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Although it is well-established how nutrients, growth factors,
and hormones impact functional �-cell mass (BCM), the influ-
ence of the central nervous system in this regard, and especially
in the context of islet immune modulation, has been understud-
ied. Here we investigated the expression and activity of pancre-
atic islet �7 nicotinic acetylcholine receptor (�7nAChR) in islet
anti-inflammatory and prosurvival signaling. Systemic adminis-
tration of �7nAChR agonists in mice improved glucose toler-
ance and curtailed streptozotocin-induced hyperglycemia by
retaining BCM, in part through maintaining Pdx1 and MafA
expression and reducing apoptosis. �7nAChR activation of mouse
islets ex vivo led to reduced inflammatory drive through a JAK2–
STAT3 pathway that couples with CREB/Irs2/Akt survival signal-
ing. Because the vagus nerve conveys anti-inflammatory signals to
immune cells of the spleen and other nonneural tissues in the vis-
cera by activating �7nAChR agonists, our study suggests a novel
role for �-cell �7nAChR that functions to maintain �-cell survival
and mass homeostasis through modulating islet cytokine and
phosphatidylinositol 3-kinase–dependent signaling pathways.
Exploiting these pathways may have therapeutic potential for the
treatment of autoimmune diabetes.

Normal immune system function in the viscera requires
modulation by the central nervous system. Consequently, key
pathological manifestations of type 1 diabetes (T1D)2 include
autonomic dysfunction, islet inflammation, and �-cell immune
destruction (1–3). The autonomic nervous system (ANS) via
the vagus nerve normally regulates a host of homeostatic pro-
cesses including pancreatic islet function (4) as well as proin-
flammatory processes through the so-called “cholinergic anti-
inflammatory system” (5–7). This system curtails innate immune

system overactivity to maintain homeostasis in response to a range
of inflammatory insults and disease states. The central cellular
player for this system is the ligand-gated ion channel �7 nicotinic
acetylcholine receptor (�7nAChR or “�7R”), widely expressed in
the brain (8), autonomic ganglia (9), and reticuloendothelial sys-
tem (10) but also in pancreatic �-cells (11, 12). This system
requires �7R activation in cells of the reticuloendothelial system
(classically splenic immune cells) via vagal stimulation with
reduced NF-�B signaling activity leading to decreased proinflam-
matory cytokine expression (5–7). Although the role of the cholin-
ergic branch of the ANS on �-cell function in human islets has
been questioned in a study that found that �-cells impact �-cell
function through paracrine secretion of ACh (13), a subsequent
study suggests that autonomic signaling through nicotinic recep-
tors B2 and B4 plays an important role in insulin secretion (14).
Hence, distinct mechanisms of cholinergic input to �-cells appear
to underlie the regulation of �-cell function versus growth and
survival signals.

The hallmark of T1D is the immune-mediated destruction of
insulin-producing �-cells (1, 2, 15). A complex interplay
between islets and immune cells results in the local release of
proinflammatory cytokines (IL-1�, TNF�, and IFN�), trigger-
ing NF-�B–mediated up-regulation of iNOS (16). These cyto-
kine effects are �-cell–specific. Chronically induced iNOS
increases nitric oxide (NO) generation, which triggers islet dys-
function and, in the long-term, iNOS-dependent and -indepen-
dent pathways of proinflammatory cytokine signaling, causing
�-cell apoptosis (17–19). For T1D-susceptible individuals, it is
critical to devise therapeutic strategies to counter the inflam-
matory drive to preserve islet function and survival during early
inflammatory states.

As opposed to the �-cell muscarinic receptor 3 (M3R) (20),
and more recently, �-cell �2/�4nACh receptors (14) with
defined roles in �-cell function, a role for �-cell �7R has not
been fully elucidated. However, nicotine itself (a nonspecific
nAChR agonist) has been shown to reduce T1D in rodent mod-
els, although its mechanism of action and the pancreatic cell
types involved are unknown (21). Recently, central and sys-
temic acetylcholinesterase inhibition has been found to prevent
T1D (22) and T2D (23) in rodents. However, to date, there are
no studies demonstrating whether �-cell �7R activation may
contribute to the observed improvement of glucose homeosta-
sis in mouse models of diabetes. The objective of this study was
to determine the efficacy of specific �7R agonists to prevent,
delay the onset of, or reduce the severity of multiple low-dose
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STZ (MLDS) diabetes, which models certain features of T1D,
and to resolve the role of �-cell �7R in this improvement.

Results

�-Cells express �7nAChR and exhibit STAT3 activation–
dependent anti-inflammatory signaling

We verified that �7R is expressed in pancreatic �-cells in
rodents (11, 12). By quantitative real-time PCR, we detected

Chrna7 (�7nAChR) mRNA in INS-1 insulinoma cells (not
shown) as well as in normal mouse islets (Fig. 1A, top). This was
corroborated at the protein level by immunoblot (Fig. 1A, bot-
tom). Prior studies in immune cells have demonstrated that
�7R is a critical effector of anti-inflammatory signaling through
the JAK2–STAT3 signaling pathway (24, 25). We tested �7R-
mediated activation of STAT3 by treating INS-1 cells with
PNU-282987 (PNU) (100 �M), a complete and highly specific

