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Synaptotagmin-7 is a principal Ca%* sensor for
Ca2*-induced glucagon exocytosis in pancreas
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Hormones such as glucagon are secreted by Ca’*-induced exocytosis of large dense-core
vesicles, but the mechanisms involved have only been partially elucidated. Studies of
pancreatic B-cells secreting insulin revealed that synaptotagmin-7 alone is not sufficient to
mediate Ca’*-dependent insulin granule exocytosis, and studies of chromaffin cells secreting
neuropeptides and catecholamines showed that synaptotagmin-1 and -7 collaborate as Ca**
sensors for exocytosis, and that both are equally involved. As no other peptide secretion was
analysed, it remains unclear whether synaptotagmins generally act as Ca** sensors in large
dense-core vesicle exocytosis in endocrine cells, and if so, whether synaptotagmin-7 always
functions with a partner in that role. In particular, far less is known about the mechanisms
underlying Ca**-triggered glucagon release from a-cells than insulin secretion from B-cells,
even though insulin and glucagon together regulate blood glucose levels. To address these issues,
we analysed the role of synaptotagmins in Ca**-triggered glucagon exocytosis. Surprisingly,
we find that deletion of a single synaptotagmin isoform, synaptotagmin-7, nearly abolished
Ca**-triggered glucagon secretion. Moreover, single-cell capacitance measurements confirmed
that pancreatic a-cells lacking synaptotagmin-7 exhibited little Ca**-induced exocytosis,
whereas all other physiological and morphological parameters of the a-cells were normal. Our
data thusidentify synaptotagmin-7 as a principal Ca** sensor for glucagon secretion, and support
the notion that synaptotagmins perform a universal but selective function as individually acting
Ca”* sensors in neurotransmitter, neuropeptide, and hormone secretion.
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Glucagon secretion is stimulated when blood glucose levels
are low to restore normal glucose levels by activating
glucose production and glucose release in the liver. Like
neurotransmitter release by synaptic vesicle exocytosis,
secretion of peptide hormones, such as glucagon, is
triggered by Ca’" (Gerber & Siidhof, 2002; Gromada
et al. 2007; MacDonald et al. 2007; Rorsman et al.
2008). However, little is known about the molecular
mechanisms regulating glucagon secretion in particular,
or Ca*"-dependent hormone secretion beyond insulin and
catecholamine release in general.

This paper has online supplemental material.
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Synaptotagmins constitute a family of at least 15
proteins primarily expressed in neurons and endo-
crine cells. Eight of the 15 synaptotagmins bind Ca®*
(synaptotagmin-1, -2, -3, -5, -6, -7, -9 and -10),
and exhibit diverse Ca®*-binding properties (Siidhof,
2002). Of these eight Ca*"-binding synaptotagmins, only
synaptotagmin-1, -2 and -9 function as Ca*" sensors
for fast synchronous neurotransmitter release (Geppert
et al. 1994; Pang et al 2006; Xu et al. 2007). The
differential distribution and distinct properties of the three
neuronal Ca’" sensors support the emerging notion that
synaptotagmins serve as individually acting Ca** sensors
in neurotransmitter release (Geppert et al. 1994; Pang et al.
2006; Sun et al. 2007; Xu et al. 2007). However, itis not clear
whether the synaptotagmin-calcium sensor paradigm is
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generally applicable to exocytosis of large dense-core
vesicles (LDCVs), including the hormone-containing
secretory granules of endocrine cells. So far, Ca*"-induced
exocytosis of two types of LDCVs — of catecholamine-
and neuropeptide-containing granules in chromaffin
cells, and of insulin-containing granules in pancreatic
B-cells — was shown to be mediated by synaptotagmins
(Gustavsson et al. 2008; Schonn et al. 2008). Surprisingly,
in both cell types, exocytosis was mediated by more than
one synaptotagmin isoforms that appeared to cooperate
as Ca’" sensors. Whilst supporting the notion that
synaptotagmins generally function as Ca*" sensors in
exocytosis, these findings also raise the possibility that
LDCV exocytosis, in contrast to synaptic exocytosis, may
always involve the concerted action of two synaptotagmin
isoforms, a possibility that is also supported by previous
studies using endocrine cell lines (Gao et al. 2000; Xiong
et al. 2006; Gauthier et al. 2008).

