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SUMMARY

Insulin secretion from pancreatic p—cells is dependent on maturation and acidification of the secretory
granule necessary for prohormone convertase cleavage of proinsulin. Previous studies in isolated f—
cells revealed that acidification may be dependent on the granule membrane chloride channel CIC-3,
in a step permissive for a regulated secretory response. In this study, immuno-electron microscopy
of p—cells revealed colocalization of CIC-3 and insulin on secretory granules. Clc-37/~ mice as well
as isolated islets demonstrate impaired insulin secretion; clc3~/~ p—cells are defective in regulated
insulin exocytosis and granular acidification. Increased amounts of proinsulin were found in the
majority of secretory granules in the clc-37/~ mice while in clc3*/* cells, proinsulin was confined to
the immature secretory granules. These results demonstrate that in pancreatic p—cells chloride
channels, specifically CIC-3, are localized on insulin granules and play a role in insulin processing
as well as insulin secretion through regulation of granular acidification.

INTRODUCTION

Considerable progress has been made in determining many features of secretagogue-regulated
insulin secretion, particularly the role of vesicle-associated ion channels in granule release
(Rorsman and Renstrom, 2003). However, we are still at an early stage in defining the
molecular mechanisms involved in exocytosis of the insulin granule and the important role of
granule membrane ion channels in granule release. Vesicular ion channels may play several
roles in secretion in addition to facilitating a specific requirement for vesicle acidification, as
in the case of insulin secretion. The chloride channel CIC-3, originally identified in swelling
of insulin-secreting HIT cells (Kinard et al., 2001) is expressed in the membrane of insulin-
containing granules. Previous functional studies in isolated p—cells using channel specific
inhibitory antibodies to elucidate CIC-3 functional expression showed that activation of CIC-3
is permissive for insulin secretion (Barg et al., 2001). This is due, at least in part, to the
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promotion of insulin granule acidification; various strategies to abolish acidification disrupt
secretion in a similar manner. We have extended the earlier findings of Barg et al. (Barg et al.,
2001) on the functional expression of CIC-3 in insulin granules to the CIC-3 knockout mouse.

A recent paper by Maritzen and colleagues (Maritzen et al., 2008) concluded CIC-3 is localized
not in large dense core vesicles (LDCV) but rather in smaller, non-insulin containing vesicles
—in contrast to our earlier studies (Barg et al., 2001). The Maritzen et al. studies relied heavily
on subcellular fractionation using homogenates of the insulin-secreting cell line INS-1 and
detected little CIC-3 in the LDCV fraction. Our current study, using primary p-cells, clearly
shows colocalization of insulin and CIC-3 in LDCVs using high resolution
immunoelectronmicroscopy, a method more suitable for examining channel localization. In
addition, we present physiological evidence demonstrating an indisputable effect of CIC-3
expression on granule pH and insulin processing in primary p-cells.

We have obtained compelling data the analysis of which suggests that CIC-3 is gated by
CaMKII in various systems (Huang et al., 2001; Mitchell et al., 2008; Robinson et al., 2004;
Wang etal., 2006). Given that CaMKI|I is implicated in insulin secretion (Easom, 1999; Easom
et al., 1997; Gromada et al., 1999; Krueger et al., 1997) and the previously published findings
that CIC-3 contributes to insulin granule acidification and, therefore, granule maturation, we
carried out experiments on clc-37~ mice to determine whether the chloride channel played a
significant role in the process of pancreatic p—cell granule maturation, mobilization, and finally
release.

Impaired insulin secretion in transgenic clc-37/~ mice

Given that CIC-3 CI™ channels localize to the p—cell granule membrane and contribute to
granule acidification and mobilization (Barg et al., 2001), we anticipated that clc-37/~ mice
might manifest defective insulin secretion. Data in Fig. 1 indicate that null mice exhibit a
relatively normal glucose tolerance as compared to wild-type (WT) littermates (Fig. 1A).
Glucose tolerance responses between subsets of clc-37/~ animals showed a high degree of
variability. This could be due to an increase in insulin sensitivity in peripheral tissues and/or
differences in post insulin receptor signaling in muscle and fat in subsets of clc-37/~ animals
indicative of a secondary compensation resulting from the global loss of CIC-3 channels. In
contrast, serum insulin levels were significantly reduced in the clc-37/~ animals over the
clc-3*/* littermate controls (Fig. 1B) consistent with a p—cell secretory defect.

