+ patients but not in control subjects or
overtly diabetic patients, suggesting that inflammation drives
the splicing of Adora1. We subsequently demonstrated that
Adora1-Var expression was upregulated in the islets of NOD.
B10 mice after exposure to inflammatory cytokines and in the
pancreas of NOD.SCID mice after adoptive transfer of activated
autologous splenocytes. Adora1-Var encodes a dominant-negative
N-terminal truncated isoform of Adora1. The splicing of Adora1
and loss of Adora1 expression on a-cells may explain the hyper-
glucagonemia observed in prediabetic NOD mice and may contrib-
ute to the pathogenesis of human T1D and NOD disease. Diabetes
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T
ype 1 diabetes (T1D) results from the gradual
autoimmune destruction of pancreatic b-cells that
occurs over the course of months to years. Owing
to the lack of overt symptoms, prediabetic indi-

viduals are difficult to identify, and tissues from such
individuals are not readily available for study. By using the
well-established non-obese diabetic (NOD) mouse model of
T1D, it is possible to follow disease progression and identify
defects that occur before the onset of hyperglycemia. Dis-
ease occurs spontaneously with a predictable course: Peri-
insulitis occurs at 4 to 8 weeks of age, and the onset of
infiltrative/destructive insulitis occurs at ;12 weeks of age.
This is followed by substantial b-cell destruction and re-
sultant hyperglycemia. Disease does not occur in the major
histocompatibility complex congenic NOD.B10 control mice.

During T1D, the control of glucagon secretion is im-
paired. Glucagon stimulates gluconeogenesis and glyco-
genolysis and thus plays a critical role in blood glucose
homeostasis. Elevated fasting plasma glucagon levels (1)

and reduced suppression of glucagon secretion after
hyperglycemia (2,3) occurs in NOD mice and in sponta-
neously diabetic KK mice. Similarly, early- and late-stage
T1D patients exhibit diminished suppression of glucagon
secretion after the administration or ingestion of glucose
(4–6). This induced hyperglucagonemia increases he-
patic glucose release and exacerbates postprandial hy-
perglycemia (6). Hypersecretion of glucagon is primarily
attributed to a deficiency of insulin or somatostatin.
However, islets can regulate glucagon over a glucose
concentration range that is not associated with changes
in insulin or somatostatin (7), and prediabetic NOD and
KK mice show elevated fasting and nonfasting plasma
glucagon levels without changes in plasma insulin or
blood glucose (1–3,8). In addition, increased a-cell function
has been demonstrated in diabetic NOD mice (9) and en-
larged glucagon-containing granules in streptozotocin-
treated mice (10), suggesting that an intrinsic a-cell
defect may contribute to the early stages of disease
pathophysiology.

We investigated this by performing microarray analysis
to identify dysregulated genes in the islets of NOD mice.
Interestingly, Adora1 expression was found to be down-
regulated. The adenosine A1 receptor (Adora1) is a
G-protein coupled receptor (GPCR) that is involved in
maintaining glucose homeostasis and regulating glucagon
secretion (11,12). Elevated plasma glucagon levels after
a glucose challenge or ingestion of a high-fat diet and
increased duration of glucagon release during hypergly-
cemia have been observed in Adora1 knockout (KO) mice
(12–14), suggesting that loss of Adora1 expression in
a-cells may contribute to the pathology of NOD disease
and human T1D.

We studied the gene and protein expression of Adora1
through the progression of T1D and found that Adora1
expression was gradually diminished in a-cells of NOD
mice and human autoantibody-positive (AA+) and long-
term T1D patients as disease progressed. Reduced
Adora1 expression was associated with increased lym-
phocytic infiltration and inflammation of the islets and
may occur through alternative splicing of the Adora1
gene. Splicing of Adora1 in islets was induced in vitro and
in vivo by inflammatory cytokines and was upregulated in
the pancreas of 12-week-old NOD mice at the initiation of
destructive insulitis. The dominant-negative splice vari-
ant, Adora1-Var, was also detected in the pancreas of
AA+ patients but not in the noninflamed pancreata of
control subjects or long-term T1D patients. These find-
ings suggest that loss of functional ADORA1 expression
may contribute to the unrestrained secretion of glucagon,
and may represent an early intrinsic a-cell defect that
contributes to the progression and clinical manifestation
of T1D.
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RESEARCH DESIGN AND METHODS

Mice. Female NOD/LtJ (NOD), NOD.B10Sn-H2b/J (NOD.B10), NOD.CB17-
Prkdcscid/J (NOD.SCID), and NOD.Cg-Tg(TcraBDC2.5)1DoiTg(TcrbBDC2.5)
Doi/DoiJ (NOD.BDC2.5) mice were purchased from The Jackson Labora-
tory. Animals were maintained under pathogen-free conditions at the
Stanford School of Medicine Animal Facility, according to institutional
guidelines and under approved protocols in the Stanford Medical Center
Department of Comparative Medicine. NOD mice of various ages served
as a model of human T1D at different stages of disease, with 12 weeks
of age being most comparable to AA+ patients. Major histocompatibility
complex congenic healthy NOD.B10 mice served as controls. NOD.SCID
mice were used to study the effect of insulitis on gene splicing and served
as recipients for activated splenocytes of NOD.BDC.2.5 mice that migrate
to the islets.