In the present study, we tested the synaptotagmin-
calcium sensor theory in peptide hormone secretion,
and investigated whether synaptotagmin-7 could
function as an individually acting Ca’" sensor
in LDCV exocytosis. Using biochemical assays and
electrophysiology measurements, we demonstrate that
synaptotagmin-7 mediates nearly all Ca®*-triggered
glucagon secretion in response to physiological stimuli,
and thus identify synaptotagmin-7 as the principal
synaptotagmin isoform required for glucagon secretion.
The present study further validates the synaptotagmin-
calcium sensor paradigm, and extends it beyond the
established neuronal Ca’>" sensors for synaptic vesicle
exocytosis, i.e. synaptotagmin-1, -2 and -9, to include
synaptotagmin-7 as an individually acting high affinity
Ca** sensor for LDCV exocytosis.

Methods
Animal welfare

All experiments involving animals were reviewed and
approved by the Institutional Animal Care and Use
Committee of A*STAR (Agency for Science, Technology
and Research).

Synaptotagmin-7 KO mice

The synaptotagmin-7 KO mice were generated as
previously described (Maximov et al. 2008). All mice used
in this study were bred and housed in our animal care
facilities. For islet isolation, immunostaining and electron
microscopy, mice were killed by cervical dislocation. In
total, 16 synaptotagmin-7 KO and 16 control mice were
used.
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Insulin-induced hypoglycaemia and glucagon
sensitivity test

For insulin-induced hypoglycaemia, mice were fasted for
2 h with free access to water before they were weighed and
injected 1.P. with human insulin (Actrapid) at 1 U (kg body
weight)~'. Blood samples of ~35 ul were collected from
tail vein for determination of blood glucose and plasma
glucagon levels before (resting), and at 20 and 40 min after
the injection. For the glucagon sensitivity test, mice were
fasted for 6 h with free access to water before .. injection
of 0.2 mgkg™! human glucagon (Sigma). Blood glucose
levels were measured before and at 5, 10, 20 and 40 min
after glucagon injection. Blood glucose was determined
by using the Accu-Chek Advantage glucometer (Roche),
and plasma glucagon by using the Mouse Endocrine Panel
Lincoplex kit (Millipore) according to the manufacturer’s
instructions.

Islet isolation, perifusion and glucagon measurements

Islets were isolated and cultured as previously described
(Gustavsson et al. 2008). For estimation of glucagon
content, islets were lysed by sonication in 200 ul of
passive lysis buffer (Promega) after incubation in modified
Krebs—Ringer—Hanseleit (KRH) medium (containing,
mM: 130 NaCl, 4.7 KCI, 1.2 KH,PO,, 1.2 MgSO,, and
2.56 CaCl,, 1mgml™' BSA, 20mm Hepes, pH7.4)
supplemented with 10 mM glucose for 2 h at 37 °C. For
perifusion experiments, similar-sized islets from a single
mouse (10 islets per tube) were first washed with 10 mm
glucose-containing KRH medium, placed in a 50 ul flow
chamber and further perifused for 40 min at 37 °C. They
were then stimulated with 1 mM glucose-containing KRH
medium for 30 min at a flow rate of 0.6 mlmin".
Fractions of the perfusate were collected every 2 min,
starting from 6min prior to stimulation. Glucagon
concentration was measured using a glucagon radio-
immunoassay (RTIA) (Millipore).

Immunostaining and electron microscopy

Immunostaining and EM were performed essentially as
previously described (Gustavsson et al. 2008). Briefly,
20 pm cryo-sections of synaptotagmin-7 KO and control
mouse pancreata were mounted on slides and probed
with antibodies against glucagon and synaptotagmin-7
(§757, Synaptic Systems, Gottingen, Germany), and
then with Alexa488 and Alexa546 conjugated secondary
antibodies (Invitrogen). Slides were visualized by confocal
microscopy (Leica). For EM viewing, ~90 nm sections
were stained with 2% uranyl acetate (Analar, UK) for
5min and examined using a JEOL JEM-1220 electron
microscope (JEOL Asia Pte Ltd, Japan). To analyse granule
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distribution, we grouped glucagon granules into four
groups based on the distance from granule membrane to
plasma membrane: 0-100 nm, 100-300 nm, 300-500 nm
and 500-700 nm. We then counted the number of granules
within each group and plotted the percentage of each
group as a bar graph.

