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Numerous overexpression studies have recently
implicated Syntaxin 4 as an effector of insulin se-
cretion, although its requirement in insulin granule
exocytosis is unknown. To address this, islets from
Syntaxin 4 heterozygous (�/�) knockout mice
were isolated and compared with islets from wild-
type mice. Under static incubation conditions, Syn-
taxin 4 (�/�) islets showed a 60% reduction in
glucose-stimulated insulin secretion compared
with wild-type islets. Perifusion analyses revealed
that Syntaxin 4 (�/�) islets secreted 50% less in-
sulin during the first phase of glucose-stimulated
insulin secretion and that this defect could be fully
restored by the specific replenishment of recom-
binant Syntaxin 4. This essential role for Syntaxin 4
in secretion from the islet was localized to the
�-cells because small interfering RNA-mediated

depletion of Syntaxin 4 in MIN6 �-cells abolished
glucose-stimulated insulin secretion. Moreover,
immunofluorescent confocal microscopy revealed
that Syntaxin 4 was principally localized to the
�-cells and not the �-cells of the mouse islet. Re-
markably, islets isolated from transgenic mice that
express 2.4-fold higher levels of Syntaxin 4 relative
to wild-type mice secreted approximately 35%
more insulin during both phases of insulin secre-
tion, suggesting that increased Syntaxin 4 may be
beneficial for enhancing biphasic insulin secretion
in a regulated manner. Taken together, these data
support the notion that Syntaxin 4-based SNARE
complexes are essential for biphasic insulin gran-
ule fusion in pancreatic �-cells. (Molecular Endo-
crinology 20: 183–193, 2006)

THE PANCREATIC �-cell responds to increases in
circulating glucose levels by releasing insulin in a

highly regulated manner. Initiation of the process oc-
curs when glucose enters the cell through the glucose
transporter (GLUT2) present on the plasma mem-
brane, which is rapidly metabolized, causing an in-
crease in the cellular ATP/ADP ratio. In response to the
altered ATP/ADP ratio the KATP-sensitive channels
close and evoke membrane depolarization, which
leads to activation of the Ltype-voltage-dependent cal-
cium channels. The resultant increase in intracellular
calcium triggers first phase insulin release (1–5). First-
phase secretion is attributed to the fusion and release
of insulin from granules clustered at the cell surface,
termed the ready releasable pool, whereas second
phase entails the mobilization and trafficking of intra-
cellular storage pools of insulin secretory granules to
the plasma membrane (6, 7). Whereas the mechanism
has not been fully elucidated, fusion of insulin secre-

tory granules is known to be regulated by soluble
N-ethylmaleimide sensitive factor attachment protein
receptor (SNARE) protein complexes at the plasma
membrane.

Upon stimulation with glucose, the target mem-
brane t-SNARE proteins Syntaxin 1 (Syn1) and
SNAP-25 [soluble NSF (N-ethylmaleimide sensitive
factor) attachment protein] receptor tether the insulin
granules to the plasma membrane through interaction
with their cognate vesicle v-SNARE protein, vesicle-
associated membrane protein VAMP2. These three
proteins form a heterotrimeric SNARE core complex,
which through an undefined mechanism facilitates the
fusion of the insulin secretory granule with the plasma
membrane and release of insulin from the cell (8–11).
Insulin secretion is known to be mediated by a
VAMP2-dependent mechanism because cleavage of
VAMP2 abolishes all insulin secretion (11, 12). Cleav-
age of SNAP-25 only reduces insulin secretion by 50%
(8) but can be substituted for by the abundant
SNAP-23 isoform in Syn1-based SNARE complexes.
However, inactivation of Syn1 reduces glucose-stim-
ulated insulin secretion only by 25% (12, 13), suggest-
ing that another Syntaxin isoform might be responsible
for the remainder of VAMP2-dependent glucose-stim-
ulated insulin secretion.

In fact, islet �-cells express detectable levels of
three additional plasma membrane-localized Syntaxin
isoforms, Syntaxins 2, 3, and 4 (9, 14–16). Recent
studies have indirectly implicated the Syntaxin 4
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(Syn4) isoform in insulin granule exocytosis, in that
multiple Syn4 binding proteins participate in glucose-
stimulated insulin secretion (17–19). Syn4 is best char-
acterized as the t-SNARE which facilitates glucose
uptake into skeletal muscle and adipose tissue (20–
27). We have previously shown that Munc18c, the
high-affinity binding partner to Syn4, was essential for
normal glucose-stimulated insulin secretion in mouse
islets (17). Furthermore, sequestration of Syn4 by
overexpression of the Syn4-interacting protein synip
resulted in inhibited insulin secretion and inhibition of
the interaction between Syn4 and VAMP2 in insulin-
secreting �HC-9 cells (18). Whereas these data pro-
vide indirect support for a functional role for Syn4 in
exocytosis of insulin secretory granules from the pan-
creatic �-cell, it is unclear as to whether it is essential
to the process.

In the present study, we provide the first direct evi-
dence for a positive and essential role for Syn4 in regu-
lating biphasic glucose-stimulated insulin secretion. Is-
lets isolated from Syn4 (�/�) heterozygous knockout
mice displayed a significant 50% reduction in the first
phase of glucose-stimulated insulin secretion, and this
deficit was normalized by adenoviral-mediated restora-
tion of Syn4 protein levels. Syn4 was visualized princi-
pally in the �- and not the �-cells of the islet, suggesting
that its role was in the insulin-secreting �-cells. Consis-
tent with data generated from Syn4 (�/�) islets, reduced
glucose-stimulated insulin secretion was recapitulated
using Syn4-specific small interfering RNA (siRNA)-medi-
ated knockdown in MIN6 cells. Remarkably, islets iso-
lated from transgenic mice that overexpress Syn4 pro-
tein showed significantly enhanced biphasic insulin
secretion that was independent of alterations in insulin
content. Taken together, these data suggest that in-
creased Syn4 may be therapeutically beneficial and rep-
resent a new target for enhancing insulin release in a
biphasic and regulatable manner.

