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Corticotropin-releasing factor (CRF), originally characterized as the
principal neuroregulator of the hypothalamus-pituitary-adrenal
axis, has broad central and peripheral distribution and actions. We
demonstrate thepresenceofCRF receptor type1 (CRFR1)onprimary
β cells and show that activation of pancreatic CRFR1 promotes insu-
lin secretion, thus contributing to the restoration of normoglycemic
equilibrium. Stimulation of pancreatic CRFR1 initiates a cAMP re-
sponse that promotes insulin secretion in vitro and in vivo and leads
to the phosphorylation of cAMP response element binding and the
induction of the expression of several immediate-early genes. Thus,
the insulinotropic actions of pancreatic CRFR1oppose the activation
of CRFR1 on anterior pituitary corticotropes, leading to the release
of glucocorticoids that functionally antagonize the actions of insu-
lin. Stimulation of the MIN6 insulinoma line and primary rat islets
with CRF also activates theMAPK signaling cascade leading to rapid
phosphorylation of Erk1/2 in response to CRFR1-selective ligands,
which induce proliferation in primary rat neonatal β cells. Impor-
tantly, CRFR1 stimulates insulin secretion only during conditions
of intermediate to high ambient glucose, and the CRFR1-dependent
phosphorylation of Erk1/2 is greater with elevated glucose concen-
trations. This response is reminiscent of the actions of the incretins,
whichpotentiate insulin secretiononlyduringelevatedglucose con-
ditions. The presence of CRFR1 on β cells adds another layer of com-
plexity to the intricate network of paracrine and autocrine factors
and their cognate receptors whose coordinated efforts can dictate
islet hormone output and regulate β cell proliferation.
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Corticotropin-releasing factor receptor type 1 (CRFR1) and
type 2 (CRFR2) are closely related class B G protein-coupled

receptors (GCPRs) that relay signals from corticotropin-releasing
factor (CRF) and its paralogues urocortin 1 (Ucn 1), Ucn 2, and
Ucn 3 (1). CRFpreferentially activates CRFR1,Ucn 1 can activate
both CRF receptors, and Ucn 2 and Ucn 3 are selective CRFR2
agonists (2).CRFR1 is expressed in anterior pituitary corticotropes
and induces the release of adrenocorticotropic hormone in
response to hypothalamic CRF during challenge (3). This release
leads to the downstream secretion of glucocorticoids from the
adrenal cortex, which has widespread effects on most cells and
tissues, including the stimulation of liver gluconeogenesis to
increase circulating glucose levels (4–6). In addition to the indirect
effects of CRFR1 on glucose homeostasis that are mediated
through the hypothalamus-pituitary-adrenal (HPA) axis, there
have been indications that CRF can affect the endocrine pancreas
directly.Treatmentofdissociated rat islet cellswithCRFstimulates
Ca2+ flux and intracellular Ca2+ content (7, 8), increasing insulin
secretion in rodent islets (9, 10). We previously demonstrated that
Ucn 3 is expressed in β cells and is released in a glucose-dependent
manner (9). Inhibition of endogenous Ucn 3 suppresses glucose-
stimulated insulin secretion (GSIS) (11), suggesting thepresenceof
local CRFR2 receptors that may relay the CRF signal. Key ques-

tions remain regarding CRF-mediated effects on the endocrine
pancreas, including the CRF receptors involved and identification
of the pancreatic cell type in which they are expressed. In this study
we present data demonstrating that β cells express CRFR1 and
respond directly to CRF. CRFR1 activation potentiates GSIS in
vitro and in vivo. In addition, CRF causes cAMP response element
binding (CREB) phosphorylation and the glucose-dependent
activation ofMAPK, leading to rapid transcriptional responses and
the proliferation of primary rat neonatal β cells.