Electrophysiology measurements

Membrane currents and capacitance were recorded
from «-cells in intact isolated islets using the standard
whole-cell patch-clamp technique (Gopel et al. 2000,
2004; MacDonald et al. 2007). Exocytosis was elicited
by a 500ms depolarizing pulse from —70 toOmV.
Single o-cells were identified by a discernable Na't
current and TEA-resistant K currents and/or by their
electrical activity in the absence of glucose or low
glucose that could be suppressed by the addition of
glucose (20 mmol 17!). Pipette resistance ranged between
3 and 6 M2 when pipettes were filled with intracellular
solution containing (in mM): 125 potassium glutamate,
10 KCl, 10 NaCl, 1 MgCl,, 5 Hepes, 0.05 EGTA, 0.1 cAMP
and 4 MgATP, pH 7.1. Extracellular solution contained
(in mMm) 118NaCl, 20 TEA-CI (tetraethylammonium
chloride), 5.6 KCl, 2.6 CaCl,, 1.2 MgCl,, 5 Hepes, pH 7.4.
Cells were stimulated at low frequency (< 0.05Hz)
to allow full recovery of exocytotic capacity between
pulses. Measurements were performed using EPC9 patch
clamp amplifier and Pulse software (HEKA Elektronik,
Lambrecht/Pfalz, Germany). Currents were compensated
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for capacitive transients and linear leak using a —P/4
protocol. Exocytosis was detected as changes in cell
membrane capacitance (Cy,), which was estimated by the
Lindau—Neher technique implementing the ‘Sine+DC’
feature of the lock-in module (Lindau & Neher, 1988). The
amplitude of the sine wave was 30 mV and the frequency
was set at 1 kHz. All C,, measurements were performed at
28°C.

Statistical analysis

Data are presented as means = ..M. Comparisons of data
from synaptotagmin-7 KO and control mice were made
using Student’s two-tailed ¢ test for independent data. The
significance limit was set at P < 0.05.

Results

Synaptotagmin-7 is expressed
in glucagon-secreting cells

We first determined whether synaptotagmin-7
was expressed in pancreatic o-cells by immuno-
histochemistry and confocal microscopy. Immuno-
reactivity to synaptotagmin-7 was evident in wild-type
mouse pancreatic sections, but was absent in
synaptotagmin-7 KO sections (Fig. 1). When viewed
at higher magnification, the synaptotagmin-7 signal in
wild-type «-cells co-localized with that of glucagon,
demonstrating that synaptotagmin-7 was expressed in
glucagon-secreting o-cells (Fig. 1).

Syt7

Figure 1. Synaptotagmin-7 expression in
glucagon-secreting cells

Twenty micrometre pancreatic sections were
stained with antibodies against
synaptotagmin-7 (S757, Synaptic Systems) and
glucagon, followed by fluorescence-conjugated
secondary antibodies. Representative images of
such stained sections, taken on a Leica TCS2
confocal microscope, are shown.
Synaptotagmin-7 (Syt 7, red) was expressed in
glucagon-positive cells and shown to have a
high degree of overlap with glucagon signals
(green). Arrows indicate selected overlapping
signals of synaptotagmin-7 and glucagon. For
comparison, no apparent synaptotagmin-7
signal was detected in islet sections from
synaptotagmin-7 KO (Syt7~/~) mouse. Scale
bars: 40, 20 and 5 um for top, middle and
bottom rows, respectively.