Having observed a significant difference in serum insulin levels between the CIC-3 WT and
null mice, we examined whether a similar secretory impairment could be observed in islets
isolated from clc-3~~ animals. Perifusion assays of isolated islets revealed that first phase
glucose-stimulated insulin release was significantly attenuated in the clc-37/~ islets as
compared to islets from clc-3*/* animals (Fig. 1C). Insulin release in response to maximal
K*-induced depolarization, total islet insulin content, and glucagon release in response to
glucose did not vary between the two genotypes (Fig. 1C, D and E). It is intriguing to note that
insulin secretion to glucose is impaired, but not to high K*, as both stimuli produce cellular
depolarization and stimulate insulin release by a mechanism upstream of acidification. This
apparent discrepancy suggests that CIC-3 may also play a role in the pathway between glucose
metabolism and cellular depolarization.

Reduced secretion in B—cell cells from clc-37~ mice

The characteristic pattern of insulin secretion in response to glucose seen at the whole animal
or organ level is reflected electrophysiologically in isolated p-cells by transient increases in
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membrane capacitance when cells are stimulated with square-wave depolarizing pulses that
open plasma membrane L-type voltage-dependent Ca2* channels (Ammala et al., 1993). In
order to confirm the role of CIC-3 in the regulation of depolarization-induced granular release,
we carried out studies on p-cells isolated from both clc-3*/* and clc-37/~ mice. Data in Fig. 2
A,B demonstrate that a fast phase (Ready Releasable Pool - RRP) of secretion, as measured
by a rapid increase in membrane capacitance elicited by a single depolarizing voltage pulse,
is reduced in clc-37/~ cells. Refilling of the RRP in clc-37/~ mice is inhibited as shown by a
decreased membrane capacitance in response to the first depolarization in a train of
depolarizing stimuli in a slow phase (Fig.2 A,B).The rate of capacitance increase in p-cells
isolated from clc-3~/~ mice was lower than in clc-3*/* mice with the average rate of capacitance
change (ACm(pF/s)) of 9.5 x 1073+1.5 x 1073 for clc-3*/* and —4.3 x 10-3+3.1 x 1073 for
clc-37/~. (Fig.S1). The decrease in depolarization-induced secretion seen in the clc-37/~ p-cells
was not due to a decrease in the density of voltage-dependent channels. The peak and steady-
state Ca2* channel current density in response to step depolarizations from a holding potential
of =70 mV to 0 mV was not significantly different between the clc-3*/* and clc-37 cells (Fig.
2C,D).

Interestingly, we observed endocytosis following a single depolarization in a train (Fig. 2 S).
During the 500 ms interval between pulses, capacitance rose and then fell prior to the
succeeding pulse often leading to a negligible net increase between pulses. To our knowledge,
this has not been observed in whole cell capacitance studies of p-cells to date. We observed
this behaviour in approximately 50% of the clc-3*/* and none of the clc-3 /= cells examined.

CIC-3 localization in insulin granules of pancreatic —cells

Electron microscopy on thin sections of pancreatic islets clearly demonstrates localization of
CIC-3 on insulin granules (Fig. 3A). No staining with pre-immune IgG was observed (data not
shown). Control experiments where anti-CIC-3 antibody was depleted with 10-fold molar
concentration of soluble insulin prior to staining confirmed that the presence of CIC-3 on
insulin granules is not due to non-specific recognition of insulin by anti-CIC-3 antibody or
non-specific interaction of anti-CIC-3 and anti-insulin antibodies (Fig. S3).

Proinsulin subcellular localization

The foregoing observations demonstrating that insulin release in the clc-37/~ mouse is
compromised at the whole animal, isolated islet, and at the single p—cell level suggested that
this may be due to either a decrease in —cell insulin granule content or alternatively impairment
in insulin processing within the granules (Rouille et al., 1995).