Results
CRFR1 Is Expressed on β Cells of the Mouse Pancreas. To identify the
cell type within the islet that expresses CRFR1, we compared the
expression profile of CRFR1 in MIN6 cells, αTC1 cells, and TU6
cells representing the β, α, and δ lineages, respectively. Although
CRFR1 transcript was detectable in total RNA isolated from each
of these cell lines, levels of CRFR1 transcript were over 10-fold
more abundant in theMIN6 β cell line than in the α and δ cell lines
(Fig. 1A). This expression pattern mimicked that of the incretin
receptors glucagon-like peptide-1 receptor (GLP-1R) and glu-
cose-dependent insulinotropic peptide receptor (GIPR), which
are expressed on β cells and belong to the class B family of GPCRs
alongwith CRFR1 (Fig. 1B andC). To establish unequivocally the
presence of CRFR1 in primary β cells, we employed a transgenic
reporter mouse that expresses GFP under control of the insulin
promoter (mIP-GFP) (12). The expression of the GFP reporter
gene is restricted to β cells, although only ≈50% of all insulin-
positive cells coexpress GFP (Fig. 1D) (13). The expression profile
of the GFP-positive cells following FACS sorting (Fig. 1E) re-
vealed the expression of CRFR1 transcript in the GFP-expressing
population in addition to established β cellmarkers such as insulin,
GLP-1R, and GIPR (Fig. 1F). Importantly, the expression of
glucagon and somatostatin (Sst) is restricted to the GFP-negative
population, indicating that the GFP-positive population does not
contain significant amounts of α and δ cells and confirming that
primary β cells are the source of CRFR1 transcript.

Activation of CRFR1 Promotes Intracellular cAMP and Potentiates
GSIS. Stimulation of the mouse insulinoma line MIN6 with
increasing doses of the CRFR1 agonist rat/human CRF (r/hCRF)
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reveals a dose-dependent accumulation of intracellular cAMP
(Fig. 2A). Coadministration of the CRFR1-selective antagonist
antalarmin abrogated the r/hCRF-induced accumulation of
cAMP, indicating that this response is mediated by CRFR1. The
elevation of cAMP by the selective CRFR1 agonist ovine CRF
(oCRF) in β cells leads to the phosphorylation of CREB (Fig. 2B),
enabling its nuclear translocation to initiate downstream tran-
scriptional responses (Fig. 2C). Because the generation of cAMP
in β cells can potentiate Ca2+-mediated GSIS, we tested whether
the CRFR1-dependent induction of cAMPwould enhance insulin
secretion. Stimulation with 1 nM oCRF maximized insulin re-
lease, provided ambient glucose levels were intermediate (11
mM) to high (16.8 mM) (Fig. 2D). The potentiating effect of CRF
onGSIS is prevented by coadministration of the CRFR1-selective
antagonist antalarmin or the general CRFR antagonist astressin,
whereas the CRFR2-selective antagonist astressin2-B only parti-
ally suppressed the actions of oCRF (Fig. 2E). Similarly, the
insulin release by MIN6 cells induced by r/hCRF or the synthetic
CRFR1-selective peptide agonist stressin1-A is blocked by coad-
ministration of antalarmin or astressin but not by astressin2-B.
None of these antagonists alone affected GSIS. Stimulation of
primary mouse islets with oCRF also potentiated glucose-
induced, but not basal, insulin secretion (Fig. 2F), whereas 10 nM
oCRF augmented GSIS from human islets (Fig. 2G). Fur-
thermore, the additive effect of oCRF on GSIS from mouse (Fig.
2F) and human (Fig. 2G) islets was abrogated by coadministration

of antalarmin, corroborating that the effects of oCRF on insulin
secretion from mouse and human islets are mediated via CRFR1.

Stimulation of CRFR1 Phosphorylates ERK1/2 in Synergism with
Glucose. Because the MAPK signaling pathway can be activated
downstream of CRFRs (14) and is implicated in β cell pro-
liferation (15), we tested whether activation of CRFR1 on β cells
leads to MAPK signaling. Stimulation of MIN6 cells with the
CRFR1-selective agonist oCRF resulted in a dose-dependent
phosphorylation of Erk1/2, which was inhibited by pretreatment
with a 100-fold molar excess of antalarmin (Fig. 3A). The oCRF-
induced phosphorylation of Erk1/2 in MIN6 cells persists for at
least 3 h poststimulation at levels comparable to the Erk1/2
phosphorylation induced by exendin-4 or epidermal growth
factor (EGF) (Fig. 3B). The oCRF- or exendin-4–induced
phosphorylation of Erk1/2 is greater at 16.8 mM glucose, indi-
cating that the activation of MAPK downstream of class B
GPCRs is dependent on high ambient glucose levels (Fig. 3C).
Finally, stimulation of intact primary rat islets in vitro with oCRF
induces Erk1/2 phosphorylation that persists for several hours,
suggesting that primary β cells respond to CRFR1-selective
agonists with lasting activation of the MAPK pathway (Fig. 3D).