wild type

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

Glucagon I Merged |




1172

Synaptotagmin-7 KO mice exhibit impaired glucagon
secretion in vivo

Immunohistochemical and histological analyses showed
no pathological signs in the islet structure or «-cell
distribution in synaptotagmin-7 KO mice. Considering
that both insulin and glucagon secretion are triggered
by Ca**, and that synaptotagmin-7 is involved in
regulating B-cell secretion (Gustavsson et al. 2008), we
tested whether glucagon secretion was disrupted in mice
lacking synaptotagmin-7. In male synaptotagmin-7 KO
and wild-type littermate control mice fasted for 20 h
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(fasting state) or 2 h (resting state), resting glucagon levels
were lower in synaptotagmin-7 KO mice than in controls
(Fig. 2A), whereas blood glucose levels were unaffected as
previously reported (Gustavsson et al. 2008; and data not
shown). Overnight fasting led to hypoglycaemia in both
control and synaptotagmin-7 KO mice, but glucagon levels
were increased only in wild-type mice (Fig. 2A), indicating
that glucagon secretion in synaptotagmin-7 KO mice was
impaired.

As we have shown previously, synaptotagmin-7 KO
mice exhibit a slower recovery from hypoglycaemia
during the insulin tolerance test (Gustavsson et al. 2008;

150 4
100 +

T OcCtl. @Syt7"
0

I ] T L] ]
0 10 20 30 40
Time (min}

D

£l 1

£

o 181

o

=

=,

[&]

=

< g+

c * %

(=]

L]

L]

[&]

=

2 0

Ctrl. Sytr ™

Figure 2. Reduced glucagon level and impaired glucagon secretion, but normal glucagon sensitivity in

synaptotagmin-7 KO mice

A, plasma glucagon levels were measured in synaptotagmin-7 KO and control mice that were fasted for 20 h
(Fasting state) or 2 h (Resting state) by using the Lincoplex kit. Synaptotagmin-7 KO mice (grey bar) exhibited
lower glucagon levels than control (white bar) in both groups. n =9 for fasting control, resting control and
resting KO, and 12 for fasting KO. **P < 0.01 vs. control. B, blood glucose levels before and at 5, 10, 20 and
40 min after 1. injection of 0.2 mgkg~' glucagon in 6 h fasted synaptotagmin-7 KO mice (filled circle) and
control (open circle) were measured by using a glucometer. Blood glucose response to glucagon injection was
not different between the two groups. n = 10 for each group. C, synaptotagmin-7 KO and control mice were
injected with 1 U kg~ insulin, and their plasma glucagon levels were measured before and at 20 and 40 min after
injection. Hypoglycaemia-induced glucagon secretion was greatly reduced in KO mice (filled circle) compared to
control (open circle). n = 9 for each group. *P < 0.05; **P < 0.01. D, total stimulated glucagon secretion during
insulin-induced hypoglycaemia was calculated as area under curve (AUC) in C after basal secretion subtraction.
Hypoglycaemia-stimulated glucagon secretion in vivo was significantly reduced in synaptotagmin-7 KO (grey bar)

mice compared to controls (white bar). **P < 0.01.
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and data not shown). We therefore tested whether KO
mice had lower sensitivity to glucagon challenge, which
could contribute to the delayed recovery of glucose
level from insulin-induced hypoglycaemia. Glucagon
induced a similar rise in glucose level in synaptotagmin-7
KO mice and their wild-type controls throughout the
tests, indicating that glucagon sensitivity was normal in
synaptotagmin-7 KO mice (Fig. 2B). Therefore, the slower
recovery from hypoglycaemia in the KO mice was not due
to impaired liver response to glucagon, but most likely the
result of deficient glucagon secretion.

To measure the severity of the glucagon secretion
impairment in synaptotagmin-7 KO mice, we tested
glucagon secretion to acute insulin-induced hypo-
glycaemia in vivo. After intraperitoneal insulin injections,
synaptotagmin-7 KO mice exhibited consistently lower
blood glucose levels than their littermate controls. Blood
glucose levels in synaptotagmin-7 KO mice fell to levels
as low as 2 mmoll~': average blood glucose levels were
2.74+0.2 vs. 3.4+ 0.2 mmol 1! for KO and control mice
at 60 min after the insulin injection (n=9 for both
genotypes, P < 0.05). This is reminiscent of the results
observed in SUR1 KO mice, which was attributed to
a defect in glucagon secretion (Shiota et al. 2005).
Insulin-induced hypoglycaemia stimulated a <2-fold
increase in glucagon secretion in synaptotagmin-7 KO
mice at 20 min after the insulin injection, compared with
a >4-fold increase in control mice at the same time point
(Fig. 2C). Glucagon levels at 40 min after insulin injection
were also much higher in control than in synaptotagmin-7
KO mice (Fig.2C). Total hypoglycaemia-stimulated
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glucagon secretion, calculated by integrating the area
under curve (AUC), was significantly lower in KO
than in control: synaptotagmin-7 KO mice secrete less
than 30% of their control (Fig.2D). Collectively, these
data demonstrate that synaptotagmin-7 is essential for
hypoglycaemia-induced glucagon secretion.