Figure 1. STAT3 dependence of �7nAChR anti-inflammatory signaling in �-cells. A, �-cells express �7R. RT-PCR reveals Chrna7 expression (encoding �7R)
in mouse islets (upper panel) corroborates anti-�7R immunoblot (IB, lower panel). B, time course of �7R-mediated STAT3 phosphorylation (Thr705) in INS-1 cells.
INS-1 cells were treated with �7R agonist (PNU, 100 �M) in heat-inactivated serum medium. Cell lysates were collected at intervals of 10 min, and immuno-
blotting was performed for phosphorylated and total STAT3. Band densitometry demonstrates that �7R agonist led to progressive STAT3 phosphorylation,
peaking at 60 min (*, p � 0.05). C, generation of INS-1 cells with shRNA-mediated stable KD of STAT3 protein and scrambled shRNA control (scr). INS-1 cells were
transfected with either GFP-tagged shRNA or scrambled shRNA as a control, and GFP-positive INS-1 cells were obtained through puromycin selection. Effective
STAT3 KD was determined by immunoblot assessing total STAT3 protein levels. STAT3 protein level in the selected KD clone was reduced 60% compared with
the scrambled control. These are representative live cell fluorescence images of GFP-positive shRNA and scrambled control INS-1 cells. D, INS-1 cells exhibit
STAT3-dependent activation of �7R, required for anti-inflammatory signaling. Representative immunoblots from INS-1 cells with STAT3 KD and control cells
subjected to proinflammatory cytokine challenge (TNF�, IL-1�, and IFN�) � PNU treatment reveal reduced proinflammatory signaling through decreased
phospho-NF-�B and increased phospho-STAT3 levels, resulting in reduced iNOS induction in scrambled control shRNA INS-1 cells, which was abrogated in
INS-1 cells with STAT3 KD. Band intensity quantitation was performed from three separate blots (*, p � 0.05).
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�7R agonist, and observed a time-dependent phosphorylation
of tyrosine (Thr705) of STAT3, reaching a peak at 60 min with a
2.4-fold increase compared with vehicle-treated INS-1 cells
(Fig. 1B). To test STAT3 dependence on �7R activation, we
created a constitutive knockdown (KD) of STAT3 in INS-1 cells
by transfecting GFP-tagged shRNA against STAT3 and used
GFP-tagged scrambled shRNA as a control (Fig. 1C). We
achieved an effective 60% reduction of STAT3 protein levels in
a GFP-positive shRNA clone compared with a scrambled
shRNA STAT3 control INS-1 cells (Fig. 1C). The STAT3 KD
and scrambled control transfected INS-1 cells were next chal-
lenged with a mixture of proinflammatory cytokines (TNF�,
IL-1�, and IFN�) to test STAT3 dependence on �7R signaling.
Accordingly, cytokine stimulation of scrambled control STAT3
INS-1 cells resulted in a 3.6-fold increased phosphorylation and
activation of NF-�B over the vehicle control, concomitant with
a 16-fold induction of iNOS protein levels (Fig. 1D). Pretreat-
ment and continued exposure of INS-1 cells with the �7R ago-
nist during the cytokine challenge in the scrambled control
STAT3 cells reduced the extent of NF-�B phosphorylation (to
1.65-fold increased) as well as lowering the induction of iNOS
protein levels (to 7.4-fold increased) (Fig. 1D). Whereas the
cytokine mixture alone activated STAT3 (4.8-fold increased),
the �7R agonist further increased STAT3 phosphorylation
(9-fold), resulting in reduced iNOS induction, likely through an
interaction with NF-�B as demonstrated previously (25, 26).
The inhibitory effects of �7R activation on NF-�B phosphory-
lation and iNOS protein induction was completely lost under
proinflammatory cytokine challenge in the STAT3 KD INS-1
cells, resulting in reduced phosphorylated and total STAT3
protein (Fig. 1D). Collectively, proinflammatory cytokine chal-
lenge experiments in the INS-1 cells with STAT3 KD demon-
strated that STAT3 signaling is an integral component of anti-
inflammatory action mediated by the �7R pathway.

We next performed isolated B6N mouse islet experiments to
evaluate �7R agonist–mediated activation of STAT3 signaling.
A 1-h treatment of isolated mouse islets with �7R agonist PNU
(100 �M) caused a 2-fold increase in the phosphorylation of
tyrosine (Thr705) on STAT3 protein (Fig. 2A), similar to INS-1
cells (Fig. 1B). We further tested the anti-inflammatory effects
of �7R agonist–mediated activation of STAT3 signaling in
islets subjected to a proinflammatory cytokine challenge by
pretreatment (1 h) with the PNU agonist or a specific antago-
nist, methyllycaconitine (MLA) (100 nM), comparing it to
vehicle (DMSO)-treated controls. These treatments either
increased or decreased STAT3 phosphorylation, respectively,
leading to reduced or enhanced NF-�B proinflammatory sig-
naling (Fig. 2B). Whereas iNOS was induced 12.5-fold over the
control in cytokine-treated islets alone, upon PNU pretreat-
ment, the iNOS induction signal was reduced to 4.7-fold over
the control. MLA pretreatment of islets essentially maintained
cytokine-induced iNOS generation. Phosphorylated NF-�B,
correlated with its increased proinflammatory activity, was
reduced in PNU-treated islets (1.4- versus 3.1-fold in cytokine
only) (Fig. 2B). Because phospho(Thr705)-STAT3 correlates
with reduced proinflammatory drive (25), in the cytokine
alone–treated islets, the phospho-STAT3 signal was reduced to
28% of the control islets (no cytokine). However, PNU treat-

ment restored phospho-STAT3 levels to 114% of the control
levels, and MLA treatment maintained reduced phospho-
STAT3 levels (21% of control) (Fig. 2B). Thus, �-cell anti-in-
flammatory signaling via JAK2/STAT3 can be activated by
direct �7R stimulation. Hence, systemically delivered �7 ago-
nists likely target pancreatic �-cells directly, in addition to
other tissues, to execute their anti-inflammatory action.

