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Acute insulin secretion determines the efficiency of glucose
clearance. Moreover, impaired acute insulin release is character-
istic of reduced glucose control in the prediabetic state. Incretin
hormones, which increase b-cell cAMP, restore acute-phase in-
sulin secretion and improve glucose control. To determine the
physiological role of the cAMP-dependent protein kinase (PKA),
a mouse model was developed to increase PKA activity specifi-
cally in the pancreatic b-cells. In response to sustained hypergly-
cemia, PKA activity potentiated both acute and sustained insulin
release. In contrast, a glucose bolus enhanced acute-phase insu-
lin secretion alone. Acute-phase insulin secretion was increased
3.5-fold, reducing circulating glucose to 58% of levels in controls.
Exendin-4 increased acute-phase insulin release to a similar de-
gree as PKA activation. However, incretins did not augment the
effects of PKA on acute-phase insulin secretion, consistent with
incretins acting primarily via PKA to potentiate acute-phase in-
sulin secretion. Intracellular calcium signaling was unaffected by
PKA activation, suggesting that the effects of PKA on acute-phase
insulin secretion are mediated by the phosphorylation of proteins
involved in b-cell exocytosis. Thus, b-cell PKA activity transduces
the cAMP signal to dramatically increase acute-phase insulin se-
cretion, thereby enhancing the efficiency of insulin to control
circulating glucose. Diabetes 62:1527–1536, 2013

G
lucose-stimulated insulin release is biphasic,
characterized by an initial acute burst of insulin
secretion followed by a sustained suprabasal
release of insulin (1,2). The duration of the

initial burst of insulin release, known as acute or first-
phase insulin secretion, lasts 1.5–10 min (3). The sustained
or second phase of insulin secretion persists as long as
blood glucose levels remain elevated. During the first
phase of glucose-stimulated insulin secretion, ;0.4% of
insulin granules undergo exocytosis (4). This phase of in-
sulin release, however, is absolutely critical in determining
the efficiency of blood glucose clearance and does so by
increasing the transendothelial transportation of insulin

into skeletal muscle, where up to 80% of glucose uptake
occurs (5). Defects in acute insulin secretion have been
found in individuals with type 2 diabetes, those with im-
paired fasting glucose, and those with a familial risk of type
2 diabetes (6–9). The association of impaired acute insulin
release with the progression to type 2 diabetes underscores
the significance of acute-phase insulin secretion in meta-
bolic regulation. However, despite the physiological im-
portance of acute-phase insulin release, its regulation and
underlying molecular mechanisms remain unresolved.

Incretin-based therapies in patients with type 2 diabetes
improve glucose control and metabolic health, although
these effects may not be exclusively attributable to incre-
tin actions on b-cells because of effects on other tissues
that also improve glucose control. Nevertheless, incretins
potentiate insulin secretion by increasing b-cell cAMP
levels and result in the restoration and enhancement of
acute- and sustained-phase insulin release. An increase in
cAMP concentration activates the cAMP-dependent protein
kinase (PKA) and guanine-nucleotide exchange protein ac-
tivated by cAMP (EPAC) (10,11). Both PKA and EPAC have
been implicated as the primary transducers of the cAMP
signal to potentiate the acute phase of glucose-stimulated
insulin secretion. This conflict may, at least in part, lie in the
use of in vitro systems, indirect measurements of insulin
secretion, and the use of pharmacological agents (12–17).
Moreover, interpretation of insulin secretion and glucose
control in studies using incretins are complicated by the
effects of these hormones on other tissues. This prevents
a clear understanding of the mechanism by which b-cell
cAMP signaling regulates acute-phase insulin release, and
so precludes the development of therapies to restore acute-
phase insulin release to regain glucose control.

To avoid the problems associated with earlier studies
and to gain a physiological insight to the function of b-cell
PKA activity, a mouse model was developed to genetically
increase PKA activity specifically in the islet b-cells. These
mice used the recently developed MIP-CreERT strain to
provide highly b-cell–specific gene induction and a “knock-
in”–activated PKA catalytic subunit allele that retains ex-
pression under the endogenous control elements. These
mice were used to determine the physiological role of
b-cell PKA activity in potentiating glucose stimulated in-
sulin secretion. Here, it is shown that an increase in PKA
activity, targeted solely to the islet b-cells, strongly
potentiates acute-phase insulin release in response to
a single glucose bolus and, under hyperglycemic con-
ditions, also enhances the sustained phase.