Serum glucagon measurements. Blood glucose was measured and serum
was collected from prediabetic, overnight-fasted NOD and NOD.B10 mice
(10–13 weeks of age). Glucagon was measured using the Glucagon EIA kit
(Sigma-Aldrich), and data analysis was performed using GraphPad Prism 6
software, according to the manufacturers’ instructions.
Human samples. Human pancreas samples used for histology and RT-PCR
were obtained through the JDRF network for Pancreatic Organ Donors with
Diabetes (nPOD). High-resolution images of glucagon- and insulin-stained
pancreas sections were provided by nPOD and are available at http://www
.jdrfnpod.org/online-pathology.php. Glucagon and insulin staining was assessed
using Adobe Photoshop CS4, and the total area analyzed was measured using
Aperio WebScope (Leica). Sample information is summarized in Table 1. Addi-
tional information is available at http://www.jdrfnpod.org/online-pathology.php.
Microarray analysis. The pancreata of NOD and NOD.B10 mice (n = 6) were
frozen, and islets were isolated by laser capture microdissection (LCM).

TABLE 1
Human pancreas samples

Pancreas tissue sections: Patient information

nPOD ID Group Serum AA Age (years) Sex BMI (kg/m2) C-peptide (ng/mL)

6112 Control Negative 6 F 18.4 5.11
6075 Control Negative 16 M 14.9 2.94
6058 Control Negative 27 M 19.1 9.09
6147 AA+ GADA+ 24 F 32.9 3.19
6154 AA+ GADA+ 48 F 24.5 ,0.05
6156 AA+ GADA+ 40 M 19.9 13.34
6123 AA+ GADA+ 23 F 17.6 2.01
6148 T1D GADA+ mIAA+ 17 (7 with T1D) M 23.9 ,0.05
6063 T1D mIAA+ 4 (3 with T1D) M 23.8 ,0.05
6087 T1D ZnT8A+ mIAA+ 17 (4 with T1D) M 21.9 ,0.05

Pancreas tissue sections: Glucagon and insulin staining

nPOD ID Image ID*
Area analyzed

(mm2)
Glucagon staining

(% area)
Image
ID*

Area analyzed
(mm2)

Insulin staining
(% area)

6112 36702 178.7 0.45 36602 186.1 0.77
6075 23196 144.7 0.32 23288 175.4 0.42
6058 33813 122.3 0.31 13891 160.8 0.65

Control Avg: 0.36 6 0.04 Control Avg: 0.61 6 0.10
6147 48503 168.5 0.15 48419 165.7 0.30
6154 48426 161.5 0.38 48411 157.5 0.29
6156 49247 149.1 0.47 49296 137.5 0.28
6123 46382 104.1 0.27 40340 109.3 0.46

AA+ Avg: 0.31 6 0.07 AA+ Avg: 0.33 6 0.04
6148 50713 199.7 0.33 49702 192.0 0
6063 58493 35.7 1.15 14478 46.9 0
6087 28992 123.9 0.55 28087 178.4 0

T1D Avg: 0.67 6 0.24 T1D Avg: 0

Pancreas RNA samples

nPOD ID Group Serum AA Age Sex BMI C-peptide (ng/mL)

6047 Control Negative 7 M 23.9 0.65
6102 Control Negative 45 F 35.1 0.55
6111 Control Negative 32 F 23.8 9.48
6115 Control Negative 0.4 M 17.1 4.59
6140 Control Negative 38 M 21.7 11.1
6027 AA+ ZnT8A+ 18 M 19.9 N/A
6090 AA+ GADA+ 2 M 18.8 5.34
6170 AA+ GADA+ 34 F 36.9 4.29
6128 T1D mIAA+ 33 (31.5 with T1D) F 22.2 ,0.05
6088 T1D GADA+ IA-2A+ ZnT8A+

mIAA+
31 (5 with T1D) M 27 ,0.05

6143 T1D IA-2A+ mIAA+ 32 (7 with T1D) F 26.1 ,0.05
6145 T1D GADA+ ZnT8A+ mIAA+ 18 (11 with T1D) M N/A 0.06
6161 T1D IA-2A+ mIAA+ 19 (7 with T1D) F 36.1 ,0.05

GADA, GAD antibody; IA2, insulinoma-associated protein 2; mIAA, microinsulin autoantibody; N/A, not available; ZnT8, zinc transporter 8.
*Files available at http://www.jdrfnpod.org.
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Cryosections (8 mm) were stained with an Arcturus HistoGene Staining kit
(Applied Biosystems), and LCM was performed using the Leica AS LMD sys-
tem. RNA was extracted from 40 islet sections and assessed as described
below. Samples were preamplified using the TrueLabeling-PicoAMP kit
(SABiosciences), postlabeled with Cy5, and run against a Cy3-labeled mouse
Universal RNA control (SABiosciences). Microarrays were performed using
the Whole Mouse Genome Microarray Kit, 4 3 44K two-color arrays (Agilent
Technologies), and data were analyzed using GeneSpring GX 11.5, as pre-
viously described (15). Samples were filtered for detected entities, and a t test
was performed to identify genes that were changed by twofold or more.
Islet isolation. Pancreatic islets were isolated from 12- and 20-week-old NOD
and NOD.B10 mice, as previously described (16). To examine the effect of
inflammation on Adora1 splicing, islets from three to five mice were pooled,
and ;50 individual islets were incubated for 24 h in the supernatant of acti-
vated or nonactivated 12-week-old NOD.B10 splenocytes.
Splenocyte activation. For activation of splenocytes to obtain “inflammatory”
cytokines, cells were cultured in plates previously coated with anti-CD3 and
anti-CD28 (2 mg/mL) in the presence of lipopolysaccharide (1 mg/mL) and
interferon-a (IFN-a) (200 units/mL) for 24 h. Nonactivated splenocytes were
cultured in RPMI medium. The supernatants of these cells were collected and
analyzed by Luminex arrays (Human Immune Monitoring Center, Stanford, CA).
Adoptive transfer of activated NOD.BDC2.5 splenocytes to NOD.SCID