Islet anti-inflammatory signaling depends on Chrna7
expression

To assess the specificity of PNU action through �7R, we
tested the anti-inflammatory effects of �7R signaling in isolated
mouse islets subjected to a proinflammatory cytokine challenge
in islets from Chrna7 haplodeficient (Het) and Chrna7 KO
mice. Whereas Het mouse islets retain a PNU-stimulated
reduction in iNOS generation similar to WT islets, as demon-
strated in Fig. 2C, islets from Chrna7 KO mice treated with
PNU exhibit no reduction in iNOS levels. Therefore, curtail-
ment of cytokine-induced iNOS generation with PNU depends
on at least one functional Chrna7 gene copy.

�-Cells exhibit �7nAChR-dependent Akt/Irs2 growth and
survival signaling

The �7R is the central effector of the vagus nerve–mediated
anti-inflammatory reflex. We established previously that a
bilateral celiac branch vagotomy in normal Sprague-Dawley
rats leads to a transient loss of activated �-cell Akt and signaling
that correlated with reduced proliferation (27). This suggested
that the celiac branches of the vagus nerve convey �-cell growth
and survival signals. Although the nature of this effect was
unresolved, we surmised that the highly expressed M3R acetyl-
choline receptor was unlikely to play a role because �-cell spe-
cific manipulation of M3R levels in mice failed to show a BCM/
growth phenotype (20). Accordingly, to explore potential
cross-talk through �-cell �7R signaling with downstream
canonical growth and survival pathways, we examined Irs2/Akt
signaling in WT and Chrna7 KO mouse islets stimulated ex vivo
with PNU for 72 h. In the WT mouse islets, PNU treatment
elicited a marked increase in Irs2 and phospho-Akt levels that
was not observed in islets from Chrna7 null mice (Fig. 3). Fur-
thermore, �7R-dependent increases in activated (phospho-
Ser133) CREB and Pdx1 were also observed in mouse islets upon
PNU stimulation (Fig. 3). These responses were lost in Chrna7
null mice. Collectively, these data suggest that �-cell anti-in-
flammatory drive and growth/survival signaling pathways may
be activated by direct �7R stimulation and provide mechanistic
insight into the roles of �-cell �7R in the observed functional
BCM retention in the STZ diabetic mice.

�7nAChR agonists improve glucose homeostasis in MLDS
mice

We next examined the effects of �7R agonists in MLDS mice.
To examine the effects of �7R agonist treatment on �-cell
pathophysiology in the context of autoimmune-mediated
�-cell destruction, we treated B6N mice with an �7R agonist
(10 mg/kg, i.p.) or a vehicle solution (Veh) (DMSO/PBS) and
induced diabetes with a standard MLDS regimen. This model
mimics several features of T1D with islet inflammation and
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local cytokine release (28). From the array of commercially
available �7R agonists, GTS-21, a partial agonist, was initially
chosen for in vivo testing because it has an established safety
profile in humans (29). However, as an intraperitoneal glucose
tolerance test (IPGTT) in GTS-21–treated mice at 4 days fol-
lowing the last STZ injection revealed only a modest improve-
ment in glucose tolerance (data not shown), we next tested the
effects of the complete �7R agonist, PNU, in separate timed

cohorts of mice. At week 1 following the last STZ injection, a
daily PNU treatment (10 mg/kg) resulted in a progressive
reduction in both fasting (not shown) and fed glycemia through
week 4 (Fig. 4A). STZ treatment caused a modest weight loss in
the mice after 4 weeks, which was not affected by PNU treat-
ment (not shown). IPGTT revealed a striking, progressive
improvement in glucose homeostasis in PNU/STZ-treated
mice (Fig. 4, B and C). We measured glucose-induced insulin

Figure 2. Cultured islets display �7nAChR-specific anti-inflammatory signaling. A, �7R agonist (PNU) treatment increased p-STAT3 (Thr705) levels 2-fold
compared with vehicle-treated islets. Freshly isolated B6N islets were equilibrated overnight in a standard islet culture medium followed by a 1-h incubation
in heat-inactivated serum–supplemented medium prior to exposure to �7R agonist (100 �M PNU for 1 h) or vehicle (DMSO). The densitometry data represent
ratios of p-STAT3/total STAT3 performed on three separate experiments (*, p � 0.05). B, PNU curtailed proinflammatory marker expression in mouse primary
islets, whereas its antagonist (MLA) restored proinflammatory marker expression in response to proinflammatory cytokine challenge. Freshly isolated islets
were rested overnight in islet culture medium followed by a 1-h incubation in heat-inactivated serum–supplemented medium prior to exposure to �7R agonist
or antagonist pretreatment before cytokine challenge. Shown are representative immunoblots and corresponding quantitation of inflammatory markers of
islets subjected to cytokines and treated with �7R agonist or antagonist. Islet �7R activation drives the anti-inflammatory response with reduced phospho-
NF-�B and increased phospho-STAT3 levels resulting in decreased iNOS induction, whereas �7R antagonism reverses the proinflammatory signaling response
by inhibiting STAT3 phosphorylation and restoring phospho-NF-�B levels leading to enhanced iNOS levels. C, islet anti-inflammatory signaling depends on
Chrna7 expression. WT, Chrna7 haplodeficient (Het), and Chrna7 null (KO) islets underwent cytokine challenge as described under “Experimental procedures.”
Representative iNOS immunoblots and corresponding quantitation reveal that �7R agonist reduction of cytokine-induced iNOS generation depends on at
least one functional Chrna7 gene copy. Band intensity quantitation in panels was performed from three separate immunoblots (*, p � 0.05).
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secretion during the glucose tolerance test in the 2-week treat-
ment cohort. Insulin secretion increased modestly in the PNU/
STZ group but only at the 15-min time point (�1.6-fold
improvement over the Veh/STZ group (p � 0.05, t test). Thus,
a systemically delivered complete �7R agonist improves glu-
cose homeostasis and partially restores �-cell function follow-
ing MLDS diabetes induction.