RESULTS

Syntaxin 4 Is Required for Glucose-Stimulated
Insulin Secretion from Islets

To determine the functional requirement for Syn4 in
insulin secretion, islets were isolated from Syn4 het-
erozygous (�/�) knockout and wild-type mice. Anal-
ysis of protein abundances in the islets showed that
Syn4 and Munc18c protein levels were specifically
reduced by 40–50% in Syn4 (�/�) islets as compared
with wild-type islets (Fig. 1, A and B). This coordinate
reduction in Munc18c with alterations in Syn4 abun-
dance is consistent with our previous observations in
pancreas tissue extracts from Syn4 (�/�) mice (27).
Also similar to our previous report, abundances of
other Syn4 binding proteins and alternate SNARE iso-
forms such as Syn1, SNAP-25, and VAMP2 and were
unchanged (Fig. 1, A and B). Functionally, wild-type
islets showed a 19-fold increase in insulin secretion

Fig. 1. Islets Isolated from Syn4 (�/�) Mice Have Impaired
Glucose-Stimulated Insulin Secretion

Islets were isolated from wild-type (Wt) and Syn4 heterozy-
gous (�/�) knockout mice as described in Materials and
Methods. A, Approximately 200 islets isolated from each
mouse strain were solubilized in SDS-sample buffer and re-
solved on 12% SDS-PAGE, transferred to polyvinylidene di-
fluoride and immunoblotted (IB). B, OD scanning quantitation
of three independent islet immunoblot experiments. Band
density for Wt was set to 100% and data tabulated as the
percentage of band density for Syn4 (�/�) relative to that of
Wt, and are shown as means � SE, *, P � 0.05 vs. Wt. C,
Isolated islets were preincubated for 2 h in low glucose (2.8
mM) KRBH followed by a 2-h glucose stimulation (20 mM).
Insulin released into the KRBH and insulin content of the
islets was quantitated by RIA. Insulin released was normal-
ized to insulin content performed in triplicate in each of three
independent islet isolation experiments, and data are shown
as the average � SE; *, P � 0.05, wild-type glucose-stimu-
lated secretion vs. Syn4 (�/�) stimulated secretion.
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after a 2-h static incubation with 20 mM glucose, as we
have reported previously (19), and Syn4 (�/�) islets se-
creted only 6-fold over basal (Fig. 1C). Wild-type and
Syn4 (�/�) islets released similar levels of insulin under
basal conditions (2.8 mM glucose), and the total insulin
content did not differ. Thus, the reduction of Syn4 and
Munc18c proteins in islets correlated with a significant
decrease in glucose-stimulated insulin secretion.

The pancreatic islet is composed of multiple cell
types, 70–80% of which are �-cells. To determine the
relative abundance of Syn4 in the insulin-secreting
�-cells of the islet, we used immunofluorescent con-
focal microscopy. Immunofluorescent labeling of wild-
type mouse islets demonstrated that Syn4 colocalized
with insulin secreting �-cells (Fig. 2A, panels 1–3), as
evidenced by a high incidence of yellow signal in the
merged image. By contrast, Syn4 did not appear to
colocalize with the glucagon-secreting �-cells present
at the perimeter of the mouse islet (Fig. 2A, panels
4–6). Moreover, to clearly visualize the plasma mem-
brane localization of Syn4 in �-cells, MIN6 cultured �-
cells were immunostained for Syn4 (Fig. 2A, panel 7).
Immunostaining demonstrated the plasma membrane
localization of Syn4, which showed a similar localiza-

tion to the cell perimeter as the well-characterized �-
cell t-SNARE protein SNAP-25 (Fig. 2A, panels 7 and
8). Furthermore, both Syn4 and SNAP-25 showed a
lesser amount of intracellular punctuate labeling,
which has also been reported in other cell types and
thought to represent SNARE protein biogenesis and
trafficking to the plasma membrane compartment (28).
To biochemically confirm the plasma membrane local-
ization of Syn4 in �-cells, MIN6 cells were subfraction-
ated as described previously into three main com-
partments: granule, cytosol (soluble), and plasma
membrane (29). The plasma membrane compartment
was assessed for enrichment of the well-described
Syn1 protein (30), the granule compartment was
marked by the enrichment of phogrin (31) and VAMP2
(32), and the cytosolic fraction validated by the pres-
ence of soluble forms of Cdc42 (33) and Munc18c (34).
Similar to the partitioning of Syn1, Syn4 abundance
was highest in plasma membrane with a small amount
present in the granule fraction and none in the cyto-
solic (soluble) fraction (Fig. 2B). These studies dem-
onstrated that Syn4 was expressed and localized to
the plasma membrane of insulin-secreting �-cells of
the islet.