mice. Splenocytes from 12-week-old female NOD.BDC2.5 mice were activated
for 24 h as described above. Cells were washed in PBS, and 53 106 cells (in 200
mL PBS) were injected intraperitoneally into female 12-week-old NOD.SCID
mice. Control mice were injected with an equal volume of PBS. Tissues were
harvested 48 h later, and RNA was extracted as described below. Migration of
NOD.BDC2.5 splenocytes into the pancreas was confirmed by PCR using
BDC2.5 transgene primers available at JAX (Supplementary Fig. 1).
RNA extraction, cDNA synthesis, and quantitative PCR. Total RNA was
extracted using Trizol reagent and the Qiagen RNeasy mini or micro kit (islets),
as previously described (15). Total RNA was assessed using the Agilent 2100
Bioanalyzer and the RNA 6000 Pico Reagent Kit (Agilent). First-strand cDNA
was generated using SuperScript III (Invitrogen). Quantitative PCR (QPCR)
was performed to measure Adora1, Adora2a, Gcg, Ifng, Gapdh, 18S rRNA,
and Actb, using assays from Applied Biosystems. Adora1-Var was measured
with primer set 1 (Table 2). The forward primer spans exons 1 and 3 of the
mouse Adora1 gene (NM_001039510.1). This assay amplified only the product
of interest and efficiently amplified up to a threshold cycle of 38 (Supple-
mentary Fig. 3). cDNA was preamplified using the TaqMan PreAmp Master
Mix (Applied Biosystems) before QPCR for measurements in islet tissues and
pancreas of NOD.SCID mice. Assays were performed using the 7900HT Fast
Real-Time PCR System (Applied Biosystems) and the TaqMan Gene Expres-
sion Master Mix (Applied Biosystems) or SsoFast EvaGreen Supermix (Bio-
Rad). The comparative Ct method for relative quantification (DDCt) was used.
RT-PCR and cloning

Mouse Adora1-Var. RT-PCR was performed using the Type-it Mutation De-
tect PCR Kit (Qiagen) and primer set 2 (Table 2). Two amplicons, 1,460 bp and
1,062 bp, corresponding to Adora1 and Adora1-Var, respectively, were pro-
duced. The 1,062 bp product was cloned into TOPO (Invitrogen) and
sequenced.
Human ADORA1-VAR. Human pancreas RNA samples with intact 18S and
28S rRNA were used for these studies. Primers were designed to examine if
a human equivalent of the mouse Adora1-Var is expressed in the pancreas
(Table 2, primer set 5). The forward primer spans exon 2 and 4 and only
detects a splice variant lacking exon 3 of the ADORA1 gene (NM_000674.2).
Primers targeting only exon 3 were designed to detect the full-length human

ADORA1 gene (Table 2, primer set 4). For cloning into TOPO, primers span-
ning the start and stop codon of ADORA1-VAR were used (Table 2, primer set
3). Fusion proteins were synthesized by standard subcloning techniques using
the PCR primers listed in Supplementary Table 1.
Immunohistochemistry. Frozen pancreas sections were fixed in 4% formal-
dehyde in PBS for 15 min, washed in PBS, and incubated in blocking buffer (5%
normal goat serum containing 0.3% Triton X-100 in PBS) for 30 min and in
primary antibody at 4°C for 48 h. Tissues were washed, incubated in secondary
antibody overnight at 4°C, washed, and slides were overlain with cover slips.
Primary and secondary antibodies were diluted in blocking buffer and are
listed in Supplementary Table 2. The specificity of the Adora1 antibody
(#ab82477) was confirmed by antibody neutralization using the control peptide
(Abcam peptide #ab91076). Tissue sections incubated in the immunoneutral-
ized antibody or in blocking buffer in place of the primary antibody showed no
staining. Confocal images were taken using the Leica SP2 AOBS Confocal
Laser Scanning Microscope and Leica Confocal 2.5 software.
Cell transfection.Human embryonic kidney (HEK) 293 cells were transfected
with various plasmids alone or in combination using Lipofectamine 2000
(Invitrogen). Adora1-tGFP and ADORA1-tGFP were purchased from OriGene.
Adora1-Var-EGFP, Adora1-Var-tRFP, ADORA1-VAR-EGFP, and ADORA1-
VAR-tRFP were synthesized as described above. Cells were fixed 24 h after
transfection and mounted in Vectashield medium containing DAPI (Vector
Laboratories). Confocal images were taken as described above.
Coimmunoprecipitation. HEK293 cells were mock transfected or transfected
with 1 mg of ADORA1-tGFP, ADORA1-VAR-tRFP, or both plasmids, as de-
scribed above. After 24 h, samples were treated for 20 min with the ADORA1-
selective agonist N 6-cyclopentyladenosine (CPA, 100 nmol/L) and then treated
with the cross-linking reagent Dithiobis(succinimidyl propionate) (2 mmol/L)
for 30 min and Tris-HCl (pH 7.5, 20 mmol/L) for 15 min. Cells were lysed, and
coimmunoprecipitation was performed according to manufacturer’s instruc-
tions using Protein A/G–conjugated agarose beads (Pierce) with an anti-tRFP
antibody (Evrogen). Samples were eluted in 13 SDS sample buffer, and im-
munoblotting was performed using an anti-tGFP antibody (OriGene). The in-
put samples were also immunoblotted for b-actin expression.
Measurement of cAMP levels in transfected HEK293 cells. HEK293 cells
(2.5 3 104) were grown to ;80% confluency in 96-well plates and transfected
with 100–200 ng of various plasmids alone or in combination using Lipofect-
amine 2000. Cells were treated with one or more of the following drugs for
20 min: the phosphodiesterase inhibitor R0-20-1724 (25 mmol/L), the adenylate
cyclase activator forskolin (5 mmol/L), the ADORA1-selective agonist CPA
(100 nmol/L), and the ADORA1-selective antagonist 8-cyclopentyl-1,3-
dipropylxanthine (DPCPX, 100 nmol/L). Cells were lysed. Protein concen-
trations were determined by Bradford assay (Bio-Rad), and cAMP levels were
measured using the Cyclic Nucleotide XP EIA Kit (Cell Signaling). Data analysis
was performed using GraphPad Prism 6 software.