�7nAChR agonism improves BCM in MLDS mice

We next sought to determine the basis of the glycemic
improvement in PNU/STZ-treated mice after 4 weeks treat-
ment using pancreas morphometry to measure potential
changes in BCM and its contributing parameters. As antici-
pated, BCM was reduced (50%) in the vehicle-treated STZ con-
trol group (Veh/STZ) compared with the vehicle-treated con-
trol group (p � 0.01; Fig. 5A, Veh/Veh). Importantly, a 60%
higher BCM was observed in the PNU/STZ-treated mice over
that of the Veh/STZ mice (p � 0.05; Fig. 5A). To explore the

underlyingmechanismscontributingtoBCMretention,wemea-
sured �-cell proliferation, hypertrophy (�-cell size), apoptosis,
and islet size distribution. Whereas �-cell proliferation was
�40% higher in the PNU/STZ group compared with both the
PNU/Veh (p � 0.01) and Veh/Veh (p � 0.05) groups, prolifer-
ation was not significantly different between the PNU/STZ and
the Veh/STZ groups (Fig. 5B). Therefore, �-cell proliferation
appears unlikely to contribute to the greater BCM in the PNU/
STZ group. Furthermore, individual �-cell size was not differ-
ent among any of the groups (Fig. 5C). We conducted TUNEL
staining in pancreatic sections from from week 2 and week 4
mice to mark apoptotic �-cells. Whereas the Veh/Veh and
PNU/Veh groups exhibited no TUNEL� �-cells at either the 2-
or 4-week time point, the 4-week Veh/STZ and PNU/STZ
groups displayed very low numbers, which precluded a mean-
ingful comparison. However, at the 2-week time point, the
PNU/STZ group exhibited 60% reduced frequency in TUNEL�

Figure 3. �7nAChR signaling displays cross-talk with growth and survival pathways. A, representative immunoblots of WT and Chrna7 KO mice islets
subjected to 72-h treatment (PNU) or vehicle control (DMSO) demonstrate enhanced expression of profunction and prosurvival markers. PNU stimulation leads
to increased Irs2/Akt activation and augmented levels of the key �-cell transcription factor Pdx1 and the prosurvival factor CREB. Direct PNU stimulation of
these factors in islets depended on �7R expression as evidenced by loss of these responses in islets from Chrna7 null KO mice (right panels). B, band intensity
quantitation for �-cell markers was performed from three separate immunoblots (*, p � 0.05). Comparisons were made using vehicle-treated WT islets as a
reference.
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�-cells compared with the Veh/STZ group (Fig. 5D). We next
compared the relative numbers of islets in specific size classes
among the STZ-treated groups to provide insight into potential
new islet growth (neogenesis or regeneration) and islet turn-

over. We found greater numbers of smaller to medium-size
islets in the PNU/STZ-treated mice compared with the Veh/
STZ control group (Fig. 5E); however, there were no differences
between the mouse treatment groups in the largest islet size

Figure 4. �7nAChR agonist treatment ameliorates STZ-induced diabetes in mice. A, weekly fed-blood glucose levels of STZ-induced or control mice
subjected to daily injections of 10 mg/kg PNU-282987 or vehicle (4-week cohort). The mean values are indicated by red bars. B, PNU treatment improves glucose
tolerance in MLDS mice as shown by IPGTT curves; and C, the corresponding area under curve (AUC) plots. All p values (using one-way analysis of variance) are
indicated. The 4-day and 2-week cohorts were distinct from the mice used for the 4-week group. All groups, n � 5.
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classes. Thus, the augmented BCM in the STZ/PNU-treated
mice largely results from �-cell restoration/enhanced survival,
but also there may be some contribution by islet regeneration
and/or increased �-cell survival potential of small and interme-
diate islet size classes.

�7nAChR activation in MLDS mice leads to increased
expression of key �-cell transcription factors

We reasoned that 4 weeks of daily �7R activation with PNU
in MLDS mice resulting in improved glucose homeostasis
and BCM retention would likely be regulated by �-cell factors
that control growth, functional maturation, and survival.
Accordingly, utilizing a high-resolution semiquantitative im-
munofluorescence analysis (27, 30) to measure the relative lev-
els of key nuclear factors in individual �-cells and counting
�200 �-cells/mouse (range, 120 –248 �-cells), we detected an

�70% increases in the nuclear signal of both Pdx1 and MafA in
the PNU/STZ-treated group compared with the Veh/STZ
group (Fig. 6A). Similar analysis for comparing nuclear-sited,
activated (phospho-Ser133) CREB, a �-cell survival factor,
revealed that nuclear p-CREB levels in the PNU-STZ mice were
maintained at levels similar to that of the Veh/Veh control
mice, but because of a marked variation in nuclear p-CREB
immunoreactivity among different �-cells in an individual, no
significant difference was observed between the PNU/STZ and
Veh/STZ groups (Fig. 6A, top panel). Whereas mice from the
Veh/Veh and PNU/Veh control groups exhibited �-cells with
high levels of nuclear Pdx1 and MafA, �-cells from the Veh/
STZ group displayed markedly reduced nuclear Pdx1 and
MafA, as well as depleted insulin stores (Fig. 6B). These key
transcription factors, and insulin to a lesser extent, were essen-
tially restored in the PNU-treated STZ mice. Thus, it appears