Severely impaired glucagon secretion in
synaptotagmin-7 KO mouse islets in vitro

The synaptotagmin-7 deletion may have influenced
other organs/cell types besides pancreatic islets, and the
a-cell dysfunction may be secondary to a failure of
central regulation (Gromada et al. 2007). To exclude
this possibility and to pinpoint the defects in glucagon
secretion in synaptotagmin-7 KO mice, we measured
glucagon secretion in isolated intact islets from KO and
control mice, and determined whether the impaired
glucagon secretion in vivo persisted in the isolated
islet system. In control islets, lowering of the glucose
concentration from 10 to 1 mMm caused a large increase
in secretion, which displayed a steep rise within the
first 4 min to reach a steady state, and stayed elevated
for the rest of stimulation (Fig.3A). The response to
low glucose stimulation in synaptotagmin-7 KO islets
was greatly reduced: glucagon secretion was nearly
abolished during the first 10 min, and only slightly elevated
afterwards (Fig.3A). Net glucagon release, calculated as
the sum of all the fractions over the entire stimulation
period after baseline subtraction, was reduced by almost
80% in synaptotagmin-7 KO islets (Fig.3B). These
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Figure 3. Impaired glucagon secretion in isolated synaptotagmin-7 KO mouse islets

A, low glucose-induced glucagon secretion from isolated islets was measured in perifusion experiments at a
glucose concentration of 10 mm (basal) or 1 mm (stimulatory). Arrow indicates switching from basal to stimulatory
perifusion buffer. The perfusate was collected in 2 min intervals, and glucagon levels were determined by using
RIA. Synaptotagmin-7 KO islets (Syt7=/~, filled circle) showed impaired glucagon secretion when compared
with control (open circle). B, low glucose-stimulated glucagon secretion for the entire stimulation period in the
perifusion experiments was lower in isolated islets from synaptotagmin-7 KO (grey bar) than from control (white
bar). Glucagon secretion was calculated by integrating the area under each curve in A after baseline subtraction.
Data are presented as means =+ s.t.m., n = 7 for KO and 9 for control, **P < 0.01.
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results establish that impaired glucagon secretion in
synaptotagmin-7 KO mice is not due to a secondary effect
of central regulation failure, but rather a defective intrinsic
secretion process of glucagon granules. Furthermore, these
data reinforce the conclusion that glucagon secretion is
principally dependent on synaptotagmin-7.

Glucagon production and packaging, and «-cell
ultrastructural characteristics are normal in
synaptotagmin-7 KO mouse islets

Impaired glucagon release may result from disrupted
exocytosis, but may also be due to impaired glucagon
production, packaging and «-cell ultrastructural defects.
We tested whether glucagon gene expression was
decreased in synaptotagmin-7 KO mice by using qPCR.
Glucagon mRNA levels were the same in KO and
control mice (Supplemental Fig.1A), indicating that
the synaptotagmin-7 deletion did not affect glucagon
production. Total glucagon content was also not different
between these two groups of animals (Supplemental
Fig. 1B). To check for defects in «-cell ultrastructure
associated with glucagon granules, we compared glucagon
granule number and distribution in synaptotagmin-7 KO
and control islets by EM. Pancreatic a-cells in control and
synaptotagmin-7 KO islets had large nuclei with partly
condensed chromatin, well-developed Golgi apparatus
with zones of granule formation, scattered lamellar rough
endoplasmic reticulum, and numerous secretory granules
with a large electron-dense core and small white halo
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(Fig. 4A). Glucagon granules were of similar size and
granule density was also similar in synaptotagmin-7
KO and control mice (Fig.4A and B). Furthermore, we
analysed glucagon granule distribution based on distance
from the plasma membrane, and found no difference
between synaptotagmin-7 KO and control (Fig.4C).
These data indicate that diminished glucagon secretion
in synaptotagmin-7 KO mice was not due to insufficient
glucagon production, reduced glucagon storage, decreased
granule number or defective granule distribution, but was
more likely to be the result of impaired exocytosis of
glucagon granules.