RESEARCH DESIGN AND METHODS

Generation and maintenance of mice. Heterozygous PKA-CaR mice (18)
were crossed with heterozygous MIPCreERTmice (19). Wild-type, heterozygous
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PKA-CaR, heterozygous MIPCreERT, and b-CaR mice were born at expected
Mendelian ratios and weaned by 28 days. At 10 weeks of age, all mouse gen-
otypes received three intraperitoneal injections of tamoxifen dissolved in corn
oil at 100 mg/kg body weight. Mice were under the day-to-day care of University
of Chicago Animal Resources Center Facility staff according to the guidelines of
The University of Chicago IACUC, with 2–5 animals per cage on a 12:12-h light–
dark cycle.
Isolation of islets. Islets were harvested from tamoxifen-treated mice at 11–
13 weeks of age by collagenase digestion, Histopaque (Sigma cat. 11191)
density-gradient centrifugation, and hand-picking (20).
PKA analysis. PKA activity was measured in lysates prepared from islets of
13-week-old tamoxifen-treated mice using an in vitro phosphorylation assay
(21) in the absence of added cAMP (for basal PKA activity) and in the pres-
ence of 5 mmol/L exogenous cAMP (for maximal PKA activity). PKA activity
values were corrected for values obtained in the presence of added PKA in-
hibitor PKI. Lysates of freshly isolated islets were resolved by SDS-PAGE and
immunoblotted for PKA subunits using PI3kinase p85 as a loading control.
Glucose and arginine tolerance tests. Overnight-fasted mice were admin-
istered glucose intraperitoneally (1.0 g, 3.0 g, or 0.5 g /kg body weight), oral
glucose (1.0 g/kg body weight), or arginine intraperitoneally (1.0 g/kg body
weight). Blood was sampled from tail veins for glucose and insulin measure-
ments, and mice were administered 5 mg/kg body weight exendin-4 15 min
before intraperitoneal glucose 2 g/kg body weight.
Hyperglycemic clamp. Hyperglycemic clamps were conducted at the Van-
derbilt University Mouse Metabolic Phenotyping Center as previously de-
scribed (22), with glucose clamped to 200 mg/dL.
Measurement of b-cell mass. Pancreata were stained for insulin and glu-
cagon to identify islets of Langerhans. Images were collected on a Leica TCS
SP2 and analyzed using ImageJ software. Total pancreatic insulin content was
measured by ELISA (ALPCO) in extracts of the entire pancreas sonicated in 0.1
mol/L HCl.
Calcium imaging. Islets maintained at 37°C were preincubated (30 min,
Krebs-Ringer bicarbonate HEPES buffer, 2 mmol/L glucose) and loaded with
fura-2-AM on the stage of a NIKON TE2000 microscope. Measurements were
acquired at 10-s intervals and data were expressed as the relative change in
340/380 ratio over the course of the 60 s before stimulation.
Perforated patch electrophysiology. Patch electrodes were used as pre-
viously described (23) to record b-cells identified by a resting membrane
voltage near 270 mV. Reagents are listed in Supplementary Table 2
Statistical analysis. Data, expressed as means 6 SEM, were analyzed by
Student two-sample unpaired t tests, one-way ANOVA, and two-way ANOVA
with Bonferroni post hoc tests (GraphPad Software). P , 0.05 was considered
significant.

RESULTS

Increasing PKA activity specifically in the b-cells.
b-Cell PKA activity was induced by crossing heterozygous
PKA-CaR “knock-in” mice (18) with heterozygous MIP-
CreERT mice and by administering tamoxifen to the off-
spring at 10 weeks of age (Supplementary Fig. 1), inducing
efficient Cre-mediated, b-cell–specific recombination (Sup-
plementary Fig. 2). This breeding strategy yielded four off-
spring genotypes. b-caPKA mice carry both the PKA-CaR
allele and the MIP-CreERT allele, and have PKA activity that
can be increased in the b-cells after tamoxifen administra-
tion. The other three genotypes, which were used as litter-
mate controls, were the parental genotypes (PKA-CaR and
MIP-CreERT) and wild-type mice. To determine the level to
which PKA activity was altered in the b-cells of b-caPKA
mice, islets were isolated from mice of all four genotypes
and assayed for PKA activity using an in vitro assay (Fig.
1A) (21). In the presence of excess exogenous cAMP (5
mmol/L), PKA activity in the islets of b-caPKA mice was
similar to that of controls, showing that maximal islet PKA
activity did not differ. In the absence of exogenous cAMP,
islet PKA activity in b-caPKA mice was significantly ele-
vated relative to littermate controls. In b-caPKA islet
lysates, this cAMP-dependent PKA activity was 6% of the
maximal value (obtained in the presence of 5 mmol/L ex-
ogenous cAMP) compared with 0.6% in littermate controls,
demonstrating enhanced basal PKA activity. Analysis of

Cre-mediated recombination (Supplementary Fig. 2) showed
most b-cells underwent recombination. Immunoblotting
revealed that expression of PKA subunits (the catalytic
subunit, PKA-Ca, and the 3 regulatory subunits, PKA-
RIa, PKA-RIIa and PKA-RIIb) was similar in islets from
b-caPKA mice to the levels in littermates, indicating that
altered PKA activity was not attributable to and does not
feed-back on expression of PKA subunits (Fig. 1B). Al-
though only one active PKA-Ca allele is present in the
PKA-CaR mice, PKA-Ca levels were similar to levels in
the wild-type, MIP-CreERT, and b-caPKA mice. This is most
likely attributable to the PKA-Ca subunit being highly un-
stable when not bound to regulatory subunits (24,25). Thus,
R–C subunit interaction may provide a greater impact on
catalytic subunit levels than gene expression.
b-Cell PKA enhances insulin secretion. To determine
the effects of increased b-cell PKA activity on both phases
of insulin secretion, hyperglycemic clamp and islet peri-
fusion studies were performed (Fig. 2). The hyperglycemic
clamps were performed using standard procedures to
clamp circulating glucose at 200 mg/dL. Basal plasma in-
sulin did not differ between b-caPKA and littermate con-
trol mice (1.35 6 0.06 ng/mL and 1.34 6 0.16 ng/mL,
respectively; Fig. 2A). As glucose levels increased on the
commencement of glucose infusion, insulin secretion dur-
ing the acute phase was enhanced 2.5-fold in the b-caPKA
mice compared with littermate controls (12.0 ng/mL/min
vs. 4.8 ng/mL/min; P , 0.03). Although a standard glucose