Figure 5. The glycemic improvement in PNU-282987–treated mice is a result of preserved �-cell mass. A, morphometric analysis reveals that although
BCM is reduced 50% in the STZ control mice (#) compared with its respective control group after 4 weeks, the PNU-treated STZ mice showed no significant
reduction in BCM (##) compared with the Veh/Veh and PNU/Veh groups. However, a 60% higher BCM (*, p � 0.05, t test) was observed in the PNU/STZ mice
compared with the STZ control group. B, �-cell proliferation, as determined by Ki-67�/insulin� cell staining, was greater in the PNU/STZ group as compared
with the Veh/Veh and PNU/Veh groups (*, p � 0.05, t test) but not when compared with the STZ control group. C, There were no detectable differences in
individual �-cell size among the groups. D, TUNEL� �-cell staining and quantitation in pancreatic sections from week 2 mice. Whereas the Veh/Veh and
PNU/Veh groups exhibited no TUNEL� �-cells at either the 2- or 4-week time point, the PNU/STZ group exhibited 60% reduced �-cell apoptosis compared with
the Veh/STZ group at the 2-week time point (*, p � 0.01, t test). E, �-cell cluster/islet size analysis comparison between the PNU/STZ versus Veh/STZ control
group revealed a trend toward higher numbers in the smallest islet size classes but 2-fold higher (*, p � 0.01, t test) in the 4000 –7999-�m2 class (�65–90-�m
diameter) (upper panel). No differences were observed in the larger islet size classes (lower panel). All groups, n � 5.
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that key transcription factors controlling �-cell functional mat-
uration (Pdx1 and MafA) and survival (Pdx1 and to a lesser
extent CREB) are up-regulated following MLDS induction pre-
ceded by �7R agonist treatment.

Discussion

Autonomic dysfunction and inflammation are key features of
T1D. Normal homeostatic maintenance requires central nerv-
ous system regulation of digestion and nutrient metabolism as
well as control of inflammation. Data are mounting on the pri-
macy of autonomic failure (5, 6, 31), including early islet nerve
loss (32, 33), in the progression of inflammatory cascades lead-
ing to autoimmune diabetes. Furthermore, pancreatic islet cho-
linergic drive may be reduced, in part because of enhanced
�-cell acetylcholinesterase activity in early stages of the disease
(34), implicating altered ACh levels in pathological changes
leading to �-cell apoptosis. Islet ACh signaling through two
distinct receptor types, muscarinic and nicotinic, has been
studied with respect to �-cell function, growth, and survival.
Because the �-cell–specific KO of Chrm3 (encoding M3R) in
mice shows no BCM phenotype (20), this functionally impor-
tant and highly expressed muscarinic AChR is unlikely to play a

role in �-cell survival. However, preclinical studies have estab-
lished that nicotine administration (21) or nonspecific pharma-
cologic cholinergic stimulation can reverse the development or
prevent T1D (22, 35) and T2D (23). Our aim in the current
study was to test whether specific agonists activating the �7R, a
ligand-gated ion channel with a well-defined role in the cholin-
ergic anti-inflammatory pathway, might provide protection
from mouse T1D development and to examine how the �-cell
�7R might contribute to this improvement.

We demonstrated in a MLDS mouse model that a 3-day pre-
treatment with a systemic �7R agonist (PNU-282987) followed
by a daily treatment reduced hyperglycemia, improved glucose
homeostasis, and preserved BCM. BCM is the product of �-cell
turnover, dictated by new cell recruitment by proliferation
or neogenesis, and cell death via apoptosis and clearance.
Whereas we found that proliferation played no role in BCM
augmentation in the PNU/STZ group compared with the con-
trol/STZ group, there was a minor contribution of neogenesis
and/or the preferential retention of the smaller to medium-size
islets by 4 weeks of treatment. However, it appears that the
major means of BCM restoration, as determined by TUNEL

Figure 6. Glycemic improvement and �-cell mass retention from �7nAChR activation correlates with increased expression of key nuclear factors. A,
normalization of activated CREB through �7R activation in STZ-induced mice (top panel). After 4 weeks of treatment, semiquantitative immunofluorescence
analyses showed normalization of the �-cell nuclear phospho-Ser133 CREB signal in �-cells of the PNU/STZ-treated group comparable with that of the Veh/Veh
group, but no significant difference was seen between the PNU/STZ and Veh/STZ groups (p � 0.13) after 4 weeks. Nuclear phospho-CREB immunoreactivity
was significantly reduced in the PNU/Veh mice (#, p � 0.05) compared with the Veh/Veh and PNU/STZ groups. Image analyses revealed �70% increases in the
�-cell nuclear signal of both Pdx1 and MafA in the PNU/STZ-treated group (middle and bottom panels) compared with the Veh/STZ group (t test, PNU/STZ versus
Veh/STZ) after 4 weeks. B, representative fields of an islet from each animal group showing markedly reduced nuclear Pdx1 (purple) and MafA (red), as well as
insulin, in the Veh/STZ group but restored nuclear Pdx1 and MafA in the PNU/STZ mice. Insulin immunostaining (green) marks �-cells.
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staining at the 2-week time point, is reduced �-cell apoptosis.
Collectively, the morphometric data suggest that �7R agonist
treatment promotes BCM preservation by enhancing �-cell
survival. This contention is based on the normal physiological
adaptive mechanisms that drive homeostasis. Accordingly, the
vagus nerve, in addition to its well-established roles in regulat-
ing digestion and islet secretory function for glucose homeosta-
sis, has a role in maintaining organ mass and regeneration. For
instance, the ANS via the hepatic vagus nerve controls liver
regeneration by modulating both proliferation and apoptosis
(reviewed in Ref. 36). Similarly, the vagus nerve also mediates
signals that control �-cell proliferation (27, 37–39), and vagal
interruption to the pancreas in normal rats leads to a transient
loss of �-cell proliferation as well as reduced growth and sur-
vival signals (27). Thus, �7R activation in the context of MLDS
mice may partially mimic the efferent components of normal
vagal activity.