Activation of CRFR1 Promotes Proliferation of Primary Rat Neonatal
β Cells. To test whether the activation of CRFR1 induces pro-
liferation of primary β cells, we measured the incorporation of
5-ethynyl-2′-deoxyuridine (EdU) in dissociated rat neonatal β cells
in vitro. Stimulation of rat neonatal islet cells with CRF increased
the fraction of insulin-containing EdU-positive cells to 6.7%,
compared with less than 2.5% of control cells (Fig. 3 E–H). The
proliferative actions of CRF are blocked by coadministration of
antalarmin, confirming CRFR1 dependence. In keeping with the
proliferative actions of CRF in vitro, the total number of islets
isolated frommice null for CRFR1 (16) is approximately half that
isolated from littermate controls (Fig. 3I), whereas overall islet
architecture and expression profile remain largely unaltered, with
the exception of a possible modest increase in α cell number and
glucagon expression (Fig. S1).

Stimulation of Pancreatic CRFR1 Leads to Enhanced Insulin Secretion
and Improved Glucose Tolerance in Vivo. To address the potential of
CRFR1 to augment GSIS in vivo, we examined CRFR1-null mice
that were maintained on a replacement dose of glucocorticoids to
mitigate the adrenal phenotype of this line (16). Fasting plasma
insulin levels in CRFR1-null mice are significantly lower than in
age- and gender-matched wild-type animals, a difference that
persists 5min following an i.p. glucose challenge (Fig. 4A).Despite
lower fasting- and glucose-induced plasma insulin concentrations,
CRFR1-null mice have slightly but significantly lower fasting
plasma glucose levels and demonstrate markedly higher glucose
tolerance when compared with age-matched controls in a glucose
tolerance test (Fig. 4B). Furthermore, CRFR1-null animals dis-
play reduced adiposity as measured by the reduced fraction of
body weight composed of epidydimal white adipose tissue
(eWAT) (Fig. 4C). The paradoxically high glucose tolerance and
reduced adiposity in the CRFR1-null mice likely result from the
lack of a functional HPA axis and present significant confounds
that limit the utility of CRFR1-null mice as a suitable model to
study the role of pancreatic CRFR1 (see Discussion). Using a
different approach, we administered theCRFR1-selective peptide
agonist stressin1-A or vehicle to adrenalectomized mice (pre-
venting acute activation of theHPAaxis) to test whether activation
of pancreatic CRFR1 would enhance GSIS. Stressin1-A had no
effect on fasting insulin levels, and both groups of animals dem-
onstrated significant increases in plasma insulin in response to
glucose challenge. Importantly, the group treated with stressin1-A
displayed significantly higherGSIS in vivo than the vehicle-treated
controls (Fig. 4D). Furthermore, adrenalectomized animals that
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Fig. 1. CRFR1 is expressed on insulinoma cells and on primary mouse β cells.
CRFR1 expression levels are relatively abundant in themouse insulinoma cell line
MIN6 comparedwith the α cell line αTC-1 or the δ cell line TU6 (A). Similarly, GLP-
1R (B) and GIPR (C) are expressed abundantly in theMIN6 insulinoma cells. Using
dissociated primary islets from an mIP-GFP transgenic reporter mouse (D), we
obtained primary β cells by FACS separation of GFP-positive and GFP-negative
cells (E). The expression profile of the GFP-positive population demonstrates the
retention of expression of β cell markers such as insulin, GLP-1R, and GIPR,
whereas glucagonandSst arenot expressed (F). CRFR1expression inGFP-positive
cells demonstrates β cell localization of CRFR1. GFP and insulin are stained green
and red, respectively, in (D); DAPI (blue) is applied as a nuclear counterstain.
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received a single dose of stressin1-A demonstrated improved glu-
cose tolerance compared with vehicle-treated controls (Fig. 4E).
This effect probably is secondary to CRFR1-dependent augmen-
tation of GSIS, which expedites clearance of plasma glucose by
insulin-sensitive tissues such as liver and skeletal muscle.