FIG. 1. Increased PKA activity in the islets of b-caPKA mice. A, PKA
activity was measured in lysates prepared from islets of b-caPKA mice
and control littermates using an in vitro assay. PKA activity was mea-
sured in the presence of 5 mmol/L exogenous cAMP (maximal PKA ac-
tivity) and in the absence of added cAMP. B, Lysates prepared from
islets of mice of all four genotypes were analyzed by immunoblotting
and probed for PKA catalytic (PKA-Ca) and regulatory (PKA-RIa, RIIa,
and RIIb) subunits, and, for the loading control, PI-3 kinase p85 sub-
unit (p85). One-way ANOVA, ***P < 0.01.
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infusion rate was used, this underestimated the dramatically
enhanced insulin secretion of the b-caPKA mice (Fig. 2B,
C). However, when circulating glucose in b-caPKA and lit-
termate controls were matched at 200 mg/dL (90 min), the
b-caPKA mice were shown to exhibit seven-fold higher cir-
culating insulin than littermate controls (35.5 6 7.4 ng/mL
vs. 5.6 6 1.2 ng/mL; P , 0.001; Fig. 2A). To confirm these
data without the complication of insulin action on the
maintenance of hyperglycemia and to determine whether
these effects are islet autonomous, perifusion analyses
were performed using islets isolated from tamoxifen-
treated b-caPKA and littermate control mice (Fig. 2D).
These perifusion analyses gave similar results as the hy-
perglycemic clamp study, with peak acute-phase insulin
secretion elevated 2.4-fold in islets from b-caPKA mice
relative to controls (4.176 0.55 ng/mL vs. 1.756 0.39 ng/mL;
P , 0.01) and sustained-phase insulin increased 5.5-fold
(32.54 6 8.4 ng/mL/min vs. 5.91 6 1.8 for the 20- to 30-min
interval; P , 0.05). PKA activity potentiated glucose-
stimulated insulin secretion but did not increase insulin
secretion at substimulatory (basal) glucose concentra-
tions, consistent with previous studies of cAMP effects on
insulin secretion (26,27). These data show that the in vivo
elevation of b-cell PKA activity strongly enhances the
acute and sustained phases of insulin secretion.
PKA enhances acute-phase insulin proportionately to
the glucose challenge. Acute-phase insulin release is
critical for efficient glucose clearance. Here, b-caPKA mice

were used to determine the physiological effect of PKA
activity on acute-phase insulin release and glucose control.
At 10 weeks of age, b-caPKA and littermate controls were
administered tamoxifen to induce PKA activity in b-caPKA
mice. During the week before tamoxifen administration,
the tolerance of the mice to a standard 1 g/kg i.p. glucose
challenge was similar between b-caPKA and littermate
control mice (Supplementary Fig. 3A, B). During the week
after tamoxifen-mediated induction of the PKA-CaR allele,
there was a specific enhancement of acute insulin release,
with levels peaking 3.5-fold higher at 2 min in b-caPKA
mice versus wild-type littermates (2,318 6 504 pg/mL in
b-caPKA vs. 666 6 119 pg/mL in wild-type littermates; Fig.
3C). By 10 min, insulin levels were not significantly dif-
ferent from those of controls. Thus, in response to the
transient hyperglycemia induced by a glucose bolus, in-
creased b-cell PKA activity specifically enhanced acute-
phase insulin release. Although insulin secretion was not
significantly stimulated in control mice, this was consistent
with previously reported responses to a 1 g/kg i.p. glucose
challenge (28–31) and is most likely attributable to
a modest peak in insulin levels that is cleared by target
tissues before sampling from the tail vein. Glucose toler-
ance in b-caPKA mice was enhanced, with glucose peaking
lower and earlier (172 6 13 mg/mL at 10 min) compared
with littermate controls (257 6 22 mg/dL at 20 min) and
glucose exposure in b-caPKA mice being 58% of that in
controls (Fig. 3H). Optimal glucose control requires insulin

FIG. 2. Insulin secretion in response to sustained hyperglycemia. The effects of sustained elevated glucose levels were analyzed using hyper-
glycemic clamps and by perifusion of isolated islets of Langerhans. A, In the hyperglycemic clamp, glucose levels were matched between b-caPKA
(●) and wild-type littermate control (○) tamoxifen-treated mice at 200 mg/dL. Plasma insulin levels were subsequently measured in blood
samples. Blood glucose and glucose infusion rates (B, C) are shown. D, Perifusion of islets isolated from b-caPKA (●) and wild-type littermate
controls (○) was performed in Krebs-Ringer bicarbonate HEPES buffered saline (KRHB) using a change from 2 mmol/L glucose to 16.7 mmol/L
glucose to stimulate both acute and sustained insulin secretion. Two-way ANOVAwith Bonferroni posttest analyses. *P< 0.05; **P< 0.01; ***P< 0.001.
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to be delivered in a proportionate response to the circu-
lating glucose. This permits glucose to be cleared effi-
ciently and with minimal risk of hypoglycemia. To
determine whether the PKA-mediated enhancement of the

acute insulin response was proportionate to the magnitude
of the glucose challenge, mice were administered 0.5 g/kg
or 3 g/kg glucose (Fig. 3C–E) and compared with the data
obtained from mice administered 1 g/kg (Fig. 3A, B). At the