Fig. 2. Syn4 Protein Localizes to the Plasma Membrane of Insulin-Secreting �-Cells
A, Islets isolated from wild-type mice were fixed and permeabilized for immunostaining with mouse antiinsulin (panel 1), rabbit

anti-Syn4 (panels 2 and 5) or guinea pig antiglucagon (panel 4) primary antibodies. Islets were fluorescently labeled by the addition
of antimouse Texas Red, antirabbit FITC or antiguinea pig Cy5-conjugated secondary antibodies for visualization by confocal
microscopy at the mid plane of islet cluster (�100 objective). Colocalization (yellow) is seen in merged images of Syn4 with insulin
(panel 3). Merge of Syn4 with glucagon (panel 6) shows little to no colocalization (white). Immunofluorescent localization of Syn4
to the plasma membrane was performed in MIN6 �-cells using rabbit anti-Syn4 or mouse anti-SNAP-25 primary antibodies and
Texas-Red secondary antibody (panels 7 and 8), and images captured with a �100 objective (�3 zoom). All images are
representative of greater than five independent fields. B, Subcellular fractionation of MIN6 cells and localization of exocytic
proteins. MIN6 cells were incubated in glucose-free MKRBB for 2 h followed by fractionation. Fractions (30 �g granule and plasma
membrane, 60 �g cytosolic protein per lane) were resolved on 12% SDS-PAGE and transferred to polyvinylidene difluoride for
immunoblotting. Data are representative of three to five sets of fractions.

Spurlin and Thurmond • Syntaxin 4 Regulates Insulin Secretion Mol Endocrinol, January 2006, 20(1):183–193 185
D

ow
nloaded from

 https://academ
ic.oup.com

/m
end/article/20/1/183/2741461 by guest on 24 April 2024



Depletion of Syntaxin 4 in MIN6 �-Cells Reduces
Insulin Release

Unlike Syn1, Syn4 is not susceptible to cleavage by
botulinum toxins (15, 35). Thus, to determine the
potential involvement of Syn4 in insulin secretion,
we used siRNA-mediated depletion of Syn4. Four
different siRNA constructs were initially generated
against Syn4 and introduced into Chinese hamster
ovary (CHO)-K1 cells using a plasmid delivery sys-
tem (pSilencer1.0; Ambion, Austin, TX). Because
CHO-K1 cells express very low levels of endoge-
nous Syn4 protein, cells were coelectroporated with
recombinant Syn4 DNA plus one of the four different
siRNA constructs to examine the capability of each
siRNA to specifically deplete recombinant Syn4 ex-
pression. A control siRNA sequence (siCon) re-
ported to lack recognition of mammalian sequences
was included in each experiment (36). Cell lysates
were prepared and assessed for Syn4 expression by
immunoblotting (Fig. 3A). Quantitation of multiple
sets of lysates using OD scanning showed that al-
though all four siRNAs resulted in diminished levels
of Syn4 to varying degrees, siRNA construct no. 3
exhibited the greatest reduction (80–85%). Given
that the transfection efficiency as gauged by GFP
fluorescence in electroporated cells was between
70% and 90% in each CHO-K1 electroporation, this
level of knockdown suggested that the siRNA was at
least 90% effective at targeting Syn4.

To determine whether the knockdown of Syn4
would alter basal or glucose-stimulated insulin se-
cretion, we cotransfected MIN6 �-cells with the
Syn4 siRNA with human proinsulin DNA and quan-
titated the release of human C-peptide. Human C-
peptide, cleaved from human proinsulin, is immuno-
logically distinct from the mouse C-peptide secreted
from the MIN6 �-cells and therefore allows detec-
tion of insulin release specifically from transfected
cells (37, 38). Transient transfection was performed
using Tfx-50 reagent and achieved expression of
recombinant protein in approximately 10–20% of
the cell population. Similar to previous reports using
this assay, glucose stimulated approximately 30%
more human C-peptide compared with basal levels
(37, 39, 40) in cells transfected with a control vector
(pcDNA3) or siCon. By contrast, transfection of
MIN6 cells with Syn4 siRNA abolished glucose-stim-
ulated insulin secretion compared with the cells
transfected with the control siRNA, but had no effect
upon basal level secretion (Fig. 3B). Because of the
low efficiency of transient transfection in the MIN6
cells we could not detect siRNA knockdown of
Syn4; however, the functional ablation of glucose-
stimulated human C-peptide release in consistent
with the idea that Syn4 is essential for glucose-
stimulated insulin secretion from �-cells.

Syntaxin 4 Functions in First-Phase
Insulin Secretion

Although there was diminished glucose-stimulated in-
sulin secretion from Syn4 (�/�) islets during static
culture, the constraints of the static incubation exper-
iment fail to distinguish whether Syn4 mediates first,
second ,or both phases of glucose-stimulated insulin
secretion. Therefore, to determine which phase of glu-
cose-stimulated insulin secretion required Syn4, we
perifused islets isolated from Syn4 (�/�) or wild-type

Fig. 3. siRNA-Mediated Knockdown of Syn4 Abolishes Glu-
cose-Stimulated Insulin Secretion in MIN6 Cells

Four Syn4 siRNA double-stranded oligonucleotides were
subcloned into the pSilencerU6–1.0 vector (Ambion). A,
CHO-K1 cells were coelectroporated with siRNA constructs
and pcDNA3-Syn4 as a reporter of knockdown (CHO-K1
cells have very low levels of endogenous Syn4 protein). After
48 h incubation, detergent lysates were prepared and sub-
jected to 10% SDS-PAGE for immunoblotting with anti-Syn4
and antiactin (loading control) antibodies. B, MIN6 cells were
cotransfected using Tfx-50 (Promega) with either control or
Syn4 siRNA plasmid DNAs (siCon and siSyn4, respectively)
plus human proinsulin DNA as described in Materials and
Methods. After 48 h incubation, cells were incubated in
glucose-free or 20 mM glucose in MKRBB for 60 min. Human
C-peptide derived from the transfected cells and secreted
into the media was measured by RIA. Data represent the
average � SE for four independent CHO-K1 electroporation
and MIN6 transfection experiments with at least two inde-
pendent batches of cesium chloride-purified DNA. *, P �
0.05, vs. siCon.
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mice in parallel chambers and measured insulin se-
cretion every min over a 60-min time period (Fig. 4A).
After an equilibration period of 30 min, islets were
perifused for 10 min in KRBH buffer containing 2.8 mM

glucose (basal), followed by stimulation for 35 min at
20 mM glucose, and finally returned to basal conditions
for an additional 15 min. Insulin release kinetics
showed biphasic responsiveness from islets isolated
from wild-type mice that mimicked those previously
reported (41). Wild-type islets exhibited a peak within
5 min of glucose stimulation, consistent with the oc-
currence of first phase insulin secretion. The first
phase peak was followed by a sustained second
phase that persisted at a level approximately 2-fold
higher than basal level until glucose levels were re-
duced back to basal (2.8 mM). However, islets from