Discussion
Several studies have documented actions of CRF on primary
mouse islets or dissociated islet cells, suggesting the presence of
local CRF receptors (7–10). However, the islet cell type that
responds directly to CRF and the source of the endogenous ligand
acting on CRFR1 are unclear. CRF immunoreactivity has been
reported in α cells of themurine islet (17), although it has not been
confirmed whether this staining represents chemically authentic
CRF. Alternatively, the endogenous ligand for CRFR1may reach
the mouse islet via the circulation or through innervation, as has
been reported for other neuropeptides including vasoactive in-
testinal polypeptide and pituitary adenylate cyclase-activating
peptide (18). It is possible that the actions of CRF aremediated by
CRFR2, which CRF activates with lower potency (19). The pres-
ence of CRFR2 in islets is inferred from the insulinotropic actions
of the CRFR2-selective peptide Ucn 3. This peptide is secreted
from β cells and is required for full glucose- and exendin 4–induced
insulin secretion (9, 11). We detected CRFR1 transcript in pri-
mary mouse β cells and demonstrated that CRF-induced insulin
secretion, phosphorylation of MAPK and CREB, transcriptional
changes, and β cell proliferation are fully blocked by coadminis-

tration of the CRFR1-selective antagonist antalarmin, corrobo-
rating independence from CRFR2.
CRF-induced insulin secretion is evident only at high ambient

glucose concentrations that mimic postprandial levels and
amplify the CRF-induced phosphorylation of Erk1/2. This response
is reminiscent of the glucose-dependent actions of the incretins
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulino-
tropic peptide (GIP). Defining characteristics of incretins are the
potentiation of GSIS and a relative inability to induce insulin
secretion under low-glucose conditions. In vivo pretreatment of
fasted mice with stressin1-A has no effect on basal insulin levels but
potentiates insulin secretion following a subsequent glucose chal-
lenge. Of note, the incretin receptors GLP-1R andGIPR belong to
the class B subfamily of GPCRs that includes CRFR1 and activate
commondownstreamsignaling cascades.Theeffects ofCRFR1and
incretin receptors are not restricted to the release of cAMP,which is
responsible for the insulinotropiceffects that follow theactivationof
class B GPCRs expressed on islet cells, but extend to the activation
of additional signaling cascades includingMAPK that can promote
β cell mass by proliferation and islet neogenesis and reduce apop-
tosis of β cells (20–22). CRFR1-mediatedErk activity resembles the
GLP-1R–mediated phosphorylation of Erk by exendin-4, in that
both canpersist forat least several hours following the applicationof
the peptide (23). This observation, along with the demonstration
that CRFR1 activation stimulates proliferation of primary rat
neonatal β cells, raises the possibility that CRFR1 could be a ther-
apeutic target to promote the intrinsic capability of mature β cells
to proliferate slowly (24, 25) and regenerate β cell mass under
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Fig. 2. CRFR1 activation induces a cAMP response that augments GSIS in MIN6 insulinoma cells and primary rodent and human islets. CRF dose-dependently
increases intracellular cAMP levels in MIN6 cells; this increase is blocked by the simultaneous administration of the CRFR1-selective antagonist antalarmin (A).
Stimulation of MIN6 cells with the CRFR1-selective agonist oCRF rapidly induces robust phosphorylation of CREB (B) and leads to the stimulation of the
expression of immediate-early genes including cFos, nuclear receptor subfamily 4 group A member 2 (NR4A2), regulator of G protein signaling 2 (RGS2), and
dual-specificity phosphatase 1 (DUSP1) (C). These transcriptional changes are enhanced by high ambient glucose concentrations and can be blocked by the
CRFR1 antagonist antalarmin. Stimulation of MIN6 cells with a relatively low dose of oCRF (1 nM) suffices to augment insulin secretion in the presence of
intermediate (11 mM) or high (16.8 mM) glucose concentrations (D). The augmentation of GSIS induced by selective or preferential CRFR1 agonists (oCRF,
r/hCRF, stressin1-A) is completely inhibited by general (astressin) or CRFR1-selective (antalarmin) antagonists but not by the CRFR2-selective antagonist
astressin2-B (E). Stimulation with oCRF potentiates GSIS in mouse (F) and human (G) primary islets in a CRFR1-dependent manner, because coadministration of
antalarmin complete blocks the effects of oCRF.
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conditions characterized by progressive β cell loss such as type 1
diabetes. The insulinotropic actions ofCRFmimic similar effects by
GLP-1 and exendin-4, which have led to the development of suc-
cessful therapeutic treatments to improve insulin secretion and
alleviate insulin resistance in type 2 diabetic patients. The utility
of CRFR1 agonists for therapeutic intervention in either type 1 or
type 2 diabetes requires the development of strategies to activate
pancreatic CRFR1 receptors selectively without activating CRFR1
on anterior pituitary corticotropes, which would result in release of
glucocorticoids. Activation of CRFR1 could have opposing effects
on plasma glucose concentrations depending on the site of activa-
tion: CRFR1 in the anterior pituitary releases glucocorticoids,
which act as functional antagonists to insulin by elevating plasma
glucose levels. In contrast, activation of pancreatic CRFR1 would,
under high glucose levels, potentiate insulin secretion, resulting in
the lowering of plasma glucose.
The complex interactions between the HPA axis and the endo-