FIG. 3. Intraperitoneal glucose tolerance tests. Circulating insulin (A, C, E) and glucose (B, D, F) were measured after intraperitoneal glucose
(1 g/kg, A and B; 0.5 g/kg, C and D; 3 g/kg, E and F) administration at 0 min. Plasma insulin was measured at 0, 2, 5, 10, 15, and 20 min and blood
glucose was measured over the course of 120 min after glucose administration. b-caPKA, ●; wild-type, ○; PKA-CaR, □; MIP-CreERT, △. Area
under the curve (AUC) for insulin and glucose were measured relative to baseline (y-axis = 0), and compared by Bonferroni posttest analyses (G,H).
Two-way ANOVA showed significant difference between genotypes (P < 0.001) for (A–E). Bonferroni posttest analyses: *P < 0.05; ***P < 0.001.
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lowest dose of glucose (0.5 g/kg), insulin levels were ele-
vated relative to littermates only at the 2-min time point,
peaking at 1,147 6 120 pg/mL. Increasing the magnitude of
the glucose challenge increased peak insulin secretion at 2
min to 2,318 6 504 pg/mL in response to 1 g/kg glucose
and 3,192 6 749 pg/mL in response to 3 g/kg glucose. In-
creasing the glucose challenge also prolonged the insulin
secretory response. b-caPKA mice administered a 0.5 g/kg
glucose challenge had insulin levels return to baseline by 5
min. In those receiving 1 g/kg glucose, insulin levels were
still elevated at the 5-min time point and returned to
baseline levels by 10 min. b-caPKA mice receiving 3 g/kg
glucose showed a sustained response with insulin levels
remaining elevated throughout the 20-min period. This
model shows that PKA activity increases the acute insulin
secretory response proportionately to the magnitude of the
glucose challenge.
PKA activity affects b-cell function downstream of
calcium entry. To determine whether the enhanced in-
sulin secretory response to glucose was attributable to
altered b-cell mass, b-cell area relative to pancreas area,
islet number relative to pancreas area, and average islet
size were measured. None of these parameters differed
between b-caPKA and controls (Fig. 4A–C). Total pan-
creatic insulin content was also similar (Fig. 4D). These
data indicate that the enhanced insulin secretion observed
in b-caPKA mice is attributable to enhanced b-cell func-
tion and not attributable to increased b-cell mass. The ef-
fect of PKA on acute-phase insulin release (Fig. 3A) was
consistent with PKA activity increasing the size of the
readily releasable pool of insulin secretory granules. To
test this hypothesis, mice were administered an arginine
bolus (Fig. 5A) to depolarize the b-cells and release the
readily releasable pool of insulin granules but not the re-
serve pool, which comprises the sustained phase. The ar-
ginine tolerance test showed an increase at 2 min in
b-caPKA mice compared with controls (3,364 6 666 pg/mL
vs. 1,270 6 256 pg/mL, respectively). Thus, enhanced
acute-phase insulin release in b-caPKA mice is, at least
partly, attributable to a larger pool of granules in a readily
releasable state. To determine whether cytosolic calcium
influx was altered in response to increased b-cell PKA
activity, whole islets isolated from b-caPKA and wild-type
littermates were loaded with FURA-2. Imaging of these
islet cells showed the expected increase in calcium in re-
sponse to glucose over the 0- to 10-min acute phase, but
calcium levels did not differ between b-caPKA and control
mice (Fig. 5B). Likewise, 30 mmol/L KCl elicited a similar
calcium influx in both b-caPKA and control islets (Fig. 5C).
To determine whether b-cell electrical activity in response
to glucose differs between b-caPKA and wild-type control
littermates, b-cells from intact islets were analyzed by per-
forated patch electrophysiology. Membrane depolarization
and action potential frequency was similar in b-caPKA and
control islets (Fig. 5D and Supplementary Table 1). These
data indicate that the effects of PKA activity on the acute
phase of insulin release lie downstream of calcium signaling
and plasma membrane depolarization.
Potentiation of acute insulin release by incretin
hormones is PKA-dependent. Incretins provide potent
new therapies to regain glucose control by potentiating
both acute-phase and sustained-phase insulin secretion.
These effects are, at least partly, achieved by increasing
b-cell cAMP levels that will activate PKA. To compare the
responses of insulin secretion to PKA activation and
incretin hormones, two experiments were conducted. The

first delivered oral glucose to induce the release of en-
dogenous incretins (Fig. 6). The second used the admin-
istration of the GLP-1 receptor agonist, exendin-4 (Fig. 7).
In control mice, oral glucose potentiated insulin release
and improved glucose tolerance compared with intra-
peritoneal glucose delivery (Fig. 6A, B; P , 0.05). In con-
trast, oral delivery of glucose to b-caPKA mice did not
augment the insulin release beyond that already potenti-
ated by PKA and glucose tolerance was similar (Fig. 6C, D;
P . 0.05). These data suggest that PKA is largely re-
sponsible for the incretin potentiation of insulin secretion
at 2 min. However, a more potent activation of the cAMP
signaling pathway in the b-cells may reveal PKA-
independent effects. To achieve this, exendin-4 was ad-
ministered at 5 mg/kg body weight by intraperitoneal
injection 15 min before a 2 g/kg i.p. glucose challenge to
b-caPKA and control wild-type mice (Fig. 7A–D). This
activation of the GLP-1 receptor increased acute-phase
insulin release in control mice to levels similar to those in
saline-treated b-caPKA mice. However, insulin secretion in
b-caPKA mice was not potentiated beyond the level seen
in saline-treated b-caPKA mice. Interestingly, exendin-4
treatment, but not PKA activation, increased insulin levels
at later time points (10 and 15 min in control mice, 15 min
in b-caPKA mice). Enhancement of sustained-phase insulin
release with exendin-4 also led to glucose levels at 120 min
declining below baseline values in both wild-type and
b-caPKA mice (Fig. 7G). Overall, these data show that PKA
activity is largely responsible for the acute insulin secretory

FIG. 4. Measurement of parameters of b-cell mass. Islet area relative to
pancreas area (A), islet number relative to pancreas area (B), and
average islet size (C) were measured on pancreatic sections prepared
from paraformaldehyde-fixed/paraffin-embedded pancreata stained for
insulin and glucagon. Total pancreatic insulin content (D) was mea-
sured in acid extracted pancreata by ELISA. Comparison between wild-
type (WT) and b-caPKA littermates showed no significant differences
(P > 0.05, t test).
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response to incretins, but the GLP-1 receptor activation
can prolong insulin secretion that may lead to an over-
shoot of glucose to levels below baseline values.