RESULTS

Microarray and QPCR analysis of the islets of NOD
versus NOD.B10 mice. For microarray analysis, islets
were isolated by LCM rather than by collagenase digestion
to avoid changes in gene expression that might result from
a lengthy and harsh isolation procedure (17). Each sample
yielded between 35 and 140 ng of RNA, with RNA integrity
numbers (RIN) of ;3, indicating degradation (Fig. 1A).

TABLE 2
Primers for RT-PCR, cloning, and QPCR

Primer Set Target Sequence (59 to 39) Amplicon size (bp)

1 Mouse Adora1-Var (QPCR) For: 59GGT GTG ACC TTG GGT ACA AGA39 205Rev: 59TCC ATG CTG ATA ACC TTC TCG39
2 Mouse Adora1 & Adora1-Var

(full-length RT-PCR and cloning)
For: 59TGA GGT CTG GGG ATA CTT GG39 Adora1: 1,460
Rev: 59GCT CCC CTG TCT GAC TGA AG39 Adora1-Var: 1,062

3 Human ADORA1 & ADORA1-VAR
(full-length RT-PCR and cloning)

For: 59TCT GTT CCC TGG AAC TTT GG39 ADORA1: 1,260
Rev: 59GTG GAG GGA CCA CAC TCT GT39 ADORA1-VAR: 862 & 961

4 Human ADORA1 (RT-PCR) For: 59CCT CCA TCT CAG CTT TCC AG39 222Rev: 59AGT AGG TCT GTG GCC CAA TG39
5 Human ADORA1-VAR (RT-PCR) For: 59GGG CAC TTG GAC AGA ACA GT39 194

Rev: 59ATC TTG TAC CAT CCT GCC TGC T39

REDUCED ADORA1 EXPRESSION DURING T1D
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FIG. 1. Gene expression in the islets of NOD vs. NOD.B10 mice. A: A bioanalyzer gel image shows RNA samples extracted from islets that were
isolated by LCM. The 18S and 28S rRNA bands are indicated. Gene expression levels of pancreatic islet peptides (B), cytokines (C), chemokines
(D), and adenosine receptors (E) in the islets of 12-week-old NOD vs. NOD.B10 mice (n = 6 per group), as measured by microarray analysis.
F: A representative bioanalyzer gel image shows RNA samples extracted from the islets of 12- and 20-week-old NOD mice. Islets were isolated
by collagenase digestion. RNA from age-matched NOD.B10 mice gave similar results (data not shown). QPCR results show Ifng (G), Gcg (H),
Adora1 (I), and Adora2a (J) gene expression in the islets of 12- and 20-week-old NOD vs. NOD.B10 mice. *P < 0.05, **P < 0.01, ***P < 0.005,
****P < 0.001 by two-tailed unpaired Student t test of NOD vs. age-matched NOD.B10 mice (n ‡ 5 per group). Fasting serum glucagon (K) and
blood glucose levels (L) in NOD and NOD.B10 mice (10–13 weeks old, n > 20 per group). Data represent mean 6 SEM. wk, week.
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Microarray analysis revealed the expression of ;27,000
entities, with 540 and 242 entities that were up- and
downregulated, respectively, by twofold or more in NOD
versus NOD.B10 islets. As expected, various islet peptide
genes were downregulated, whereas certain chemokine
and cytokine genes were upregulated (Fig. 1B–D). The
expression of Adora1 and Adora2a was examined because
these receptors have been shown to regulate glucose me-
tabolism and play a role in the development of T1D and
T2D (11, 13, 18–20). Surprisingly, Adora1 was drastically
reduced in the islets of NOD mice (Fig. 1E).

To confirm this finding, QPCR was performed in islets of
12- and 20-week-old NOD and NOD.B10 mice that were
isolated by collagenase digestion. This isolation technique
yielded between 500 and 2,000 ng RNA per sample, with
RIN values of .7 (Fig. 1F). Similar to the microarray
results, QPCR showed increased Ifng, reduced Adora1,
and no significant change in Adora2a gene expression
in the islets of 12-week-old NOD versus NOD.B10 mice.