crine pancreas are exemplified by the phenotype of the CRFR1-
nullmice.Basedon the insulinotropic actions ofCRFR1agonists in

vitro, we expected reduced glucose tolerance secondary to im-
paired insulin secretion in the absence of pancreatic CRFR1.
Instead, CRFR1-null mice maintain slightly but significantly lower
fasting plasma glucose levels and demonstrate markedly higher
glucose tolerance as compared with age-matched controls. The
paradoxically high glucose tolerance could be explained by the lack
of a functional HPA axis because of the absence of pituitary
CRFR1. These animals have low circulating glucocorticoid levels,
which correlate with low plasma insulin concentrations (26–28).
We hypothesize that in the absence of glucocorticoids, well known
to antagonize the actions of insulin, CRFR1-null mice maintain
higher insulin sensitivity, enabling enhanced glucose tolerance
despite lower fasting and glucose-stimulated insulin levels. Addi-
tionally, the reduced eWAT weight in CRFR1-null animals is in
agreement with studies correlating reduced glucocorticoids with
diminished adiposity. Conversely, persistently elevated concen-
trations of glucocorticoids, such as those associated with Cushing’s
disease, chronic stress, or metabolic syndrome, are associated with
increases in adipose reservoirs (4, 29–31). The lack of a functional
HPA axis with normal circadian pulsatility has created an animal in
which insulin sensitivity, glucose clearance, and peripheral energy
reservoirs are profoundly and permanently perturbed. Conse-
quently, thealteredoverallmetabolic landscape of theCRFR1-null
mice prohibits their use in the study of specific contributions of
pancreatic CRFR1 in vivo.
In summary, we demonstrated that CRFR1 is expressed on