Synaptotagmin-7 is required for glucagon secretion
downstream of Ca?* influx

Although the cellular mechanism of glucagon granule
exocytosis remains unclear, accumulating data implicate
Karp and Ca?* channels in generating the Ca®* signal
required for glucagon secretion (Gopel et al. 2000;
Gromada et al. 2004; Miki & Seino, 2005; Pereverzev
et al. 2005; Shiota et al. 2005; Gromada et al. 2007;
MacDonald et al. 2007). To test whether the impairment
of glucagon secretion was due to defective membrane
electrical activities or an insufficient Ca®t signal, we
compared action potentials and Ca*" channel activity
of a-cells in intact islets from synaptotagmin-7 KO
and control mice. Pancreatic a-cells can be functionally
identified by their characteristic rapidly activating and
inactivating TTX-sensitive Nat current, TEA-resistant
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Figure 4. Normal ultrastructure of
pancreatic a-cells in synaptotagmin-7

KO mice

A, pancreatic a-cell ultrastructure was analysed
by using transmission EM. One representative
image from each genotype is shown.
Ultrastructural organizations, including
distribution of glucagon secretory granules,
were similar in control and KO mouse «-cells.
Scale bar =2 um. B, glucagon granule number
per um? was similar in synaptotagmin-7 KO
(grey bar) and control (white bar) mouse
a-cells. n = 23 a-cells from 3 mice of each
genotype. C, glucagon granule distribution was
not different between synaptotagmin-7 KO
(grey bar) and control (white bar) mouse
a-cells. Numbers on the X-axis refer to distance
(in nm) between glucagon granule membrane
and plasma membrane. Refer to Methods for
details. n = 10 a-cells from 3 synaptotagmin-7
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KO, and 9 a-cells from 4 control mice.
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K* currents and spontaneous electrical activities at low
glucose concentrations (Gopel et al. 2000). We recorded
spontaneous action potentials in the presence of 1 mm
glucose in functionally identified control and KO «-cells
(Fig. 5A and B), and found no difference in resting
membrane potential, action potential frequency, and
action potential amplitudes between the two groups of
cells (Fig.5C-E). To investigate Ca’" channel activity
in control and KO «a-cells, depolarization-evoked Ca*"
currents were recorded in the presence of 0.1 ugml™
TTX, 20 mMm TEA, 4 mMm 4-AP, and equimolar substitution
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of Ba?t for Ca’* (2.6 mM) in the extracellular buffer.
Ca’t channel activity was indistinguishable between
synaptotagmin-7 KO and control a-cells (Fig. 5F and G).

We next compared depolarization-evoked exocytosis
from synaptotagmin-7 KO and control a-cells at the
single cell level using the whole-cell patch-clamp technique
(Gopel et al. 2000). The capacitance increase, indicative
of exocytosis-induced membrane expansion, was reduced
by >70% in synaptotagmin-7 KO «-cells compared to
that in control (Fig. 6). The fact that these measurements
were conducted in individual a-cells argues against the
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currents were evoked by depolarizations from
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idea that the impaired glucagon secretion is secondary
to defective paracrine regulation (Ishihara et al. 2003),
and further reveals that synaptotagmin-7 is essential for
glucagon secretion at a step downstream of Ca’" influx,
consistent with the notion that synaptotagmin-7 functions
as a Ca*" sensor regulating glucagon secretion.