Syn4 (�/�) mice showed a significant 50% reduction
in first phase secretion (Fig. 4B), as quantitated by the
area under the curve between 11 and 17 min. Second
phase of secretion (18–45 min) from the Syn4 (�/�)
islets showed a trend toward reduction in a compila-
tion of three independent isolation and perifusion ex-
periments, although this did not reach statistical sig-
nificance. Furthermore, using an immunodepletion
assay in Streptolysin-O permeabilized MIN6 cells,
which is designed to assess secretion from the
primed/docked pool (first phase) of insulin secretory
granules and exclude secretion from mobilized gran-
ules, introduction of three independent sources of af-
finity-purified anti-Syn4 antibodies resulted in a 40–
60% reduction in calcium-stimulated insulin secretion
relative to IgG controls (data not shown). Thus, these
data indicate that Syn4 was functionally essential for
facilitating first-phase insulin secretion.

To verify that the defect in glucose-stimulated insu-
lin secretion resulted from specific reduction in Syn4
protein, we replenished Syn4 by adenoviral expression
of recombinant protein in the Syn4 (�/�) islets and
assessed biphasic insulin secretion (Fig. 5A). Freshly
isolated Syn4 (�/�) islets were transduced [multiplic-
ity of infection (M.O.I.) � 100] with adenoviral particles
encoding enhanced green fluorescent protein (EGFP)
(control, Con-Ad) or Syn4 protein (packaged with
EGFP, Syn4-Ad) for 1 h followed by an overnight in-
cubation. Islets exhibiting green fluorescence (infec-
tion efficiency �90–100%) were handpicked into
tubes for SDS-PAGE and immunoblotting analysis as
performed in Fig. 1A. Syn4-Ad transduced islets
showed 3.3-fold more Syn4 protein relative to Con-Ad
transduced islets (Fig. 5, A and B). By contrast, Syn4
(�/�) islets transduced with either Con-Ad or Syn4-Ad
showed equivalent abundances of Syn1, SNAP-25,
and VAMP2. For analysis of biphasic secretion, green
fluorescent islets were handpicked and placed onto
dual columns and subjected to the identical perifusion
regime described for Fig. 4. Syn4 (�/�) islets trans-
duced with Syn4-Ad showed a full restoration of insu-
lin secretion in each phase to levels observed in wild-
type mice, whereas control transduced Syn4 (�/�)
islets still showed deficient biphasic secretion (Fig.
5C). Quantitation of area under the curve revealed this
to be a significant 40% increase in first phase secre-
tion in islets transduced with Syn4-Ad compared with
control transduced islets (Fig. 5D). Again, there was a
trend for increased second phase secretion, although
it did not reach statistical significance (P � 0.08).
These data indicated that the abundance of Syn4 pro-
tein positively correlated with the level of insulin se-
creted during first phase insulin secretion.

Overexpression of Syntaxin 4 Enhances
Insulin Secretion

Syn4 transgenic mice express approximately 3–5-fold
more Syn4 protein in skeletal muscle, fat, pancreas,
and the islets therefrom (24). These mice have in-

Fig. 4. Islets from Syn4 (�/�) Mice Have Significantly Im-
paired First Phase Insulin Secretion

Islets isolated from wild-type (Wt, filled diamonds) or Syn4
(�/�, open squares) mice were handpicked into groups of 50
and layered onto cytodex bead columns as described in
Materials and Methods. A, Insulin release from a representa-
tive perifusion experiment. Islets were first preincubated for
30 min in low glucose (2.8 mM), then basal samples collected
(1–10 min) at low glucose to establish baseline. Glucose was
then elevated to 20 mM for 35 min, and subsequently returned
to low glucose for 15 min. Eluted fractions were collected at
1-min intervals at a flow rate of 0.3 ml/min and insulin secre-
tion determined by RIA. B, Quantitation of area under the
curve (AUC) for first (11–17 min) and second (18–45 min)
phase insulin secretion from islets isolated from Wt (filled
bars) and Syn4 (�/�) mice (open bars), normalized to base-
line. Data represent the average � SE of three to five inde-
pendent sets of islets. *, P � 0.05 vs. Wt islets.
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creased insulin sensitivity and are protected against
high-fat diet-induced insulin resistance (24, 42). The in-
creased sensitivity was found to be resultant from an
increased rate of glucose uptake mediated by increased
GLUT4 translocation in skeletal muscle, due presumably
to the increased number of Syn4-based fusion sites at
the plasma membrane. Analogously, we questioned
whether islets isolated from the Syn4 transgenic (Syn4
Tg) mice would show an increased amplitude or rate of
first or second phase glucose-stimulated insulin secre-
tion. As previously reported (24), Syn4 Tg islets con-
tained 2.4-fold more Syn4 and 1.7-fold more Munc18c
protein than wild-type islets, with no significant alter-
ations in other exocytic proteins such as Syn1, SNAP-25,
or VAMP2 (Fig. 6A). In perifusion experiments, Syn4 Tg
islets displayed significant increases in amplitude of
each phase insulin secretion compared with wild-type
islets, and quantitation of area under the curve showed
this to be a significant 35% increase in the extent of
insulin release during each phase of secretion (Fig. 6B).
Similarly, in glucose tolerance tests we observed that
serum insulin levels of Syn4 Tg mice peaked within 5
min, compared with the 15–30 min required by Wt mice
to reach the same peak (P � 0.02) (24). Islets taken from
Syn4 Tg mice showed significantly enhanced quantities
of insulin released in response to 20 mM glucose: Syn4
Tg was 5.36 � 1.11, vs. Wt at 2.68 � 0.36 pg/ml/10 islets
normalized for insulin content (P �0.05). Basal secretion
was insignificantly increased in Syn4 Tg islets: 0.73 �
0.29, vs. Wt: 0.33 � 0.03 pg/ml/10 islets normalized for
insulin content (P � 0.16). However, when expressed in
terms of stimulation index (glucose-stimulated/basal se-
cretion), Syn4 Tg islet secretion did not statistically differ
from that of Wt islets (ranged from 11- to 14-fold for Syn4
Tg vs. 10- to 11-fold for Wt) (24). Taken together, these