pancreatic β cells and potentiates GSIS in vitro and in vivo. Acti-
vation of CRFR1 initiates MAPK signaling and leads to pro-
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Fig. 3. Activationof CRFR1 activates theMAPK signaling cascade and induces
proliferation in rat neonatal β cells. Stimulation of CRFR1 dose-dependently
increases phosphorylation of Erk1/2, an increase that is inhibited by coad-
ministration of antalarmin (A). The induction of pErk1/2 is rapid (5 min) and
persists for at least 3 h (B). oCRF and exendin-4 synergize with glucose (C).
Isolated primary rat islets respond to the CRFR1-selective agonist oCRF with
increased levels of pErk1/2 (D). Stimulation of rat neonatal islet cells with
r/hCRF increased the nuclear incorporation of EdU into insulin-positive cells;
this incorporation was blocked by antalarmin (E–G). Proliferation was quan-
tified as the fraction of EdU insulin-positive cells (H). Numbers indicate the
total number of insulin-positive cells; the number of insulin-positive EdU cells
is given in parentheses. The total number of islets isolated from CRFR1-null
pancreata was markedly lower than in control animals (I).
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Fig. 4. Acute stimulation of CRFR1 in vivo augments GSIS leading to enhanced
glucose tolerance. Fasted plasma insulin levels in CRFR1-null males receiving a
replacement dose of glucocorticoids to mitigate HPA deficiency were sig-
nificantly lower than in age-matched wild-type males (A). Despite reduced
fasting and glucose-induced insulin levels, glucose tolerance paradoxically was
superior in CRFR1-null mice than in wild-type controls (B). CRFR1-null mice have
reduced relative eWAT weight (C). Circulating insulin levels in fasted adrena-
lectomized wild-type animals were unaffected by prior stressin1-A admin-
istration (0.5 mg/kg i.p.) as compared with controls (D). Although glucose
challenge (2 g/kg i.p.) significantly elevated circulating insulin in both groups,
preadministration of stressin1-A significantly elevated GSIS (D). Stressin1-A (2.5
mg/kg, i.p.) administered 15 min before a glucose tolerance test significantly
improvedglucose tolerance as comparedwith vehicle-treated controls (E). *,P<
0.05; **, P < 0.01 vs. wild-type or vehicle-treated controls.
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liferation of rat neonatal β cells. CRFR1-null mice have lower total
islet numbers, consistent with a role for CRFR1 in the regulation of
β cell mass. The consequences of β cell CRFR1 activity resemble the
effects of incretin receptor activity. These similarities include the
requirement for high ambient glucose levels to potentiate insulin
secretion and maximize the phosphorylation of Erk1/2 and CREB.
Harnessing beneficial effects following activation of CRFR1 to
improve β cell mass and augment insulin secretion in type 1 and type
2 diabetic states, respectively, will depend on the development of
strategies to activate pancreatic CRFR1 selectively without the
undesirable side effects of the activation of CRFR1 on the anterior
pituitary. The presence of CRFR1 on β cells adds another layer of
complexity to the intricate network of paracrine and autocrine fac-
tors and their cognate receptors whose coordinated efforts can
dictate islet hormone output and maintain β cell mass.

Materials and Methods
Animals and Procedures. Male CRFR1-null mice (16) and wild-type littermates
were studied at 8–12 weeks of age. CRFR1-null mice received a replacement
dose of 25 mg/L corticosterone (Sigma) in the drinking water after weaning.
For adrenalectomy experiments, we used male C57/Bl6 mice (Harlan Labo-
ratories) at 3months of age. Animals received physiological saline (0.9%NaCl)
supplemented with corticosterone (25 mg/mL) and were allowed to recover
for 10 days postsurgery. Adrenalectomized animals did not respond to han-
dling with elevated postchallenge plasma corticosterone levels, indicating
that adrenalectomies were successful. The mIP-GFP mice (12) were obtained
from the Jackson Laboratory. All animals were maintained on a 12-h light
(0600–1800)/12-h dark (1800–0600) cycle with free access to water and
standard rodent chow. All animal protocols were approved by the Salk Insti-
tute for Biological Studies Institutional Animal Care and Use Committee.

Glucose Tolerance Test and Insulin Release. Animals were fasted overnight and
weighed in themorning. For theglucose tolerance test, animals receiveda single
2-g/kg i.p. injection of glucose (Sigma) at time 0, and plasmaglucose levels were
determined using tail vein blood by glucometer (Novamax; Nova Biomedical).
For insulin release, animals received a single 2-g/kg i.p. injection of glucose at
time 0. Blood was collected by retro-orbital bleed. Plasma insulin levels were
determined using an RIA kit (Millipore) according to the manufacturer’s
instructions.When applicable, stressin1-Awas injected i.p 15min before glucose
challenge at 0.5 mg/kg (insulin release) or 2.5 mg/kg (glucose tolerance test).