DISCUSSION

Progression to type 2 diabetes is characterized by a loss in
b-cell function, a critical feature of which is reduced acute-
phase insulin release (32,33). The acute phase of insulin
release is a major determinant of the efficiency of glucose
clearance because this initial burst of insulin accelerates
insulin movement from the circulation to the interstitial
space in skeletal muscle, where 80% of glucose disposal
occurs (5). cAMP potentiates both acute-phase and
sustained-phase insulin secretion (12,34–36) and provides
a therapeutic target to restore glucose control. However, it
is unclear whether cAMP regulates acute-phase insulin via
PKA or EPAC, or both. Previous studies have relied on
immortalized cell lines or dispersed primary cells, models
that can exhibit altered phenotypes compared with b-cells
in situ. Moreover, pharmacological agents for studying
cAMP signaling pathways have significant off-target ef-
fects. The PKA inhibitors H89 and KT5720 inhibit a number
of other kinases with similar or greater efficacy than PKA
(37). The EPAC-specific cAMP analog, 8-pCPT-29-O-Me-
cAMP, also activates PKA, albeit with a 10-fold higher Kd
than EPAC in cell free assays. In addition, 8-pCPT-29-O-Me-
cAMP inhibits phosphodiesterases 1, 2, and 6, and so this
can increase cAMP and cGMP levels (38,39). Recently,
a mouse model of activated b-cell PKA was reported that
exhibited increased insulin secretion, supporting our
findings, but the role of PKA activity specifically in the
acute phase of insulin release in vivo was not studied (40).
Moreover, PKA activity was driven by the pdx-Cre mouse
strain, which directs Cre-recombinase expression to the

hypothalamus, as well as the b-cells (19), where it can
have unintended effects on metabolism.

This study examined the role of b-cell PKA activity in
regulating phasic insulin release using a tissue-specific and
temporally regulated model. Two mouse strains were
used: PKA-CaR mice, which carry a Cre-inducible acti-
vated PKA allele (18); and MIP-CreERT mice, which pro-
vide temporal regulation and b-cell specific Cre activity
(19). An important aspect of this model was that the mu-
tated PKA-Ca allele (PKA-CaR) was targeted to the en-
dogenous locus through a “knock-in” strategy. This ensured
that integration did not affect expression of other genes and
resulted in PKA-CaR expression at endogenous PKA-Ca
levels. The recently developed MIP-CreERT mice avoided
central effects of PKA activation while providing a tamoxi-
fen-inducible Cre system. This allowed tissue and temporal
specificity of Cre expression, thereby avoiding develop-
mental effects of increased PKA activity.

Induction of increased b-cell PKA activity potently in-
creased both acute-phase and sustained-phase insulin re-
lease. However, a bolus delivery of glucose restricted the
enhancement of insulin secretion solely to the acute phase.
Enhanced acute-phase insulin delivered more efficient
glucose clearance, with circulating glucose being reduced
to 58% in b-caPKA mice relative to wild-type littermates
(area under the curve, 1 g/kg glucose intraperitoneal glu-
cose tolerance test; Fig. 3H), confirming the potency of
acute-phase insulin in improving glucose tolerance. Acute-
phase insulin release is responsive to the rate of change in
circulating glucose. Thus, it is induced by increasing circu-
lating glucose and acts to attenuate this increase in glucose.
Here, in b-caPKA mice, the acute burst of insulin attenuates
(2–5 min) before glucose peaks (5–10 min), consistent with
the acute phase of insulin release being responsive to the
rate of change of glucose, not to the absolute glucose

FIG. 5. Effects of b-cell PKA on the readily releasable granule pool and calcium signaling. A, Arginine tolerance tests were performed on overnight-
fasted b-caPKA (●) and wild-type littermate control (○) mice by delivering 1 g/kg body weight i.p. L-arginine bolus in saline. B and C, Changes in
cytoplasmic calcium was measured in response to a change from 2 mmol/L to 15 mmol/L glucose (B) and 30 mmol/L KCl in FURA-2–loaded islets
isolated from b-caPKA (solid line) and control littermates (dotted line) mice. D, Membrane potential was measured by perforated patch elec-
trophysiology in response to change in glucose from 2 mmol/L to 14 mmol/L glucose in islets isolated from b-caPKA (left) and control littermate
(right) mice. Two-way ANOVA: A, P < 0.001; B and C, Not significant. Bonferroni posttest analysis: ***P < 0.001.
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concentration. In response to a modest glucose challenge
(0.5 and 1.0 g/kg), this acute burst of PKA-induced insulin
secretion is sufficient to normalize glucose. However, when
the glucose challenge is sustained (the hyperglycemic
clamp) or the glucose bolus is too large for acute-phase in-
sulin to control (3 g/kg), then the sustained phase becomes
essential to normalize circulating glucose.

The most promising therapies to restore biphasic insulin
release are the incretin hormone–based therapies (34).
The inability of oral glucose or exogenous exendin-4 to
augment acute-phase insulin in b-caPKA mice (Figs. 6 and
7) indicates that incretins act via PKA to potentiate acute-
phase insulin secretion. It seems unlikely that incretins act
via other signaling molecules to potentiate the acute phase
of insulin release in the presence of activated PKA. This is
consistent with the EPACs not being involved in the acute
response to incretin potentiation of insulin secretion,
a conclusion that is supported by the EPAC2 knockout
mice exhibiting no impairment of glucose control (41).