Fig. 6. Overexpression of Syn4 Confers Enhanced Biphasic
Insulin Secretion

Islets were isolated from wild-type (Wt) or Syn4 Tg mice. A,
Approximately 200 islets were solubilized in SDS-sample
buffer and resolved on 12% SDS-PAGE, and transferred to
polyvinylidene difluoride for immunoblotting. B, Islets were
hand picked and placed on columns for perifusion as de-
scribed in Fig. 4. First and second phase quantitation of area
under the curve (AUC) for Wt (filled bars) and Syn4 Tg islets
(diagonal lined bars) normalized to baseline. Data represent
the average � SE of four to six independent sets of islets. *,
P � 0.05 vs. Wt islets.

Fig. 5. Replenishment of Syn4 Protein Restores First Phase
Insulin Secretion to Syn4 (�/�) Islets

Islets were isolated from Syn4 (�/�) mice and immediately
transduced at M.O.I. � 100 with adenoviral particles encod-
ing EGFP as control for infection (Con-Ad) or Syn4 (Syn4-Ad)
for 1 h at 37 C. Islets were cultured overnight, after which
green fluorescent labeled islets were handpicked under a
fluorescence microscope for secretion studies. A, Approxi-
mately 200 Syn4 (�/�) islets transduced with Con-Ad or
Syn4-Ad were solubilized in SDS-sample buffer and resolved
on 12% SDS-PAGE, transferred to polyvinylidene difluoride
and immunoblotted. B, OD scanning quantitation of three
independent islet immunoblot experiments. Data were tabu-
lated as the ratio of band density for Syn4-Ad relative to that
of Con-Ad and are shown as means � SE, *, P � 0.05 vs.
Con-Ad. C, Insulin release from a representative sample of
adenovirally transduced Syn4 (�/�) islets. Transduced islets
(Con-Ad, open squares; Syn4-Ad, filled diamonds) were
handpicked into groups of 50 and placed onto columns for
perifusion analysis as described in Fig. 4. D, Quantitation of
area under the curve (AUC) for first (11–17 min) and second
(18–45 min) phase insulin secretion from islets transduced
with Con-Ad (open bars) and Syn4-Ad (filled bars), normal-
ized to baseline. Data represent the average � SE of three to
five independent sets of islets. *, P � 0.05 vs. Con-Ad islets;
Gluc, D-glucose.
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data suggest that increased Syn4 and Munc18c may
functionally accelerate insulin release in vivo.

DISCUSSION

In this report, we present the first evidence that Syn4
plays and essential positive role in the exocytosis of
insulin granules. Islets isolated from Syn4 (�/�)
knockout mice displayed a significant impairment in
the first phase of glucose-stimulated insulin secretion,
although exhibited basal secretion levels similar that of
wild-type islets. Immunofluorescent confocal micros-
copy revealed that Syn4 was primarily localized to islet
�-cells of the mouse islet, suggesting that Syn4 func-
tioned directly in insulin granule exocytosis and not
indirectly in another cell type of the islet. In MIN6 �-
cells, siRNA-mediated reduction of Syn4 resulted in
impaired glucose-stimulated insulin secretion, consis-
tent with the islet data. Mechanistically, wild-type
abundance of Syn4 was shown to be required for peak
amplitude and extent of insulin release during both
phases of secretion. This was demonstrated by the
partial loss of function in Syn4 (�/�) islets, and by the
complete restoration of function upon specific replen-
ishment of Syn4-Ad to Syn4 (�/�) islets. Importantly,
enhanced Syn4 abundance in Syn4 Tg islets conferred
significantly enhanced insulin secretion during both
phases. Altogether, these data are consistent with a
model whereby Syn4-based complexes function as
fusion sites for docked and primed granules released
during first phase secretion, and that the addition of
more Syn4 sites (as in the Syn4 Tg islets) can be
accessed by granule pools during second phase se-
cretion. Thus, the addition of more Syn4-based fusion
sites at the plasma membrane could be advantageous
in efforts to increase the number of granule fusion
events occurring per phase, in vivo.

In 1996, Syn1 was identified as the critical t-SNARE
responsible for mediating fusion of insulin secretory
granules to the plasma membrane (13, 14, 43). Syn1 is
known to be essential for calcium-stimulated insulin
secretion (13). This is likely due to a direct interaction
between Syn1 and the LD-voltage-dependent Ca2�

channel in pancreatic �-cells (13). Calcium influx is
known to facilitate the immediate fusion of insulin se-
cretory granules located in the ready releasable pool
with the plasma membrane. Therefore, it had been
proposed that Syn1 regulates first phase insulin se-
cretion. However, depletion of Syn1 resulted in only a
25% loss of glucose-stimulated insulin secretion (12,
44, 45), suggesting that a second VAMP2-based
mechanism must exist to account for the deficit.