At 20 weeks, Ifng and Adora2a were upregulated, whereas
Adora1 and Gcg were downregulated in the islets of NOD
versus NOD.B10 mice (Fig. 1G–J). Because Adora1 inhib-
its glucagon secretion (12,13), the loss of Adora1 expres-
sion is consistent with the increased levels of fasting
serum glucagon observed in prediabetic NOD mice com-
pared with age-matched NOD.B10 mice (Fig. 1K and L). All
microarray data are available at the Gene Expression
Omnibus (GEO) Database (GEO series accession number:
GSE45897).
Expression of Adora1/ADORA1 in the pancreas
during the progression of NOD disease and T1D.
Adora1-immunoreactivity was present on all glucagon-
positive a-cells and on a few insulin-positive b-cells of
healthy NOD.B10 mice of various ages (Fig. 2A and Sup-
plementary Fig. 4). This pattern was similar in 8-week-old
NOD mice before the onset of destructive insulitis (Fig.
2B). At 12 weeks of age, during the onset of destructive
insulitis, fewer a-cells were observed around the periphery

FIG. 2. Immunohistochemical analysis of Adora1 expression in the islets of NOD and NOD.B10 mice. A: Confocal microscopy images show the
colocalization of Adora1 (red) with glucagon (green) in all a-cells (top row) and colocalization with insulin (arrow) in a few b-cells (middle and
bottom row). B: Reduced Adora1 expression (red) is observed on a-cells during the progression of NOD disease. At 8 weeks of age, before the
onset of disease, Adora1 is observed on all glucagon-positive a-cells (green). At 12 weeks of age, Adora1 and glucagon expression are gradually
lost around the periphery of the islets. By 20 weeks of age, the residual islets were found to express glucagon but little or no Adora1. C: Confocal
microscopy data show loss of Adora1 expression (red) as islets become more infiltrated. Infiltration was assessed by CD3 staining (green). To
control for variations in staining intensity between experiments, all images were taken from a single pancreas section from a 12-week-old NOD
mouse. Data are representative of ‡10 similarly stained islets from at least three individual NOD and NOD.B10 mice at each age group. Scale bars
represent 25 mm. Gluc, glucagon; Ins, insulin.
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of the islet, and some a-cells did not express Adora1.
Double staining with anti-CD3 showed that loss of Adora1
expression correlated with increased CD3 expression (Fig.
2C). By 20 weeks of age, few islets were observed in the
NOD pancreas, and those few islets consisted mainly of
a-cells that did not express Adora1 (Fig. 2B). Surprising
similarities were observed in the pattern of ADORA1
staining in human controls and NOD.B10 mice, AA+

patients and 12-week-old NOD mice, and T1D patients and
20-week-old NOD mice (Fig. 3). In particular, nondiabetic
control patients who had abundant glucagon and insulin
expression in their islets (Table 1 and Supplementary Fig.
2) were found to express ADORA1 on the majority of
glucagon-positive a-cells and on few b-cells (Fig. 3A and
D). AA+ patients, who expressed slightly lower amounts of
glucagon and insulin (Table 1 and Supplementary Fig. 2),
expressed ADORA1 on some but not all a-cells, and T1D
patients, who expressed no insulin but abundant glucagon

(Table 1 and Supplementary Fig. 2), showed little ADORA1
staining in the islets (Fig. 3B and C). Because Adora2a
receptor expression has previously been reported in iso-
lated dispersed a-cells, we also performed immunohisto-
chemistry to examine Adora2a expression in NOD and
NOD.B10 tissues. Intense Adora2a staining was observed
in pancreatic ducts and cells in the insulitic lesion but was
not observed in a-cells (Supplementary Figs. 5 and 6).
Similar results were observed using three different anti-
bodies against Adora2a. The expression of Adora2a in
pancreatic ducts, macrophages, and various subsets of
peripheral T cells have previously been demonstrated
(21,22). These data suggest that the increased expression
of Adora2a in isolated islets of NOD mice (Fig. 1J) may be
due to Adora2a expressed in the infiltrating lymphocytes.
Identification of a novel alternatively spliced variant
of Adora1. RT-PCR was performed using primers that
span the entire coding region of the Adora1 gene (Table 2,

FIG. 3. Localization of ADORA1 in human islets. A: Confocal microscopy images show colocalization of ADORA1 with glucagon in most of the
ADORA1-positive cells of nondiabetic control patients. Some ADORA1-positive cells did not colocalize with glucagon (arrows). The islets of AA+
individuals expressed less ADORA1 than controls (B), and long-term T1D patients had little or no ADORA1 staining (C). D: ADORA1 was also
found to colocalize with insulin in the islet of a control subject (arrow). nPOD patient information is reported in Table 1. Data are representative
of ‡10 similarly stained islets. Scale bars represent 50 mm.
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primer set 2). One amplicon of the expected size of 1,460 bp
was produced using a pool of 12-week-old NOD or NOD.
B10 pancreata cDNA (n = 5) as the template. An additional
1,062 bp amplicon was synthesized using the NOD tem-
plate (Fig. 4A). This amplicon was cloned, sequenced, and
found to represent an alternatively spliced isoform of
Adora1 (Adora1-Var) that lacks exon 2 (GenBank Acces-
sion number: KC881107). The truncated protein corre-
sponding to the spliced gene contains the carboxyl-terminal
signaling domain, the agonist-binding site, but lacks the

extracellular amino-terminal, the first three and part of the
fourth transmembrane domains.