The prohormone convertase insulin processing enzyme has an acidic pH optimum. Therefore,
if granules from clc-37~ cells are not acidified, we would expect a rise in proinsulin and a fall
ininsulin levels similar to that seen in granules in B-cells isolated from prohormone convertase
1/3 null (pc1/37/7) mice (Zhu et al., 2002). We probed this possibility at the electron
microscopic level. Results in Fig. 3B indicate that granules from clc-37/~ mice are less dense
than wild type, a characteristic indicator of impaired granule processing from proinsulin to
insulin (Furuta et al., 1998; Zhu et al., 2002). Granule number did not significantly vary
between genotypes (data not shown). An examination of clc-37/~ p—cell granules showing
increased levels of proinsulin as compared to granules from WT B—cells can be seen in Fig.
3C. Proinsulin labeling was carried out on thin sections of pancreatic f—cells using the
proinsulin monoclonal antibody GS-9A8 and examined by immunoelectronmicroscopy. In
contrast to WT B—cells, where proinsulin staining was confined to the Golgi and nascent
(maturing) secretory granules, proinsulin staining in the clc-37/~ —cells was observed in the
majority of the secretory granules both maturing and at endpoint (plasmalemmal location).
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Granular acidification defect in clc-37~ B—cells

It has been shown previously that interference with granular acidification reduces exocytosis
in p—cells (Barg et al., 2001). In order to compare granular acidification in clc-37/~ and
clc-3*/* cells, we carried out live cell microscopy on isolated p—cells using the ratiometric,
acidotropic dye, LysoSensor Yellow/Blue DND-160 that has recently been applied to B—cell
granules by Stiernet et al. (Stiernet et al., 2006). If granule acidification is dependent on CIC-3
activity, then the granule population in B—cells isolated from clc-3~/~ mice should be relatively
alkalotic as compared to similar populations in clc-3*/* —cells. Given that the acid-sensitive
dye accumulates in all acidic organelles including lysosomes, we restricted our confocal
imaging and analysis to regions of the cells likely to represent a high density of
subplasmalemmal granules. In these experiments, we used a dual emission protocol where cells
excited with 405 nm showed pH sensitive emission at 510 nm and pH insensitive emission at
485 nm (Fig. 4). The corresponding pH values for 510/485 nm ratios were obtained from an
in situ calibration curve (Fig. 4 C) by interpolation. The curve was constructed using a cocktail
of ionophores to clamp the intracellular pH at a known value (smooth curve through the data
points in Fig. 4C). Data show that WT cells had a significantly higher acidification index than
did the clc-37/~ cells (Fig.4 A, B). Their 510/485 nm ratio was 1.5 + 0.03 corresponding to a
pH of 4.79 in subplasmalemmal granules. In situ calibration of the dye in double excitation
experiments (excitation at 340 and 380 nm, emission at 535 nm) also showed that WT cells
exhibited a granular pH of 4.8 + 0.1 (n = 112) (data not shown). The pH sensitivity of the dye
(pKq = 4.2) precluded accurate in situ dye calibration at pH values greater than 5.2 in the
fluorescence ratio range of the clc-37/~ cells. Thus, the pH of the alkalotic clc-37/~ granules
can be estimated as at least one full pH unit greater than that of CIC-3 expressing cells.

DISCUSSION

Results described in this study establish that the CI~ channel CIC-3 is critical in the control of
insulin release at the whole animal, isolated islet, and single f—cell level. Our data provide
evidence that CIC-3 expressed on secretory granule membranes is involved in the maintenance
of a low intragranular pH, a phenomenon increasingly recognized as important to secretion.
CI~ entry across the granule membrane is thought to be required to shunt H* influx via the V-
ATPase, thus preventing the buildup of a large transgranular membrane potential.

Until recently, anion channels have received relatively little attention, as compared to their
cation channel cousins, in the context of regulated insulin release. The complexity of CI™
channels became apparent with the cloning of an evolutionarily-conserved family of CI™
channels (CICs), as well as the discovery of other channel families that principally carry CI~
(e.g. CFTR, Ca?*-activated CI~ channels) (Jentsch et al., 2002). CIC-3 is a member of the
former category and is widely distributed in mammalian tissues. It can assume either a plasma
membrane or intracellular membrane localization, and has been proposed as the channel
mediating acidification in endosomes (Hara-Chikuma et al., 2005; Mitchell et al., 2008). Mice
lacking CIC-3 exhibit a variety of defects, most prominently postnatal degeneration of the
hippocampus and photoreceptors (Dickerson et al., 2002; Stobrawa et al., 2001; Yoshikawa et
al., 2002). CIC-3 is present on synaptic vesicles and may play a role in glutamatergic
neurotransmitter release (Stobrawa et al., 2001). Indeed, we have recently shown that CIC-3
shapes synaptic currents in developing hippocampal neurons, in part, by studying clc-3~/~mice
(Wang et al., 2006).