However, Syn4 (�/�) islets showed significantly di-
minished first-phase secretion in the perifusion analy-
sis, with a trend toward reduction in second phase
secretion as well. The requirement for a particular
abundance of Syn4 was further confirmed by the res-
toration of function upon specific replenishment of

Syn4 by adenoviral expression. Consistent with this,
overexpression of Synip reduced glucose-stimulated
insulin release during both phases, presumably by
binding and sequestering endogenous Syn4 (18).
However, alteration of abundance of Syn4 results in
coordinate changes in Munc18c, such that it is theo-
retically possible that the phenotype of the Syn4 (�/�)
islets is due to the loss of Syn4, Munc18c, or the
Syn4-Munc18c complex. Further studies are needed
to discriminate the requirement for Syn4 alone in the
absence of alterations of Munc18c expression.

Whereas both Syn1 and Syn4 isoforms are required
for insulin secretion, they do not appear to be used in
an entirely redundant manner. Although each binds
VAMP2 and SNAP-25 in MIN6 cells (data not shown),
Syn1 complexes with Munc18–1, whereas Syn4 is
specific for Munc18c (46–50). In addition, SNARE core
complex formation featuring either Syn1 or Syn4 as its
t-SNARE could be activated by different secreta-
gogues, GTPases, or by differential localization at the
plasma membrane. For example, we have shown that
the cycling of the Rho family GTPase Cdc42 is acti-
vated specifically upon glucose induction, whereas
GTPases Rac and Rap are stimulated via glucose or
potassium stimulation (51–53). In addition, we and
others have reported that Syn1 interacts with Cdc42
(33, 54), but that Syn4 does not (Thurmond, D. C.,
unpublished). Alternatively, Syn1 and Syn4 may be
differentially localized to plasma membrane or caveo-
lar lipid domains. In support of this, we have been able
to coimmunoprecipitate Syn1 but not Syn4 with the
caveolar marker protein Caveolin-1 (Nevins, A. K., and
D. C. Thurmond, manuscript submitted) providing ev-
idence that t-SNAREs are partitioned at the plasma
membrane and this compartmentalization could be
essential in triggering different events leading to bi-
phasic insulin secretion. In addition, recent works have
begun to elucidate the effects of certain glucose po-
tentiators in partitioning granules into distinct pools for
release (55). Use of these glucose potentiators such as
free fatty acids, GLP-1 or carbachol with the Syn4
(�/�) islets will aid in the determination of the role of
Syn4 in granule exocytosis from the readily- and im-
mediate releasable pools and/or in mobilization of
granules from the storage pools, and will also contrib-
ute to defining a specific role for Syn4 relative to Syn1
in biphasic insulin granule exocytosis.

Perifusion analysis of the Syn4 Tg islets indicated that
overexpression of Syn4 protein coincided with signifi-
cant increase of glucose-stimulated insulin secretion
during both phases. Because biphasic secretion in the
Syn4 Tg islets occurred during the same time periods
(10–17 min) but showed increased peak amplitude, the
data support the notion that the additional Syn4 provided
more insulin granule fusion sites that were utilizable by
the various pools of granules, culminating in a faster rate
of fusion. Conversely, Syn1 overexpression in cultured
cells and in islets causes inhibition of insulin secretion
(18, 56), suggesting that the mechanistic details under-
lying Syn1 vs. Syn4-regulated fusion might differ. In fact,
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overexpression of Syn1 inhibited L-type calcium channel
activity, insulin biosynthesis and exocytosis in �-cell
lines, whereas overexpression of Syn4 was without ef-
fect (57). The difference of effects of overexpression
between Syn1 and Syn4 may lie in their potential to bind
and sequester cellular proteins essential to exocytosis,
e.g. Syn1 binds to the L-type calcium channel, potas-
sium channels, Cdc42, and Caveolin-1. Therefore, in-
creased amounts of Syn4 but not Syn1 were beneficial to
augmentation of insulin secretion, and further elucidation
of the signaling pathway(s) leading to Syn4-based com-
plexes may provide new targets for pharmacological
intervention.

The Syn4 (�/�) mice are characterized as insulin re-
sistant and glucose intolerant at 4–6 months of age (27).
The insulin resistance correlated with a defect in whole
body and skeletal muscle glucose uptake, attributed to
reduced insulin-stimulated GLUT4 vesicle fusion with the
plasma membrane. However, in the present studies the
islets used were collected from 8- to 12-wk-old mice,
and at this age the Syn4 (�/�) knockout mice were still
glucose tolerant (data not shown). Thus, these defects in
insulin secretion clearly preceded the onset of peripheral
insulin resistance. Although further experiments will be
required to establish the role of Syn4 in biphasic insulin
secretion, our data are consistent with the concept that
reductions in insulin release may precede insulin resis-
tance and represent a primary genetic risk factor predis-
posing individuals to type 2 diabetes (58). In some cases,
the loss of first-phase insulin secretion is known to occur
in type 2 diabetic patients, and rodent models of insulin
resistance and type 2 diabetes have been reported to
have aberrant expression of SNARE proteins including
Syn4 and Syn1 (27, 59) However, whether there is a
correlation between aberrant Syn4 or Syn1 levels and
type 2 diabetes in humans must await further
investigation.

In summary, this is the first report documenting an
essential role for Syn4 in glucose-stimulated insulin
secretion in isolated mouse islets and pancreatic
�-cells. Moreover, we demonstrate that increased ex-
pression of Syn4 in islets generated �-cells with in-
creased capacity to secrete insulin in a regulated and
biphasic manner. Further research will focus on defin-
ing pathway(s) leading to Syn4-based fusion com-
plexes as well as distinguishing the mechanisms un-
derlying Syn1-based granule fusion from Syn4-based
granule fusion in biphasic insulin secretion.