Interestingly, one of four NOD.B10 samples also
expressed Adora1-Var when samples were run individually
(Fig. 4B). Because high expression of Adora1 could out-
compete Adora1-Var for reagents and prevent its detection
in a competitive PCR assay, we designed primers that bind
only to Adora1-Var. The assay specificity and amplification
efficiency was confirmed by RT-PCR, melting curve analy-
sis, and standard curves (Supplementary Fig. 3). Using this

FIG. 4. An alternatively spliced isoform of Adora1 is expressed in the pancreas of NOD and AA+ patients. A: RT-PCR was performed using primers
that span the entire coding region of Adora1. Only one amplicon of the expected size was observed in pooled 12-week-old NOD.B10 pancreas
samples (n = 5). An additional amplicon, corresponding to the alternatively spliced truncated isoform of Adora1 (Adora1-Var), was observed in
pooled 12-week-old NOD pancreas samples (n = 5). B: RT-PCR was performed in individual 12-week-old NOD and NOD.B10 pancreas (n = 4 per
group, different from those shown on panel A). Adora1-Var was expressed in one NOD.B10 mouse and in all four NOD mice examined. C: A QPCR
assay was developed to specifically measure Adora1-Var (Supplementary Fig. 3). This sensitive assay demonstrated significantly higher expres-
sion of Adora1-Var in the pancreas of 12-week-old NOD vs. NOD.B10 mice. Data represent mean 6 SEM. *P < 0.05, two-tailed unpaired Student t
test. The expression of the full length Adora1 isoform was also measured and found not to differ. D: Bioanalyzer gel image shows RNA samples
extracted from human pancreas samples. The 18S and 28S rRNA bands are indicated. E: RT-PCR was performed using primers designed to spe-
cifically detect ADORA1 or the alternatively spliced isoform of ADORA1 (ADORA1-VAR). ADORA1 was detected in all pancreas samples examined,
but ADORA1-VAR was only detected in two of three AA

+
patients and not in the control or T1D patients. F: An illustration of ADORA1-VAR shows

the truncated transmembrane regions shaded in gray. G: An alignment of the predicted sequence of the mouse and human ADORA1-VAR isoforms.
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assay, we showed that Adora1-Var is expressed in the
pancreas of 12-week-old NOD.B10 mice but at significantly
lower levels than in 12-week-old NOD mice (Fig. 4C). Full-
length Adora1 expression was not changed (Fig. 4C).

Next, we examined whether a similarly spliced isoform
of ADORA1 is expressed in human pancreas tissues. Only
RNA samples containing intact 18S and 28S rRNA were
used (Fig. 4D). The human ADORA1 gene is comprised of
4 exons, with exon 3 and 4 corresponding to exon 2 and 3,
respectively, of the mouse Adora1 gene. RT-PCR primers
were designed against exon 3 to detect the full-length
isoform of ADORA1 (Table 2, primer set 4). To detect the
splice variant of ADORA1, a forward primer spanning
exon 2 and 4 on the human ADORA1 gene was used (Table
2, primer set 5). All samples expressed ADORA1, but only
samples from two AA+ individuals (#6027 and #6170)
expressed the spliced isoform, ADORA1-VAR (Fig. 4E).
The AA+ sample (#6090) that did not test positive for
ADORA1-VAR belonged to a 2-year-old individual. Cloning
and sequencing was performed using primers that span the
predicted coding region of ADORA1-VAR (Table 2, set 3).
Interestingly, two amplicons of 862 bp and 961 bp were
produced. The 862 bp isoform (human ADORA1-VAR,
GenBank Accession number: KC884744) was similar to the
mouse isoform, containing exons 2 and 4, but lacking exon
3. The 961 bp isoform lacks 20 bp from exon 2 but includes
a short 71 bp intronic insertion, 48 bp of exon 3, and exon
4 (human ADORA1-VAR2; GenBank Accession number:
KC881108). Both genes encode the same truncated
ADORA1 protein that lacks the N-terminal and first three
transmembrane domains (Fig. 4F). The human ADORA1-
VAR protein is slightly larger than the mouse isoform be-
cause exon 4 of the human ADORA1 gene contains an
in-frame start codon 75 bp upstream of the mouse Adora1-
Var start site. A comparison of the predicted mouse
Adora1-Var and human ADORA1-VAR protein sequences is
shown in Fig. 4G.
Inflammation-induced splicing of Adora1 in mouse
islets. Next, we examined whether inflammation in vitro
or in vivo could drive the splicing of Adora1 in islets. Islets
from 12-week-old NOD.B10 mice were incubated with the
supernatant of activated or nonactivated NOD.B10 sple-
nocytes for 24 h, and Adora1 splicing was measured. The
activated splenocyte supernatant contained high levels of
chemokines and cytokines (Supplementary Table 3) and
induced the splicing of Adora1 in all six of the individual
experiments performed (Fig. 5A). Full-length Adora1 ex-
pression was unchanged.

To investigate the effect of in vivo inflammation of islets,
NOD.SCID mice (n = 7) were injected intraperitoneally
with 5 3 106 activated splenocytes of NOD.BDC2.5 mice.
Control mice (n = 4) were treated with PBS. Expression of
Ifng (Fig. 5B) and Adora1-Var was measured 48 h after
injection (Fig. 5C). Splenocyte-treated NOD.SCID mice
had drastically higher levels of Adora1-Var (Fig. 5C), and
the change in Adora1-Var expression correlated well with
Ifng expression (representing the degree of infiltration
with activated splenocytes). The expression of full-length
Adora1 was not changed (Fig. 5D).
ADORA1-VAR heterodimerizes with ADORA1 and
inhibits ADORA1 function. Because most truncated
GPCR variants have been shown to act as dominant-
negative mutants that heterodimerize with the wild-type
receptor (23), we tested whether ADORA1-VAR could
interact with ADORA1. HEK293 cells were transfected
with fluorescently tagged ADORA1 and/or ADORA1-VAR

fusion proteins (Fig. 6A–C). ADORA1 appeared to aggre-
gate in cytoplasm when coexpressed with ADORA1-VAR
(Fig. 6C), suggesting that the cell surface targeting of
ADORA1, like many GPCRs, may require homodimeriza-
tion of ADORA1. Results of our coimmunoprecipitation
experiments suggest that ADORA1 heterodimerizes with
ADORA1-VAR. Immunoprecipitation was performed using
an antibody against tRFP. A band corresponding to the
predicted size of ADORA1-tGFP (;70 kDa) could be
detected in cells that were transfected to express both
ADORA1-tGFP and ADORA1-VAR-tRFP (Fig. 6D).