To understand the molecular basis of secretion it is important to have assays that analyze single
vesicle (granule) events and to be able to manipulate individual molecules thought to be

important in the process. Capacitance measurements of cell surface area have been utilized in
many systems, including p—cells (Bokvist et al., 2000; Gopel et al., 2004; Kanno et al., 2004;
Rorsman and Renstrom, 2003), to investigate pools of vesicles and their role in secretion. These
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studies have shown that in B-cells the transient first phase of insulin secretion is mediated by
a docked pool of vesicles termed the “readily releasable pool” (RRP), while the sustained
second phase is due to mobilization of vesicles from a reserve pool into the RRP. Mobilization
involves “priming” of the vesicles, a stage requiring ATP hydrolysis, but whether there is a
single or multiple ATP-requiring processes is unclear. Exocytosis itself is almost certainly
mediated by a SNARE mechanism that promotes vesicle fusion in many regulated secretory
systems (Eliasson et al., 2008).

In the capacitance experiments of Barg et al. (Barg et al., 2001) conducted on isolated murine
B—cells, intrapipette (intracellular) application of a functional inhibitory antibody directed
against a peptide in the cytoplasmic C-terminal domain of CIC-3 significantly reduced the late
slow component of exocytosis corresponding to the filling of the RRP of granules from the
reserve pool (Barg et al., 2001). A comparative analysis of the size of the RRP under similar
conditions was not determined in their studies. In our experiments, both fast phase (triggered
by the first depolarization) and the later component of exocytosis, slow phase triggered with
a train of depolarizations following a refilling period, were significantly inhibited in cells
isolated from clc-3~~ mice. In contrast to data using CIC-3 inhibitory antibodies (Barg et al.,
2001), our data using clc-37/~ p—cells are consistent with a model in which CIC-3 plays a role
in determining both the size or release competency of the granular RRP as well as the rate of
replenishment of the granular RRP from the reserve pool.

Granule acidification mechanism and potential functions

It has been known for some time that the intragranular pH (pHg) of insulin granules is acidic
(PHg=5-6, with a decrease during granule maturation) (Abrahamsson and Gylfe, 1980; Hutton,
1982; Orci et al., 1986; Pace and Sachs, 1982). Recent studies in mouse islets have shown that
glucose causes an acute decrease in pHg that is dependent on the metabolism of glucose and
cytoplasmic CI™ (Stiernet et al., 2006). These results suggest that there is a pathway from
glucose metabolism that augments acidification, possibly by increasing CI~ movement into the
granule. One important function of an acidified granular lumen is to promote the conversion
of proinsulin to insulin by prohormone convertases (PCs 1-3) that have an acidic pH optimum
(Rouille et al., 1995). Other granule constituents that are substrates for PCs (like islet amyloid
polypeptide, IAPP) may also be dependent on acidification. The slow phase of glutamate
release from synaptosomes (Zoccarato et al., 1999) shows similar pH dependence as that we
have observed for B—cell granules suggesting that the model developed in f—cell may be
universal for all Ca?* regulated secretion. Moreover, our data suggest that low intragranular
pH may be required not only for the priming of the granules but also for the maintenance of
the granules in a releasable state. These observations are in good agreement with those made
in pituitary melanotrophs (Thomas et al., 1993), glucagon-releasing pancreatic alpha-cells
(Hoy et al., 2000) and chromaffin granules (Camacho et al., 2006; Pothos et al., 2002).
Consequently, it may well be that development of a low pHy is required for other aspects of
granule physiology that impact the priming step.

Although it is still unclear whether the regulation of granule acidification can be directly
connected with the development of human type 2 diabetes, and the CIC-3 gene itself has not
been so far implicated in the pathogenesis of type 2 diabetes, this study suggests that a CIC-3-
mediated mechanism leading to impaired granule acidification and proinsulin processing could
contribute to diabetes, especially in the context of insulin resistance.
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EXPERIMENTAL PROCEDURES

Animals

All experiments on mice were performed in accordance with the University of Chicago and
national guidelines and regulations, and were approved by the University of Chicago
Institutional Animal Care and Use Committee. Clc-3~/~ mice and wild-type control littermates
were bred at the Animal Core Facility of the University of Chicago and genotyped as described
previously (Dickerson et al., 2002).