MATERIALS AND METHODS

Materials

The rabbit polyclonal Syntaxin 4 and VAMP2 antibodies were
obtained through Chemicon (Temecula, CA) and SYSY (Gottin-
gen, Germany), respectively. Syntaxin 1 and clathrin antibodies
were purchased from Upstate Biotechnology (Lake Placid, NY)
and Transduction Laboratories (Lexington, KY), respectively.
Goat antirabbit-horseradish peroxidase and antimouse-horse-
radish peroxidase secondary antibodies and Tfx-50 lipofection

reagent were acquired from Bio-Rad (Hercules, CA). The RIA
grade BSA, Streptolysin-O and D-glucose were obtained from
Sigma (St. Louis, MO). MIN6 cells were a gift from Dr. John
Hutton (University of Colorado Health Sciences Center, Denver,
CO). Hyperfilm-MP and enhanced chemiluminescence (ECL)
reagent were obtained from Amersham Biosciences (Piscat-
away, NJ). Supersignal Ultra ECL reagent and Vectashield were
purchased from Pierce (Rockford, IL) and Vector Laboratories
(Burlingame, CA), respectively. Texas Red, fluorescein isothio-
cyanate (FITC), and Cy5-conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). The human C-peptide, rat insulin, and sensitive rat
insulin RIA kits were acquired from Linco Research Inc. (St.
Charles, MO). All other chemicals were of reagent grade or best
quality commercially available.

Plasmids

The pSilencer1.0-Syn4 construct no. 3 (siSyn4) was gener-
ated by insertion of annealed complimentary double-
stranded oligonucleotides encoding 19 nucleotides (nt) (TG-
CAGTCCGAATACCGAGA) of rat Syntaxin 4, followed by a
loop region (TTCAAGAGA) and the antisense of the 19 nt. The
pSilencer1.0 control construct (siCon) was generated simi-
larly, using a 19-nt sequence (GCGCGCTTTGTAGGATTCG)
that failed to recognize any other mammalian protein using
the basic local assignment and search tool (36). Similarly,
siRNAs encoding Syn4 nos. 1, 2, and 4 were as follows: no.
1, GTTCGGCAGACTATGGCCAA; no. 2, GCCTGCGAGAG-
GAGATCAAA; no. 4, GCCGCATCGAGAAGAACATC. Oligo-
nucleotides were generated to encode ApaI and EcoRI sites
at the 5� and 3� ends for insertion into the pSilencer 1.0 vector
(Ambion, Inc.). The Syn4-Ad adenovirus was generated by
insertion of the full-length rat Syntaxin 4 cDNA into the 5�
EcoRI site and the 3� XbaI site of the pAdTREpA vector (Dr.
Beverly Davis, University of Iowa Gene Transfer Vector Core,
Iowa City, IA). The construct was linearized by restriction
digestion with XbaI and packaged with EGFP to enable visu-
alization of infection efficiency. pAdCMV-EGFP (Con-Ad)
purchased from The University of Iowa Gene Transfer Vector
Core Facility and used as a control for adenoviral infection.
Both adenoviruses were generated from single plaques.

Cell Culture, Transient Transfection, and
Insulin Secretion

CHO-K1 cells were purchased from the American Type Culture
Collection (Manassas, VA) and cultured in Ham’s F-12 medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
100 �g/ml streptomycin and 292 �g/ml L-glutamine. At 80–90%
confluence, cells were electroporated with 40 �g DNA as pre-
viously described (34), thus obtaining approximately 70% of
cells transfected. After 48 h incubation, cells were harvested in
Nonidet P-40 lysis buffer (1% Nonidet P-40, 10% glycerol, 50
�M sodium fluoride, 10 mM sodium pyrophosphate, 1 mM so-
dium vanadate, 137 mM sodium chloride, 1 mM phenylmethyl-
sulfonyl fluoride, 1 �g/ml pepstatin, 10 �g/ml aprotinin, and 5
�g/ml leupeptin) and lysates cleared after microcentrifugation
for 10 min at 4 C for subsequent immunoblotting. MIN6 cells
were cultured in DMEM (25 mM glucose) supplemented with
15% fetal bovine serum, 100 U/ml penicillin, 100 �g/ml strep-
tomycin, and 292 �g/ml L-glutamine and 50 �M �-mercapto-
ethanol as described previously (33, 60–62). At 40–50% con-
fluence, cells were cotransfected with 2.5 �g of each plasmid
DNA and human proinsulin (pCB6/INS, a gift from Dr. Chris
Newgard, Duke University, Durham, NC) as previously de-
scribed (18). After 48 h incubation, cells were washed twice and
incubated for 2 h in MKRBB [5 mM KCl, 120 mM NaCl, 15 mM

HEPES (pH 7.4), 24 mM NaHCO3, 1 mM MgCl2, 2 mM CaCl2, and
0.1% BSA], stimulated with 20 mM glucose for 1 h and super-
natant collected for quantitation using a human C-peptide im-
munoassay kit (Linco Research, Inc.).
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Subcellular Fractionation