Next, we tested whether ADORA1-VAR may be a dominant-
negative isoform of ADORA1. Activation of ADORA1 in-
hibits adenylate cyclase activity and reduces cAMP
levels. Inhibition of forskolin-induced cAMP accumulation
was assessed in transfected HEK293 cells after treatment
with 100 nmol/L CPA, an ADORA1-selective agonist. Cells
transfected to express ADORA1-tGFP alone could inhibit
forskolin-induced accumulation of cAMP after treatment
with 100 nmol/L CPA (Fig. 6E). This was abolished by
coadministration of 100 nmol/L DPCPX (ADORA1-selective
antagonist). Untransfected cells and cells transfected to
express an empty plasmid, ADORA1-VAR-EGFP alone, or
ADORA1-VAR-EGFP with ADORA1-tGFP, were not able
to inhibit accumulation of cAMP after treatment with CPA
(Fig. 6F), indicating that ADORA1-VAR is not functional and
acts as a dominant-negative isoform of ADORA1. Sur-
prisingly, CPA had a small stimulatory effect on cAMP
accumulation in untransfected cells and in cells trans-
fected with the empty plasmid or ADORA1-VAR-tRFP. This
may be due to nonselective binding of CPA to ADORA2A
and ADORA2B receptors that are abundantly expressed on
HEK293 cells (24).

DISCUSSION

The results of our study reveal an early intrinsic a-cell
defect that may explain the hyperglucagonemia that is
observed during the progression of diabetes. We showed
that Adora1/ADORA1 expression was reduced in a-cells of
prediabetic and diabetic NOD mice and in AA+ and long-
term T1D patients. a-Cells respond to hypoglycemia by
closing ATP-sensitive potassium channels. This leads to
membrane depolarization and opening of voltage-gated
Ca2+ channels, including N-, P/Q-, and/or L-type Ca2+

channels (25). The influx of Ca2+ triggers the exocytotic
release of glucagon. Activation of ADORA1 has been
shown to mediate the opening of ATP-sensitive potassium
channels (26) to inhibit N-type (27), L-type, and P/Q-type
Ca2+ currents (27). Thus, ADORA1 can inhibit exocytosis
of glucagon-containing granules in a-cells, and loss or in-
hibition of ADORA1 may lead to the unrestrained secretion
of glucagon. This may explain why NOD mice, T1D
patients, and Adora1-KO mice show diminished suppres-
sion of glucagon after a glucose challenge (3–6,12,13).

The Adora1 receptor is activated by adenosine. In
mouse islets, adenosine is released by exocytosis (28) and
can act on Adora1 or Adora2a receptors to inhibit or
stimulate glucagon secretion, respectively (12–14,29,30).
Our immunohistochemistry results suggest that Adora2a
receptors are not localized directly on a-cells (Supple-
mentary Figs. 5 and 6). However, Tudurí et al. (29) clearly
showed Adora2a expression on isolated dispersed a-cells.
It is possible that the fairly harsh isolation procedure used
to extract these cells resulted in the induction or upregu-
lation of Adora2a expression. Studies have shown that
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isolation of islets by collagenase digestion leads to upreg-
ulation of .4,500 genes (17). Because Adora1 and Adora2a
mediate opposing actions on glucagon secretion, the spe-
cific response will depend on the local concentration of
extracellular adenosine.

Adora1 has higher affinity for adenosine than Adora2a
and is activated by relatively low adenosine concen-
trations (31). In mouse islets, adenosine levels decrease
as extracellular glucose concentrations increase from
3 mmol/L (hypoglycemic) to 16.7 mmol/L (hyperglycemic)
(28), suggesting that hypoglycemia stimulates glucagon
secretion via activation of Adora2a receptors while hy-
perglycemia inhibits glucagon secretion via activation
of Adora1 receptors. The opposing actions of Adora1
and Adora2a thus allow reciprocal control and fine-
tuning of glucagon release in response to changes in the
glycemic status. Altered adenosine receptor expression
can occur in response to various stimuli and in different

pathophysiological states (32). During the pathophysio-
logical progression of T1D, the balance of adenosine
receptors may be disrupted by the loss of Adora1 recep-
tors in a-cells (Figs. 1–3), leading to excessive activation of
Adora2a and increased glucagon secretion.