However, GLP-1 receptor activation prolonged insulin se-
cretion beyond that seen with PKA activity alone, indicating
that the potentiation of this phase of insulin release by
incretins may be PKA-independent. Interestingly, although
this sustained release of insulin brings down glucose levels
more rapidly than PKA activity and reduces overall glucose
exposure (Fig. 7F), glucose levels continue to decrease to
below baseline values (Fig. 7G). These data reinforce that
insulin secretion must be proportional to the glucose chal-
lenge, sufficient to control hyperglycemia but not so ag-
gressive to risk hypoglycemia. Thus, PKA acts to enhance
the efficacy of insulin release, promoting secretion at the
acute phase, when insulin is most effective, while keeping
insulin release tightly responsive to changes in circulating
glucose.

The enhanced release of insulin in b-caPKA mice upon
depolarization of b-cells in vivo by arginine shows that
PKA acts downstream of calcium signaling to enhance
acute-phase insulin secretion. This conclusion is supported

FIG. 6. Oral glucose tolerance tests (OGTTs). Overnight-fasted control littermates (A, B) and b-caPKA (C, D) mice were administered 1 g/kg body
weight glucose by oral gavage at 0 min. Blood for blood glucose (B, D) and plasma insulin (A, C) was sampled from the tail vein. Intraperitoneal
(i.p.) glucose tolerance test (IPGTT) data from Fig. 2 is provided as dotted lines for comparison. Plasma insulin was measured over the 0- to 20-min
interval and blood glucose was measured over the 0- to 120-min interval. Area under the curve (AUC) was calculated for each curve, relative to
a y-axis value of 0. IPGTT, diamonds; OGTT, squares; open symbols and bars, controls; closed symbols and bars, b-caPKA. Two-way ANOVA
comparison of IPGTT and OGTT: P < 0.05 for (A); P > 0.05 for (B–D). WT, wild-type. Bonferroni posttest analysis: *P < 0.05.
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by calcium influx and membrane excitation being similar
in b-caPKA and control mice (Fig. 5). The ability to rapidly
activate the full potentiation of insulin secretion using
exendin-4 15 minutes prior to a glucose bolus (Fig. 7)
indicates that the effects of PKA activation do not lie in

chronic effects on the b-cells, for example, altered gene
expression. Thus, it is most likely that PKA activity in the
islet b-cells potentiates acute-phase glucose-stimulated
insulin secretion by directly phosphorylating protein
components of the insulin secretory machinery of the

FIG. 7. Intraperitoneal glucose tolerance tests (IGTTs) after exendin-4 administration. Overnight-fasted b-caPKA and wild-type (WT) littermate
control mice were administered exendin-4 15 min before receiving an 2 g/kg i.p. glucose bolus. Plasma insulin was measured over the subsequent 20
min (0–20 min) and blood glucose was measured over the 215- to 120-min interval. Area under the curve (AUC) was calculated for each curve
relative to a y-axis value of 0. Diamonds, saline treated; squares, exendin-4 treated; open symbols and bars, controls; closed symbols and bars,
b-caPKA. Two-way ANOVA indicated significant difference between IGTT and oral glucose tolerance test (P< 0.05) in (A–D). Bonferroni posttest
analysis: *P < 0.05; **P < 0.01; ***P < 0.001.
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b-cell. A number of these proteins have been identified as
PKA targets, including SNAP25 (42,43), tomosyn-1 (44,45),
tomosyn-2 (46), snapin (40), syntaxin-4 (47), and cysteine
string protein (48–50). Consistent with this hypothesis, an
increase in snapin phosphorylation was observed upon the
expression of constitutive PKA activity (Supplementary
Fig. 4). Molecular targets to therapeutically improve acute-
phase release are unknown. This study reveals that targets
of PKA activity regulate acute-phase insulin secretion in
vivo and offer potential candidates for therapies to restore
b-cell function. Although its ubiquitous expression makes
PKA an unlikely therapeutic target, the data presented
here show that G-protein–coupled receptors that activate
PKA can enhance acute-phase insulin release. Future
studies to understand the action of PKA upon the insulin
secretory machinery are likely to identify proteins that can
be targeted to restore acute-phase insulin release in the
prediabetic or the diabetic state. Further studies also are
needed to determine whether the downregulation of
G-protein–coupled receptor signaling systems (including
PKA) is associated with the loss of the acute-phase insulin
response in the etiology of type 2 diabetes.

Overall, this study demonstrates that PKA activity con-
trols acute-phase insulin release and is largely responsible
for the effects of incretins on the acute phase of insulin
release. In addition, PKA activity enhances sustained-
phase insulin secretion. However, the data highlight that
the augmentation of insulin secretion by PKA is tightly
coupled to glucose levels and demonstrate that PKA ac-
tivity enhances the efficiency of insulin release to control
glucose in a safe manner that provides low risk for hypo-
glycemia.

ACKNOWLEDGMENTS

This study was supported by an American Diabetes Asso-
ciation Junior Faculty Award (1-08-JF-58) and a National
Institutes of Health (NIH) grant (DK085129) to B.W., an NIH
grant (DK074966) to M.W.R., NIH grants to L.H.P. (DK48494
and DK063493), and by University of Chicago Diabetes
Research and Training Center funding from the NIH
(DK020595) to B.W. and L.H.P. K.K. was supported by
a T32 National Institute of Diabetes and Digestive and Kid-
ney Diseases training grant (DK087703) and by an NIH F31
grant (AG035620).

No potential conflicts of interest relevant to this article
were reported.

K.A.K. and B.W. designed this study. K.A.K., L.M.D., D.A.J.,
and B.W. conducted the experimental research and ana-
lyzed the data. K.A.K., L.M.D., D.A.J., M.W.R., L.H.P., and
B.W. contributed to the preparation of the manuscript.
N.T., M.W.R., and L.H.P. provided the MIP-CreERT mice,
an essential reagent for this study. B.W. is the guarantor
of this work and, as such, had full access to all the data
in the study and takes responsibility for the integrity of
the data and the accuracy of the data analysis.