Islet isolation. Isletswere isolatedbyinjectingcollagenaseP(1.5mg/mLinHBSS;
RocheDiagnostics) (Invitrogen) via the commonbile ductwhile the ampulla of
Vaterwasclamped.Theentirepancreaswascollectedfollowingtheinjectionof
2mL (mouse) or 10mL (rat) collagenase solution andwas incubatedat 37 °C for
20minwhile being shaken regularly. Pancreatawerewashed three timeswith
cold HBSS containing 10% FBS. The digested suspensionwas passed through a
nylon mesh (pore size 425 μm; Small Parts Inc.), and islets were isolated by
density gradient centrifugationon aHistopaquegradient (1.077g/mLdensity)
(Sigma) for 20 min at 1400 × g without brake. Islets were collected from the
interface, washed once with ice-cold HBSS containing 10% FBS, and hand
picked several times under a dissecting microscope before being flash frozen
in lysis buffer for expression analysis or transfer to a cell-culture dish con-
taining RPMI 1640 with 10% FBS and penicillin/streptomycin for overnight
culture before experimental procedures.

FACS. Isolated primary islets were dissociated in 0.25% Trypsin-EDTA solution
(Invitrogen) for 5 min at 37 °C aided by gentle mechanical dissociation by
pipetting. Dissociated primary islet cells were washed in HBSS with 10% FBS
without phenol red and sorted on an FACS Vantage SE DiVa (Becton-Dickinson,
Franklin Lakes, NJ) using a 488-nM argon excitation line. Cells were collected in
lysis buffer for subsequent RNA isolation.

Cell Culture. MIN6 insulinoma cells, obtained at passage 18 from Ulupi Jhala
(UCSD, La Jolla, CA), were cultured in DMEM (Invitrogen) containing 11 mM
glucose, 10% FBS, Glutamax (Invitrogen), and 10 μM β-mercaptoethanol and
were used between passages number 21 and 35. The αTC-1 cell line was
obtained from ATCC and was cultured in RPMI 1640 (Invitrogen) containing
10% FBS and Glutamax. TU6 cells were obtained from Marc Montminy (The
Salk Institute, La Jolla, CA) and were cultured in DMEM containing Glutamax
and 10% FBS.

Expression Analysis. Cell lines were seeded at 100,000 cells/well in 24-well
plates. Themediumwas aspirated 36 h later, and total RNAwas isolated using
the GenElute Mammalian Total RNA miniprep kit (Sigma) according to the
manufacturer’s instructions. Sorted cells were collected directly in lysis buf-
fer. RNA was converted into cDNA with the high-capacity cDNA archive kit
(Applied Biosystems). Gene expression was assessed by qPCR using SYBR
chemistry on a Lightcycler 480 platform (Roche Diagnostics). Primers are
listed in Table S1.

cAMP Assay. MIN6 cells were plated into 48-well plates at 50,000 cells/well. The
next day cells werewashed three timeswith DMEM containing 5.5mMglucose,
2% FBS, Glutamax, and 10 μM β-mercaptoethanol. After 24 h, the cells were
washed once and preincubated with 0.1 mM 3-isobutyl-1-methylxanthine (AG
Scientific Inc.) for 20 min. The cells then were treated for 30 min as indicated.
Intracellular cAMP was measured from triplicate wells using an RIA kit (Bio-
medical Technologies) as previously described (32).