Because in the current study �7R activation in T1D-prone
mice promoted BCM retention without significantly impacting
�-cell proliferation, we concluded that �7R signaling at the
level of the �-cell may primarily drive prosurvival/anti-inflam-
matory activity. This was supported by our in vitro data in
INS-1 cells and mouse islets demonstrating �7R-mediated pro-
survival signaling (via CREB and Akt/Irs2) concomitant with
reduced inflammatory drive (via STAT3-dependent NF-�B
modulation of iNOS expression). Furthermore, PNU-282987
anti-inflammatory activity was lost in islets from Chrna7 null
mice, confirming the specificity of the agonist. Our data in
MLDS mice also support enhanced �-cell survival signaling
upon �7R activation as evidenced by increased nuclear Pdx1
levels and a trend toward enhanced activated (phospho-)CREB
levels that reduce apoptosis. Pdx1 has been ascribed a prosur-
vival function (40) in addition to its pivotal role in transactivat-
ing key �-cell genes such as MafA, which we found increased
concordantly with Pdx1 following �7R activation. These data
support the hypothesis that �7R agonist treatment, in the con-
text of MLDS-induced islet inflammation, preserves BCM by
reducing proinflammatory drive and enhancing survival. Our
results are also in accord with a recent study demonstrating that
nonspecific nAChR activation attenuates inflammatory cyto-
kine-mediated �-cell apoptosis in mouse and human islets by
reducing endoplasmic reticulum stress and alleviating the
mitochondrial/Bcl2 protein-driven apoptotic cascade (41).

Manipulation of �7R activity with nicotine and PNU-282987
has been shown to enhance insulin sensitivity in normal rats
and nonobese insulin-resistant mice in a STAT3-dependent
fashion (42). Interestingly, this pathway, active in skeletal mus-
cle, adipose, and liver, seems to be independent of the anti-
inflammatory cascade (42). As no obvious enhancement of glu-
cose tolerance was observed in PNU/Veh-treated mice
compared with the Veh/Veh control B6N WT mice, potential
�7R agonist effects on insulin sensitivity in non-STZ mice
seems unlikely. On the other hand, because PNU treatment
only modestly restored glucose-induced insulin secretion, an
�7R-mediated effect on enhancing insulin sensitivity in the
PNU/STZ mice is likely. Future studies are warranted to test
whether PNU treatment may improve insulin sensitivity in the
MLDS model.

A well-established role for the vagus nerve is to balance and
dampen the proinflammatory drive. In animal studies, the
efferent arm of this regulatory loop, the cholinergic anti-in-
flammatory pathway, can be mimicked by systemic pharmaco-
logic manipulation to reduce islet inflammatory cytokine
expression. Of particular importance, Mabley et al. (21) have
established that nicotine, a general nAChR agonist, reduces
T1D incidence in both MLDS and NOD mouse models by stim-
ulating the switch of pancreatic Th1 to Th2 cytokine levels,
decreasing proinflammatory cytokine expression while en-
hancing IL-4 and IL-10 expression, and reducing NO produc-
tion. The current study establishes that a brief 3-day pretreat-
ment with a specific �7R agonist followed by daily treatments
superimposed with a standard 5-day MLDS induction resulted
in glycemic improvement and BCM restoration in concert with
enhanced �-cell survival signaling. Our data correlate well with
a recent study by George et al. (22) wherein mice pretreated for
3 weeks with a specific and potent acetylcholinesterase inhibi-
tor (paraoxon), systemically increasing ACh levels, were sub-
jected to a similar MLDS regimen. In this context, both musca-
rinic and nicotinic ACh receptors would be activated.
Hyperglycemia was prevented and �-cells were preserved
because of a shift in the pancreatic T-cell differentiation pat-
tern, from Th17 to Th1, with IFN� playing a major role (22).
Our study complements these prior studies (21, 22) and further
demonstrates that T1D development can be mitigated with a
short pretreatment and daily administration of a highly specific
�7R agonist to impact �-cell STAT3-driven anti-inflammatory
and prosurvival signaling. Although it is likely that PNU-
282987 treatment in the context of MLDS leads to a similar
anti-inflammatory shift in pancreatic T-cell polarization, addi-
tional work is needed to determine whether this is indeed the
case.

Pharmacologic manipulation of �7R signaling may have
therapeutic potential for treating autoimmune diabetes.
Although PNU-282987 is not suitable for human use because of
off-target effects (43), this class of drugs is being tested for treat-
ing schizophrenia and neurodegenerative disorders. Future
studies are warranted to explore similar compounds with
potent �7R agonist activity that can be tested for reducing
inflammatory drive and improving �-cell survival and function
in T1D.