Residual Ca?*-dependent component of glucagon
secretion in the absence of synaptotagmin-7

The synaptotagmin-7 KO resulted in severely impaired
glucagon secretion (down ~80%) to insulin-induced
hypoglycaemia in vivo, to low glucose in isolated islets,
and to membrane depolarizations in individual a-cells in
isolated islets (Figs2, 3 and 6). However, glucagon
secretion was not abolished. We examined whether
residual glucagon release was independent of Ca?*, or
still required Ca**. Cytoplasmic Ca** in a-cells is mostly
controlled by voltage-dependent Ca** channels (Gromada
et al. 2007). Mouse a-cells are equipped with both N-
and L-type Ca’' channels, and some studies suggest
that N-type Ca** channels are particularly important
for glucagon secretion induced by hypoglycaemia (Gopel
et al. 2004; MacDonald et al. 2007). We applied the
N-type Ca’* channel blocker w-conotoxin, and measured
capacitance response in synaptotagmin-7 KO and control
a-cells. Consistent with previous reports on the role of
N-type Ca*" channels in glucagon secretion (MacDonald
et al. 2007), w-conotoxin caused a dramatic decrease
in depolarization-induced membrane capacitance in
control a-cells (Fig. 6). In synaptotagmin-7 KO «a-cells,
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w-conotoxin inhibited the already-impaired glucagon
secretion further (Fig. 6). In the presence of the N-type
Ca?* channel blocker, exocytosis was comparable in
synaptotagmin-7 KO and control mice (Fig. 6).

Discussion

Combined genetic and electrophysiological studies have
established that in mammalian brain, synaptotagmins-1,
-2 and -9 are the only Ca®* sensors for fast synchronous
synaptic vesicle exocytosis, and that these synaptotagmins
act individually in this function. These findings prompted
the emergence of the synaptotagmin calcium sensor
paradigm, i.e. members of the synaptotagmin family
generally function as principal Ca®t sensors in neuro-
transmitter and peptide hormone secretion (Geppert
et al. 1994; Pang et al. 2006; Sun et al. 2007; Xu et al.
2007). In addition to the three neuronal Ca®* sensors,
five other Ca*"-binding synaptotagmins are expressed
in mammalian brain and endocrine tissues. These
synaptotagmins (synaptotagmin-3, -5, -6, -7 and -10) may
function as Ca** sensors for other forms of synaptic vesicle
exocytosis, for LDCV exocytosis of neuropeptides and
peptide hormones, or for completely different forms of
Ca?*-dependent exocytosis. Consistent with this notion,
synaptotagmin-7 has been shown to contribute to the
Ca’* sensing in insulin and catecholamine exocytosis,
but puzzlingly, synaptotagmin-7 was shown in these
processes not to act alone but in collaboration with
another synaptotagmin (Gustavsson et al. 2008; Schonn
et al. 2008). In addition, synaptotagmin-7 has also been
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Figure 6. Ca?t dependence of residual glucagon secretion in synaptotagmin-7 KO a-cells

A, membrane capacitance was recorded in functionally identified a-cells in isolated synaptotagmin-7 KO and
control islets. Capacitance increase elicited by 500 ms depolarizations from —70 to O mV in synaptotagmin-7
KO a-cells (red) was lower than in control a-cells (black). The N-type Ca?* channel blocker w-conotoxin (1 um)
inhibited membrane capacitance jump, and depolarization-induced capacitance change was not different in
synaptotagmin-7 KO (pink) and control (grey) a-cells in the presence of the blocker. B, recordings from similar
experiments as represented in A are summarized and presented as means + s.e.M. n = 12 and 10 for KO (Syt7—/~)
without and with w-conotoxin treatment; and n =9 and 10 for control (Ctrl) without and with w-conotoxin
treatment, respectively. Statistics (P values) are indicated in the graph. There was no difference in capacitance
change between synaptotagmin-7 KO and control in the presence of 1 uM w-conotoxin (hatched bars).
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proposed to regulate Ca’"-dependent lysosome fusion
during wound repair (Martinez et al. 2000; Reddy et al.
2001; Jaiswal et al. 2004), glucose transporter 4 trafficking
(Li et al. 2007), and osteoclast and osteoblast secretion
(Zhao et al. 2008), although alternative interpretations
were offered regarding some of the proposed functions
(Shen et al. 2005; Steinhardt, 2005). These studies suggest
that synaptotagmin-7 may function as an accessory to
a principal Ca’" sensor, e.g. synaptotagmin-1, or a
non-selective regulator for various membrane fusion
events.