Insulin Secretion Assay. Following isolation, isletswerehandpickedtwiceunder
a dissecting microscope into RPMI 1640 containing 2.8 mM glucose and 0.1%
BSA (ImmunO Grade; MP Biomedicals) without phenol red. Islets were incu-
bated in the second wash for 1 h before handpicking to 24-well plates con-
taining 0.4 mL RMPI with 2.8 mM glucose and 0.1% BSA at seven islets/well.
After 60min, a small aliquot ofmediumwas collected for thedeterminationof
basal insulin release; thenglucose andpeptideswereaddedas indicated.After
60 min, another aliquot of medium was collected for the determination of
stimulatedinsulinsecretion.Sampleswerestoredat−20°Cuntildetermination
of insulin concentrations using an RIA kit (Millipore). Human islets were
handpicked twice and cultured overnight in CMRL-1066 medium (Invitrogen)
supplemented with 10% FBS and penicillin/streptomycin at 37 °C, 5% CO2.
Islets were starved in RPMI 1640 medium supplemented with 1.4 mM glucose
and 0.1% BSA for 60 min and then were transferred into 1.2 mL of medium
(RPMI 1640 supplementedwith 2.8mMglucose, 0.1%BSA) in 24-well plates at
100 islets/well. After 60 min, 600 μL of medium was collected for the deter-
mination of basal insulin release, and then islets were stimulated for 60 min
with glucose and peptide as indicated in RPMI 1640 containing 0.1% BSA.
Sampleswere diluted 20 times in RPMI 1640with 0.1%BSAandwere stored at
−20 °C until determination of insulin concentrations with an insulin ELISA kit
(Mercodia AB).

Western Immunoblotting. MIN6 cells were grown to 60% confluency and were
starved for 1 h in Krebs Ringer solution supplemented with 0.1% BSA and
2.8 mM D-glucose. Antalarmin was added for the last 20 min of starvation.
Subsequently, peptides were added for 5 min, unless otherwise indicated. Cells
were lysed in PLC-lysis buffer [50mMHepes pH 7.5, 150mMNaCl, 10%glycerol,
1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, 10 mM NaPPi,
500 μM NaVO4, supplemented with protease inhibitors (Roche Diagnostics)
and 1mM DTT]. Lysates were cleared by centrifugation and mixed with 4×
sample buffer (Invitrogen) with DTT (50 mM). After separation by SDS/PAGE,
transfer to nitrocellulose membranes (Whattman), and immunoblotting,
reactive proteins were visualized using chemiluminescent substrate (Thermo
Scientific). Rabbit anti-phospho-ERK and total ERK antibodies were from Cell
Signaling Technology. Rabbit anti-phospho-CREB antibody (#5322) and total
CREB antibody (#244) were produced in our laboratory. The secondary anti-
body was donkey anti rabbit/HRP (GE Healthcare U.K. Ltd.).

Rat Neonatal β Cell Proliferation. Proliferation of rat neonatal β cells was
assessed as previously described (33). Briefly, islets were isolated from neo-
natal rats, and the islets were dispersed into single cells after 5 days of culture.
Islets were seeded in culture flasks at 150,000 cells/flask and cultured for an
additional 5 days in the presence of the indicated agents. EdU was added for
thefinal 24hof culture. Cellswerefixedand stained for insulin, EdU, andDAPI.
For each condition, more than 1,000 insulin-positive cells were counted, and
the proportion of cells with EdU-positive nuclei was determined.

Immunohistochemistry. Pancreata were immersion fixed in 4% parafor-
maldehyde in potassium phosphate-buffered saline (KPBS) for 4–6 h at 4 °C,
followed by cryoprotection in 30% sucrose in KPBS overnight. Pancreata were
embedded in Tissue-Tek (Sakura Finetek USA, Inc.), frozen on dry ice, and
sectioned in 14-mm sections on a cryostat and stored at−20 °C until use. After
thawing, slides were washed three times for 5 min in KPBS followed by an
overnight incubation with primary antibody in KPBS containing 2% normal
donkey serumand 0.4%Triton×100. Slideswerewashed three times for 5min
in KPBS, incubated for 45 min with secondary antibody, followed by three
more 5-min washings in KPBS before being embedded in Vectashield con-
taining DAPI (Vector Laboratories Inc.). Primary antibodies were guinea pig
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anti-insulin (Millipore) at 1:500, guinea pig anti-glucagon (Millipore) at
1:7,000, sheepanti-Sst (AmericanResearch Products Inc.) at 1:1,000, guineapig
anti- polypeptide Y (Millipore) at 1:100. Secondary antibodies were donkey
anti-guinea pig Cy3, donkey anti-sheep FITC, (all Jackson ImmunoResearch
Laboratories Inc.), at 1:600. Slides were imaged using a Leica TCS SP2 AOBS
confocal microscope (Leica Microsystems Inc.).
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