In summary, we have demonstrated that systemic �7nAChR
activation in mice progressively improves STZ-induced hyper-
glycemia and �-cell failure by retaining functional BCM, and
the mechanism underlying BCM restoration is, in part, because
of �-cell �7R activation eliciting both STAT3-dependent anti-
inflammatory drive and CREB/Irs2/Akt/Pdx1 prosurvival sig-
naling pathways. Thus, �-cell �7Rs function to maintain �-cell
survival and mass homeostasis through modulating islet cyto-
kine and Akt-dependent signaling.

Experimental procedures

Reagents for �7nAChR manipulation

The partial agonist GTS-21 (Tocris Bioscience) and the spe-
cific agonist PNU-282987 (Alomone Labs) were used for �7R
activation, whereas MLA (Tocris) was used as a specific �7R
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antagonist. Tissue culture reagents (media, FCS, and antibiot-
ics) were purchased from Gibco/Thermo Fisher Scientific, and
general chemicals and reagents were purchased from Sigma.

Studies using the INS-1 �-cells

Proinflammatory cytokine challenge (TNF�, IL-1�, and
IFN�) of INS-1 cells in the presence of �7R agonist and
antagonist—INS-1 (832/13) cells were maintained in RPMI
1640 containing 10% fetal bovine serum, 8.3 mmol/liter glu-
cose, 10 mmol/liter HEPES, 100 mmol/liter L-glutamine, 50
mmol/liter sodium pyruvate, 100 units/ml penicillin, 100
�g/ml streptomycin, and 50 �mol/liter �-mercaptoethanol.
The experimental INS-1 cells were pretreated (1 h) with vehicle
(DMSO), �7R agonist PNU-282987 (100 �M), or �7R antago-
nist MLA (100 nM) in the experimental media followed by a 5-h
incubation in heat-inactivated serum–supplemented media
with a 1� cytokine mixture (human TNF�, IL-1�, and IFN�:
1000� mixture containing 5 �g/ml IL-1, 10 �g/ml TNF�, and
100 �g/ml IFN� (ProSpec Technologies)) with the continued
presence of PNU and MLA. The cells were washed with PBS
and lysed using lysis buffer (50 mmol/liter HEPES, 150 mmol/
liter NaCl, 1% Triton X-100, 5 mmol/liter EDTA, 5 mmol/liter
EGTA, 20 mmol/liter sodium pyrophosphate, 20 mmol/liter
sodium fluoride, 1 mmol/liter activated sodium orthovanadate,
1 mmol/liter phenylmethylsulfonyl fluoride, and 1� protease
inhibitors mixture containing 1 �g/ml each leupeptin, apro-
tinin, and pepstatin A).

Immunoblotting—INS-1 cell lysate proteins (25 �g) were
separated by SDS-PAGE and electrophoretically transferred
onto polyvinylidene difluoride membranes (Bio-Rad Laborato-
ries). Membranes were incubated overnight at 4 °C with one
of the following antibodies: total STAT3 (rabbit monoclonal,
Cell Signaling Technology), phospho-STAT3–Tyr705 (rabbit
monoclonal, Cell Signaling), phospho-NF-�B–Ser536 (rabbit
monoclonal, Cell Signaling), iNOS/NOS2 (rabbit polyclonal,
Millipore), IRS-2 (rabbit polyclonal, Cell Signaling Technology),
phospho-Akt–Ser473 (rabbit monoclonal, Cell Signaling Technol-
ogy), total Akt1 (rabbit monoclonal, Cell Signaling Technology),
total CREB (rabbit polyclonal, Cell Signaling Technology),
phospho-CREB–Ser133, and Pdx1 (rabbit polyclonal, Millipore).
Immunoblot membranes were washed and incubated with goat
anti-rabbit horseradish peroxidase–conjugated antibody (Bio-
Rad) 1 h at room temperature. Detection was by chemilumines-
cence (Western Thunder, Thermo Fisher Scientific), and autora-
diography was performed using HyperFilm-ECL (GE Amersham
Biosciences). Immunoblots were stripped and reprobed to estab-
lish equivalent loading using anti-�-actin (rabbit polyclonal, Cell
Signaling Technology).

Establishing stable knockdown of STAT3 in INS-1 cells—Four
29mer shRNA plasmids in a retroviral GFP vector (pGFP-V-RS)
directed against rat STAT3 (Origene, GI737473: 5	-GTCCT-
CTATCAGCACAACCTGCGAAGAAT-3	; GI737474: 5	-CAG-
AGCAGGTATCTTGAGAAGCCAATGGA-3	; GI737475:
5	-ACTGGATAACTTCATTAGCAGAATCTCAA-3	; and
GI737476: 5	-TTCTTCACTAAGCCTCCGATTGGAAC-
CTG-3	) along with a scrambled control sequence (5	-GCA-
CTACCAGAGCTAACTCAGATAGTACT-3	) were propa-
gated in Escherichia coli, and plasmid DNA was isolated

using a midi-prep kit (Qiagen). INS-1 cells (60% confluency,
10-cm plates) were transfected with either a single shRNA or
pooling of four shRNA (20 �g of plasmid DNA along with a
scrambled control using Lipofectamine 2000 (Invitrogen)).
At 24 h post-transfection, the INS-1 cells underwent puro-
mycin selection (1.0 �g/ml) for 3 weeks. The puromycin-
resistant/GFP-positive clones expressed STAT3 shRNA or
scrambled shRNA. We screened �30 clones for stable KD of
STAT3 by Western blot screening and used a clone yielding
a maximum 60% reduction of STAT3 protein levels com-
pared with the scrambled control. These stable clones of
INS-1 cells, maintained under puromycin selection (0.5
�g/ml), were used for the cytokine challenge (TNF�, IL-1�,
and IFN�) in the presence and absence of the �7R agonist
PNU-282987 as described above. The cell lysates (25 �g of
protein) were processed and immunoblotted for the measur-
ing of iNOS, phospho-NF-�B, and total and phospho-
STAT3 levels.