To investigate whether synaptotagmin-7 has a
specific role as an individually acting Ca*" sensor
for hormone/neuropeptide secretion, we examined the
function of synaptotagmin-7 in glucagon secretion using
synaptotagmin-7 KO mice. Glucagon is the body’s
principal hyperglycaemic hormone. It is released in
response to hypoglycaemia, adrenergic stimulation and
stimulation by lipids and amino acids (Rorsman et al
2008). However, the molecular regulation of glucagon
granule exocytosis remains unclear. Moreover, the findings
that glucagon secretion becomes dysregulated in diabetes
and that hyperglucagonaemia contributes to the hyper-
glycaemia caused by the insulinopaenia (reviewed in
Rorsman et al. 2008) associated with the disease
further illustrate the importance of such studies. Here
we confirm that glucagon secretion was enhanced 3-
to 5-fold by an overnight fast and in response to
insulin-induced hypoglycaemia, respectively (Fig. 2A and
C), and demonstrate that both responses were nearly
abolished in synaptotagmin-7 KO mice. Biochemical
measurements of glucagon secretion to low glucose in
isolated islets, and single-cell capacitance measurements
of glucagon granule exocytosis confirmed the severe
impairment of glucagon secretion. Severe impairment
of glucagon secretion has previously been reported
in several other KO mouse models. For example,
mice lacking SURI or Kir-6.2 showed nearly abolished
hypoglycaemia-induced glucagon response (Miki & Seino,
2005; Shiota et al. 2005). Ablation of Cav2.3/E-type
voltage-gated Ca®t channel caused an impairment of
glucagon response and the suppression of glucagon release
by high glucose (Pereverzev et al. 2005). The impaired
secretion in these studies was likely to be due to defects in
Ca’* signal generation. In the present study, KO a-cells
showed normal Ca?* channel activity, indicating that
the defects for diminished glucagon secretion lie down-
stream of the Ca?" signal. Our study thus established the
requirement of synaptotagmin-7 in glucagon secretion
at a step downstream of calcium influx, revealing that
synaptotagmin-7 functions as a Ca** sensor in glucagon
secretion in pancreatic c«-cells.

In synaptotagmin-7 KO a-cells, w-conotoxin inhibited
the severely reduced glucagon secretion further to base-
line level (Fig. 6), revealing the presence of N-type Ca’"
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channel-dependent component in the residual glucagon
secretion in synaptotagmin-7 KO mice. This indicates
at least two possibilities: (1) synaptotagmin-7 functions
as the principal Ca?* sensor for glucagon secretion,
and other Ca’"-sensing protein(s) regulate the minor
component of glucagon secretion; (2) synaptotagmin-7
is the sole Ca’™ sensor for glucagon secretion, and
other Ca**-binding protein(s) only partially (~20%)
compensate for the loss of synaptotagmin-7, and perform
the Ca?*-sensing role in the absence of synaptotagmin-7.
In an initial attempt to distinguish the two scenarios,
we tested the presence of Ca**-binding synaptotagmins
in a-cells. We previously showed that mRNA levels of
synaptotagmin-7 and -9 were the highest among all
Ca?*-binding synaptotagmins in mouse islets (Gustavsson
et al. 2008). Synaptotagmin-2 and -3 mRNAs, although
at a much lower level than synaptotagmin-7 and -9,
could also be detected in mouse islets (Gustavsson
et al. 2008). However, immunofluorescence failed to
detect synaptotagmin-2 or -3 in «-cells (Supplemental
Fig. 2), leaving synaptotagmin-9 as the most likely Ca®*
sensor for the minor component of glucagon secretion.
Regarding the identities of Ca’" sensors and possible
compensation for synaptotagmin-7 in glucagon secretion,
analyses of synaptotagmin-9 KO and synaptotamgin-7/-9
double KO mice will be invaluable. Although our findings
appear to favour the first model, we cannot rule out
a compensation and cooperation mechanism in the
regulation of Ca**-dependent glucagon secretion.

In conclusion, our results support the synaptotagmin
calcium sensor theory, and further extend it beyond the
three established fast synchronous Ca®* sensors in neuro-
transmitter release, namely, synaptotagmin-1, -2 and -9,
to include synaptotagmin-7 as an individually acting Ca®*
sensor for LDCV exocytosis.
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