The authors are grateful to Dr. Stanley McKnight (Uni-
versity of Washington, Seattle, Washington) for providing
the PKA-CaR mice.

REFERENCES

1. Cerasi E, Luft R. The plasma insulin response to glucose infusion in
healthy subjects and in diabetes mellitus. Acta Endocrinol (Copenh) 1967;
55:278–304

2. Curry DL, Bennett LL, Grodsky GM. Dynamics of insulin secretion by the
perfused rat pancreas. Endocrinology 1968;83:572–584

3. Marcelli-Tourvieille S, Hubert T, Pattou F, Vantyghem MC. Acute insulin
response (AIR): review of protocols and clinical interest in islet trans-
plantation. Diabetes Metab 2006;32:295–303

4. Straub SG, Sharp GW. Glucose-stimulated signaling pathways in biphasic
insulin secretion. Diabetes Metab Res Rev 2002;18:451–463

5. Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, Felber JP. The
effect of graded doses of insulin on total glucose uptake, glucose oxida-
tion, and glucose storage in man. Diabetes 1982;31:957–963

6. Bagdade JD, Bierman EL, Porte D Jr. The significance of basal insulin
levels in the evaluation of the insulin response to glucose in diabetic and
nondiabetic subjects. J Clin Invest 1967;46:1549–1557

7. Ferrannini E. The stunned beta cell: a brief history. Cell Metab 2010;11:
349–352

8. Kahn SE, Prigeon RL, McCulloch DK, et al. Quantification of the re-
lationship between insulin sensitivity and beta-cell function in human
subjects. Evidence for a hyperbolic function. Diabetes 1993;42:1663–1672

9. Porte D Jr, Kahn SE. Beta-cell dysfunction and failure in type 2 diabetes:
potential mechanisms. Diabetes 2001;50(Suppl 1):S160–S163

10. Nesher R, Anteby E, Yedovizky M, Warwar N, Kaiser N, Cerasi E. Beta-cell
protein kinases and the dynamics of the insulin response to glucose. Di-
abetes 2002;51(Suppl 1):S68–S73

11. Seino S, Shibasaki T. PKA-dependent and PKA-independent pathways for
cAMP-regulated exocytosis. Physiol Rev 2005;85:1303–1342

12. Shibasaki T, Takahashi H, Miki T, et al. Essential role of Epac2/Rap1 sig-
naling in regulation of insulin granule dynamics by cAMP. Proc Natl Acad
Sci USA 2007;104:19333–19338

13. Renström E, Eliasson L, Rorsman P. Protein kinase A-dependent and -in-
dependent stimulation of exocytosis by cAMP in mouse pancreatic B-cells.
J Physiol 1997;502:105–118

14. Kang GX, Joseph JW, Chepurny OG, et al. Epac-selective cAMP analog
8-pCPT-29-O-Me-cAMP as a stimulus for Ca2+-induced Ca2+ release and
exocytosis in pancreatic beta-cells. J Biol Chem 2003;278:8279–8285

15. Kashima Y, Miki T, Shibasaki T, et al. Critical role of cAMP-GEFII—Rim2
complex in incretin-potentiated insulin secretion. J Biol Chem 2001;276:
46046–46053

16. Hatakeyama H, Kishimoto T, Nemoto T, Kasai H, Takahashi N. Rapid
glucose sensing by protein kinase A for insulin exocytosis in mouse pan-
creatic islets. J Physiol 2006;570:271–282

17. Takahashi N, Kadowaki T, Yazaki Y, Ellis-Davies GC, Miyashita Y, Kasai H.
Post-priming actions of ATP on Ca2+-dependent exocytosis in pancreatic
beta cells. Proc Natl Acad Sci USA 1999;96:760–765

18. Niswender CM, Willis BS, Wallen A, et al. Cre recombinase-dependent
expression of a constitutively active mutant allele of the catalytic subunit
of protein kinase A. Genesis 2005;43:109–119

19. Wicksteed B, Brissova M, Yan W, et al. Conditional gene targeting in mouse
pancreatic ß-Cells: analysis of ectopic Cre transgene expression in the
brain. Diabetes 2010;59:3090–3098

20. Wicksteed B, Uchizono Y, Alarcon C, McCuaig JF, Shalev A, Rhodes CJ.
A cis-element in the 59 untranslated region of the preproinsulin mRNA
(ppIGE) is required for glucose regulation of proinsulin translation. Cell
Metab 2007;5:221–227

21. Clegg CH, Correll LA, Cadd GG, McKnight GS. Inhibition of intracellular
cAMP-dependent protein kinase using mutant genes of the regulatory type
I subunit. J Biol Chem 1987;262:13111–13119

22. Berglund ED, Li CY, Poffenberger G, et al. Glucose metabolism in vivo
in four commonly used inbred mouse strains. Diabetes 2008;57:1790–
1799

23. Rae J, Cooper K, Gates P, Watsky M. Low access resistance perforated
patch recordings using amphotericin B. J Neurosci Methods 1991;37:15–
26

24. Hemmings BA. cAMP mediated proteolysis of the catalytic subunit of
cAMP-dependent protein kinase. FEBS Lett 1986;196:126–130

25. Richardson JM, Howard P, Massa JS, Maurer RA. Post-transcriptional
regulation of cAMP-dependent protein kinase activity by cAMP in GH3
pituitary tumor cells. Evidence for increased degradation of catalytic
subunit in the presence of cAMP. J Biol Chem 1990;265:13635–13640