Isolated islet studies

Mouse islets were isolated from 10 –12-week-old male
C57BL/6NTac mice (B6N, Taconic) and Chrna7 null mice
(detailed below) by pancreatic duct infiltration with collagen-
ase, Histopaque gradient separation, and hand picking. The
basal mRNA expression of �7R in the mouse islets was detected
by RT-PCR using verified Chrna7 primers (forward, 5	-TTGC-
CAGTATCTCCCTCCAG-3	; and reverse, 5	-CTTCTCATT-
CCTTTTGCCAG-3	). The thermal cycle program used an ini-
tial denaturing step at 94 °C for 5 min followed by 25 cycles
(94 °C for 15 s, 51 °C for 30 s, and 72 °C for 1 min) and a final
extension step of 10 min at 72 °C. The isolated mouse islet
lysates were used to detect �7R protein expression using a rab-
bit polyclonal antibody (Sigma-Aldrich). The proinflammatory
cytokine (TNF�, IL-1�, and IFN�) challenge experiments were
performed in overnight cultured mouse islets (WT, Het, and
KO of Chrna7) under experimental conditions similar to those
used for INS-1 cells (described above). The islet lysates (20 �g)
were used for the Western blot analysis of iNOS, phospho-NF-
�B, total and phospho-STAT3 levels, IRS-2, total and phospho-
Akt, Pdx1, and total and phospho-CREB. Immunoblots were
stripped and reprobed to establish equivalent loading using
anti-�-actin (rabbit polyclonal, Cell Signaling Technology).

Animal studies

Ten- to 12-week-old male B6N WT mice (Taconic) and
�7nAChR (Chrna7) null mice in the B6 background (The
Jackson Laboratory (JAX), B6.129S7-Chrna7tm1Bay/J) were
utilized in comparative, interventional, and cultured islet
studies. Chrna7 null mice were obtained by crossing
heterozygous mice, and PCR genotyping was done as
detailed by JAX. All mice were acclimatized to the University
of Vermont Animal Facility for 1 week before use. Mice were
maintained ad libitum on a standard chow diet and a 12/12-h
light/dark cycle. Male mice were chosen for diabetes induc-
tion studies because female B6 mice are relatively refractory
to experimentally induced diabetes (44). For interventional
studies, either GTS-21 or PNU-282987 (10 mg/kg) or vehicle
(DMSO/sterile PBS, 5:8) was administered i.p. daily starting
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at day 7. STZ (Sigma) was prepared freshly daily in 10 mmol/
liter citrate buffer, pH 4.0. T1D was induced using a standard
MLDS method using 50 mg/kg/day for 5 days starting at day
10. After obtaining University of Vermont Institutional Ani-
mal Use and Care Committee approval, the guidelines were
strictly followed for these studies.

Glucose homeostasis measurements

Starting at day 15, daily fed-blood glucose concentration
(FreeStyle monitor, Abbott) was measured on B6N mice. At 4
days and at 2 and 4 weeks following a 6-h fast, an IPGTT (2 g/kg)
was performed (n � 5/group) by sampling glucose concentra-
tions at 0, 15, 30, 60, 90, and 120 min. Plasma insulin concen-
tration was measured at 0, 15, 30, and 120 min using a mouse
ELISA kit (ALPCO).

Pancreas morphometry and immunofluorescence

After 2 and 4 weeks, B6N mice were euthanized by exsangui-
nation following i.p. sodium pentobarbital (n � 5/group). Pan-
creata were rapidly procured, fixed in 4.0% paraformaldehyde,
and routinely processed for paraffin embedding, and a plani-
metric method was used to measure BCM as detailed previ-
ously (30, 45). The relative size distribution of islets and small
endocrine cell clusters was measured using established meth-
ods (30, 45). We have used relative size distribution previously
to provide insight into potential new islet growth or neogenesis.
�-Cell proliferation frequency was measured using the nuclear
marker Ki-67 as detailed previously (30). Individual �-cell size
was measured using the membrane marker pan-cadherin as
detailed (30, 45). For determination of apoptotic �-cells, a mod-
ified TUNEL staining protocol using a DeadEnd TUNEL label-
ing kit (Promega) was used followed by streptavidin-Alexa
Fluor 647 (Invitrogen) with anti-insulin and 4	,6-diamidino-2-
phenylindole (DAPI) nuclear counterstaining, measuring 5
mice/group. Morphometric data were acquired and analyzed
using a Nikon Ti-E workstation and NIS Elements software. For
each morphometric assay, 5 mice/group were included. For
semiquantitative immunofluorescence studies of key �-cell
transcription and survival factors, sections were batch co-im-
munolabeled for insulin and Pdx1 (Developmental Studies
Hybridoma Bank, University of Iowa), MafA (Bethyl Laborato-
ries), or phospho-CREB (Cell Signaling Technology), imaged
using a 60� oil PlanApo objective with identical settings, and
analyzed as detailed previously (27, 30).

Statistical analyses

Data are presented as mean � S.E. as indicated. Statistical
significance (p � 0.05) was determined by one-way analysis of
variance or the unpaired Student’s t test, as indicated, and plot-
ted using GraphPad Prism 7.0.
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