Loss of Adora1 function may result from alternative
splicing and expression of a dominant-negative isoform of
Adora1. Human islets have been shown to express ;20,000
genes and most of the known splicing factors (33), sug-
gesting that islets are poised to respond quickly to various
environmental stimuli. After exposure to interleukin-1b and
IFN-g, 20 and 35% of expressed genes undergo changes in
expression and alternative splicing, respectively (33,34).
Interestingly, the expression of Adora1 was not altered
in these studies (34). This is consistent with our studies
showing a lack of Adora1 splicing in NOD.B10 islets treated
with interleukin-1b and IFN-g (data not shown). Adora1
splicing may instead be modulated by other inflammatory

FIG. 5. In vitro and in vivo inflammation of the pancreatic islets upregulates expression of Adora1-Var. A: QPCR was performed to measure
Adora1-Var and Adora1 expression in 12-week-old NOD.B10 islets that were treated with the supernatant of activated NOD.B10 splenocytes or
with PBS (control). Adora1-Var expression was upregulated by supernatant treatment in all six individual experiments. Ifng (B), Adora1-Var
(C), and Adora1 (D) were measured in the pancreas of 12-week-old NOD.SCID mice that were treated with activated splenocytes of NOD.BDC.2.5
mice or with PBS (control). Samples with the highest Ifng expression also had the highest Adora1-Var expression. Full-length Adora1 expression
was not different between splenocyte-treated and PBS-treated NOD.SCID mice.
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FIG. 6. ADORA1-VAR heterodimerizes with ADORA1 and is a dominant-negative isoform of ADORA1. Confocal microscopy images show the ex-
pression of ADORA1-tGFP (A), ADORA1-VAR-EGFP (B), or ADORA1-tGFP and ADORA1-VAR-tRFP (C) in HEK293 cells. Coexpression of both
ADORA1 isoforms appears to cause aggregation of the proteins in the cytoplasm. D: Coimmunoprecipitation experiments demonstrate an in-
teraction between ADORA1-tGFP with ADORA1-VAR-tRFP. Immunoprecipitation (IP) and immunoblotting (Western blotting [WB]) was per-
formed using an antibody against tRFP and tGFP, respectively. A band corresponding to the predicted size of ADORA1-tGFP (;70 kDa) could be
detected only in cells that express both ADORA1-tGFP and ADORA1-VAR-tRFP. As a control, cell lysates (input samples) were also immunoblotted
for b-actin. cAMP accumulation was measured in HEK293 cells transfected with ADORA1-tGFP and ADORA1-VAR-EGFP alone or in combination.
E: Cells transfected with ADORA1-tGFP alone inhibited cAMP accumulation induced by forskolin when treated with the ADORA1 receptor agonist
CPA (100 mmol/L). This effect was abolished by coadministration with the ADORA1-receptor antagonist DPCPX (100 mmol/L). F: Untransfected
cells and cells expressing an empty plasmid, ADORA1-VAR-EGFP, or ADORA1-tGFP and ADORA1-VAR-EGFP were found not to inhibit forskolin-
induced cAMP accumulation after treatment with CPA. Experiments shown in panel E and F were performed in the presence of the phosphodi-
esterase inhibitor R0-20-1724 (25 mmol/L). Data represent mean 6 SEM.
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signals, among those reported in Supplementary Table 3.
Several of these are significantly upregulated in the islets
of 12-week-old NOD versus NOD.B10 mice (Fig. 1C and
D). Because inflammation may be required to maintain
splicing, the absence of Adora1-Var in the pancreas of
long-term T1D patients is not surprising (Fig. 4E).

Two transcripts of the ADORA1 gene (variants 1 and 2)
that differ in the 59 untranslated region have been identi-
fied in humans (35). Both encode the same protein. Variant
1 is detected in all tissues expressing ADORA1, whereas
variant 2 is detected only in tissues that express high levels
of ADORA1 (35,36). Here, we identified a novel isoform of
ADORA1 that encodes a truncated protein that hetero-
dimerizes with and acts as a dominant-negative isoform of
the full length ADORA1 isoform.

The islets of newly diabetic NOD mice have previously
been shown to exhibit distorted endocrine cell pop-
ulations, with a significantly increased ratio of a-cells to
b-cells but a reduced overall abundance of a-cells (37). We
showed a loss of a-cells in the islets of 12-week-old NOD
mice and found that the remaining a-cells do not all ex-
press Adora1 and are localized throughout the islet instead
of around the periphery (Fig. 2B). By 20 weeks of age,
after diabetes is well established, islets consist mainly of
a-cells that are devoid of Adora1 expression (38). Because
glucagon stimulates insulin secretion, hyperglucagonemia
may lead to paracrine stimulation of b-cells. Elevated
glucagon secretion has been shown to precede b-cell hy-
peractivity in diabetic mice (39,40), and hyperinsulinemia is
observed before the onset of diabetes in mice (41) and in
high-risk HLA-identical siblings of diabetic patients (42). In-
creased sensitivity to inflammatory cytokines (43) and higher
expression of autoantigens (44,45) on hyperactive b-cells
suggest that these cells are more prone to autoimmune at-
tack (46). Consistent with this idea, prevention of b-cell hy-
peractivity was shown to delay the onset of diabetes (47).

The clinical manifestations of T1D can be treated by
inhibition of glucagon secretion or function (48–50).
Streptozotocin-induced b-cell destruction does not lead to
hyperglycemia in glucagon-receptor KO mice (48) or in
rats treated with a glucagon receptor antagonist (50).
Immunoneutralization of glucagon also prevents hyper-
glycemia in alloxan-treated rabbits (49). Suppression of
glucagon may also be beneficial early in the progression of
T1D, when loss of ADORA1 expression and hyper-
glucagonemia are observed but before substantial b-cell
loss has occurred (3). Alternatively, targeting the cyto-
kines and/or chemokines that drive the splicing of
ADORA1 may help reestablish the balance of ADORA1 to
ADORA2A expression. Future experiments focusing on the
identification and inhibition of such inflammatory media-
tors may be useful in the treatment of hyperglucagonemia
and the early prevention of NOD disease and T1D.
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