26. Malaisse WJ, Malaisse-Lagae F. The role of cyclic AMP in insulin release.
Experientia 1984;40:1068–1074

27. Alarcon C, Wicksteed B, Rhodes CJ. Exendin 4 controls insulin production
in rat islet beta cells predominantly by potentiation of glucose-stimulated
proinsulin biosynthesis at the translational level. Diabetologia 2006;49:
2920–2929

28. Saha PK, Kojima H, Martinez-Botas J, Sunehag AL, Chan L. Metabolic
adaptations in the absence of perilipin: increased beta-oxidation and de-
creased hepatic glucose production associated with peripheral insulin
resistance but normal glucose tolerance in perilipin-null mice. J Biol Chem
2004;279:35150–35158

K.A. KAIHARA AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, MAY 2013 1535

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-1013/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db12-1013/-/DC1


29. Kim JH, Stewart TP, Soltani-Bejnood M, et al. Phenotypic characterization
of polygenic type 2 diabetes in TALLYHO/JngJ mice. J Endocrinol 2006;
191:437–446

30. Pan W, Ciociola E, Saraf M, et al. Metabolic consequences of ENPP1
overexpression in adipose tissue. Am J Physiol Endocrinol Metab 2011;
301:E901–E911

31. Hammond LE, Neschen S, Romanelli AJ, et al. Mitochondrial glycerol-3-
phosphate acyltransferase-1 is essential in liver for the metabolism of
excess acyl-CoAs. J Biol Chem 2005;280:25629–25636

32. Brunzell JD, Robertson RP, Lerner RL, et al. Relationships between fasting
plasma glucose levels and insulin secretion during intravenous glucose
tolerance tests. J Clin Endocrinol Metab 1976;42:222–229

33. Polonsky KS, Given BD, Hirsch LJ, et al. Abnormal patterns of insulin
secretion in non-insulin-dependent diabetes mellitus. N Engl J Med 1988;
318:1231–1239

34. Fehse F, Trautmann M, Holst JJ, et al. Exenatide augments first- and
second-phase insulin secretion in response to intravenous glucose in
subjects with type 2 diabetes. J Clin Endocrinol Metab 2005;90:5991–5997

35. Hill RS, Oberwetter JM, Boyd AE 3rd. Increase in cAMP levels in beta-cell
line potentiates insulin secretion without altering cytosolic free-calcium
concentration. Diabetes 1987;36:440–446

36. Dov A, Abramovitch E, Warwar N, Nesher R. Diminished phosphodies-
terase-8B potentiates biphasic insulin response to glucose. Endocrinology
2008;149:741–748

37. Davies SP, Reddy H, Caivano M, Cohen P. Specificity and mechanism of
action of some commonly used protein kinase inhibitors. Biochem J 2000;
351:95–105

38. Poppe H, Rybalkin SD, Rehmann H, et al. Cyclic nucleotide analogs as
probes of signaling pathways. Nat Methods 2008;5:277–278

39. Gloerich M, Bos JL. Epac: defining a new mechanism for cAMP action.
Annu Rev Pharmacol Toxicol 2010;50:355–375

40. Song WJ, Seshadri M, Ashraf U, et al. Snapin mediates incretin action and
augments glucose-dependent insulin secretion. Cell Metab 2011;13:308–
319

41. Zhang C-L, Katoh M, Shibasaki T, et al. The cAMP sensor Epac2 is a direct
target of antidiabetic sulfonylurea drugs. Science 2009;325:607–610

42. Nagy G, Reim K, Matti U, et al. Regulation of releasable vesicle pool sizes
by protein kinase A-dependent phosphorylation of SNAP-25. Neuron 2004;
41:417–429

43. Vikman J, Svensson H, Huang YC, et al. Truncation of SNAP-25 reduces the
stimulatory action of cAMP on rapid exocytosis in insulin-secreting cells.
Am J Physiol Endocrinol Metab 2009;297:E452–E461

44. Baba T, Sakisaka T, Mochida S, Takai Y. PKA-catalyzed phosphorylation of
tomosyn and its implication in Ca2+-dependent exocytosis of neuro-
transmitter. J Cell Biol 2005;170:1113–1125

45. Zhang W, Lilja L, Mandic SA, et al. Tomosyn is expressed in beta-cells and
negatively regulates insulin exocytosis. Diabetes 2006;55:574–581

46. Bhatnagar S, Oler AT, Rabaglia ME, et al. Positional cloning of a type 2
diabetes quantitative trait locus; tomosyn-2, a negative regulator of insulin
secretion. PLoS Genet 2011;7:e1002323

47. Foster LJ, Yeung B, Mohtashami M, Ross K, Trimble WS, Klip A. Binary
interactions of the SNARE proteins syntaxin-4, SNAP23, and VAMP-2 and
their regulation by phosphorylation. Biochemistry 1998;37:11089–11096

48. Brown H, Larsson O, Bränström R, et al. Cysteine string protein (CSP) is
an insulin secretory granule-associated protein regulating beta-cell exo-
cytosis. EMBO J 1998;17:5048–5058

49. Zhang H, Kelley WL, Chamberlain LH, Burgoyne RD, Wollheim CB, Lang J.
Cysteine-string proteins regulate exocytosis of insulin independent from
transmembrane ion fluxes. FEBS Lett 1998;437:267–272

50. Evans GJ, Morgan A. Regulation of the exocytotic machinery by cAMP-
dependent protein kinase: implications for presynaptic plasticity. Biochem
Soc Trans 2003;31:824–827

PKA REGULATES ACUTE-PHASE INSULIN RELEASE

1536 DIABETES, VOL. 62, MAY 2013 diabetes.diabetesjournals.org