Subcellular fractions were isolated as previously described
(33). Briefly, MIN6 cells at 70–80% confluence were washed
with cold PBS and harvested into 1 ml of homogenization
buffer [20 mM Tris-HCl (pH 7.4), 0.5 mM EDTA, 0.5 mM EGTA,
250 mM sucrose, and 1 mM dithiothreitol containing the fol-
lowing protease inhibitors: leupeptin (10 �g/ml), aprotinin (4
�g/ml), pepstatin (2 �g/ml), and phenylmethylsulfonyl fluoride
(100 �M)]. Cells were disrupted by 10 strokes through a
27-gauge needle and homogenates centrifuged at 900 � g
for 10 min. Postnuclear supernatants were centrifuged at
5500 � g for 15 min and the subsequent supernatant cen-
trifuged at 25,000 � g for 20 min to obtain the secretory
granule fraction in the pellet. The supernatant was further
centrifuged at 100,000 � g for 1 h to obtain the cytosolic
fraction. All steps were performed at 4 C. Plasma membrane
fractions were obtained by mixing the postnuclear pellet with
1 ml Buffer A (0.25 M sucrose, 1 mM MgCl2, and 10 mM

Tris-HCl (pH 7.4)] and 2 vol Buffer B [2 M sucrose, 1 mM

MgCl2, and 10 mM Tris-HCl (pH 7.4)]. The mixture was over-
laid with Buffer A and centrifuged at 113,000 � g for 1 h to
obtain an interface containing the plasma membrane. The
interface was collected and diluted to 2 ml with homogeni-
zation buffer for centrifugation at 3000 � g for 10 min, and the
resulting pellet collected as the plasma membrane fraction.

Mice

All studies involving mice followed the guidelines for the use and
care of laboratory animals. Syntaxin 4 heterozygous (�/�)
knockout mice were the kind gift of Jeffrey Pessin (SUNY,
Stonybrook, NY) and express 50% less Syntaxin 4 protein in all
major tissues and organs (27). Syn4 (�/�) mice used in these
studies were bred in the Laboratory Animal Resource Center
facility at the Indiana University School of Medicine for at least
six generations to C57BL/6J strain mice, bringing the back-
ground enrichment to at least F10. Syntaxin 4 transgenic (Syn4
Tg) mice were generated as described previously (24), with
founder mice of the C57BL/6J background strain. Syn4 is ex-
pressed at 3- to 5-fold over that of endogenous in skeletal
muscle, adipose tissue, and pancreas tissues only (24).

Isolation and Culture of Mouse Islets

Pancreatic mouse islets were isolated as previously de-
scribed (19) as adapted from Lacy (63). Briefly, pancreata
from 8- to 12-wk-old male mice were digested with collage-
nase and purified using a Ficoll density gradient. After isola-
tion, islets were cultured overnight at 37 C/ 5% CO2 in CMRL-
1066 media (static and perifusion experiments) or RPMI-1640
(for adenoviral infection).

Immunofluorescence and Confocal Microscopy

Islets were isolated from wild-type mice, washed with PBS,
handpicked onto glass coverslips, and affixed with Cell-Tak
(BD Biosciences, Bedford MA). Islets were immediately fixed
in 4% paraformaldehyde for 25 min and permeabilized in 3%
Triton X-100 for 3–4 h at room temperature. Fixed islets were
blocked in 5% donkey serum (Sigma, St. Louis, MO) in 0.15%
Triton X-100 overnight at 4 C. Islets were equilibrated at room
temperature in antibody incubation buffer (0.2% Triton
X-100/1% BSA/PBS) for 20 min, followed by an overnight
incubation with mouse antiinsulin and guinea pig antigluca-
gon (1:1000) and rabbit anti-Syntaxin 4 (1:500) reconstituted
in antibody incubation buffer at 4 C. Islets were then washed
three times with 0.2% Triton X-100/1% BSA/PBS for 30 min
at room temperature, followed by incubation with anti-Texas
Red, FITC or Cy5 secondary antibodies (1:1000) overnight at
4 C. Islets were then washed three times in PBS, overlayed

with vectashield mounting medium and coverslips mounted
for imaging analysis using the Zeiss 510 confocal microscope
(Carl Zeiss, Jena, Germany).

Static Culture

Fresh islets from wild-type and Syntaxin 4 heterozygous
(�/�) mice were hand-picked into groups of 10, preincu-
bated in KRBH [10 mM HEPES (pH 7.4), 134 mM NaCl, 5 mM

NaHCO3, 4.8 mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, 1.2 mM

KH2PO4] containing 2.8 mM glucose and 0.1% BSA for 2 h,
followed by stimulation with 20 mM glucose for 2 h. Media
were collected to measure insulin secretion and islets were
harvested in Nonidet P-40 lysis buffer as described above to
determine cellular insulin content by RIA.

Perifusion of Islets

Islets were handpicked into groups of 50 onto a column
between two layers of Cytodex 3 beads (Amersham Bio-
sciences, Piscataway, NJ), washed twice with Dulbecco’s
PBS (magnesium-free) and preincubated for 30 min at 37 C in
KRBH as described above. Islets were perifused at a flow rate
of 0.3 ml/min for 10 min in KRBH containing 2.8 mM glucose
with eluted fractions captured at 1-min intervals, followed by
glucose stimulation (20 mM) for 35 min. Insulin secreted into
eluted fractions was quantitated by a sensitive rat insulin RIA
(Linco Research, Inc.).

Adenoviral Transduction of Islets

Islets were isolated as described above, and immediately
transduced at an M.O.I. � 100 with either Syn4-Ad or Con-Ad
CsCl-purified particles titered at 1 � 1010 pfu/ml and 3 � 1010

pfu/ml, respectively, for 1 h at 37 C. Transduced islets were
then washed twice and incubated overnight in RPMI-1640 at
37 C/5% CO2. EGFP fluorescence was visualized in greater
than 95% of cells in all experiments. EGFP fluorescent islets
were handpicked for perifusion analysis.

Statistical Analysis

All data expressed as mean � SE. Data were evaluated for
statistical significance using Student’s t test.
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