Glucose homeostasis

Blood glucose and insulin concentrations were measured in 8-week-old male clc-37/~ and
littermate controls after a 4-hour fast, then at the indicated times following intraperitoneal
injection of glucose (2g/kg) using a Freestyle blood glucose monitor (Therasense, Inc.,
Alameda, CA) and mouse ultrasensitive ELISA (Alpco Diagnostics, Salem, NH).

Islet perifusion assay

Fifty islets per mouse were loaded into columns and perifused with modified Krebs-Ringer
buffer containing 0.5% BSA and the indicated concentrations of glucose or KCI using a
temperature-controlled automated perifusion system (Biorep Perifusion v2.0.0). Outflow was
collected and hormone concentrations were measured by mouse insulin (Alpco Diagnostics,
Salem, NH) and glucagon ELISA (Phoenix Pharmaceuticals, Inc., Burlingame, CA). To
determine total insulin content, islets were lysed by passing 2% Triton-X-100 through the
column. See Supplemental Data for detailed procedure.

Electrophysiology

Procedure for perforated patch capacitance recordings may be found in Supplemental Data.

Electron microscopy

Isolated islets were prepared for electron microscopy as described previously (Barg et al.,
2001). Fixed sections were treated as indicated with anti-insulin polyclonal antibody raised in
guinea pig (Millipore, Bedford, MA), custom-made anti-CIC-3 polyclonal antibody raised in
rabbit (Huang et al, 2001), or anti-proinsulin monoclonal antibody GS-9A8, a generous gift of
Dr. O. Madsen (BCBC Antibody Core Unit, Novo Nordisk, Malov, Denmark). Secondary
antibodies conjugated to gold particles (Ted Pella, Inc., Redding, CA) were used for
visualization.

Fluorescence microscopy

Isolated B-cells were loaded with LysoSensor Yellow/Blue DND-160 (Molecular Probes,
Eugene, OR) and visualized using a Leica SP2 confocal microscope using 63x NA 1.5 oil
objective. The preparations were excited at 405 nm, and emission was recorded at the range
of 485+20 nm for blue (pH-insensitive) and 510+20 nm for yellow (pH sensitive) fluorescence.
Images were taken at the polar focal plane, ROIs were drawn around fluorescent spots
representing docked vesicles and intensities were measured at each emission band. Results
were analyzed using ImageJ software and presented as mean 510/485 fluorescence ratios +
SEM. The pH values of the measured ratios were determined by interpolation using the in
situ calibration curve.

In situ pH calibration curve

In situ pH calibration curve was performed as described in Supplemental Data.
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Statistical Analyses

Statistical comparisons were performed using Student’s t-test. Unless otherwise stated, all data
are expressed as a mean £ S.E.M. with the number of experiments in parentheses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Serum glucose and insulin levels in cle-37" mice compared to wild type (clc-3+/+)
littermate controls, blunted first-phase insulin secretion in cle-37" islets

(A) Blood glucose levels were measured in whole blood following glucose challenge,
Nele-3+/+ = 6, Ngle3—/— = 10. Data are plotted as the mean + S.E.M. (B) Insulin concentration
was measured in sera of clc37/~ (n=7) and clc-3*/* (n=3) mice by ELISA; ngic-34/+ = 6,
Neic3—/— = 10. Data are plotted as the mean = S.E.M. Note time scale differences in A and B.
(C) Insulin release from isolated perifused islets from WT (closed black circles) and KO (open
red circles) mice before and after elevating glucose from 3 mM to 15 mM and back to 3 mM.
Data are presented in fmoles x 1073 of insulin/islet/min as means + S.E.M. (n=3). Asterisks
mark significance at the P < 0.05 level. (D) Total insulin content in the lysed islets, measured
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by ELISA as in (B) and (C). Data are presented in nanomoles of insulin/islet. (E) Glucagon

concentration was determined in the same fractions by ELISA. Data are presented in fmoles
%1073 of glucagon/islet/min as means + S.E.M. (n = 3).
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Figure 2. Reduction in depolarization-induced exocytosis in pancreatic p—cells isolated from
cle-37"" mice compared to clc-3+/*

(A) Perforated patch recordings from representative pancreatic p—cells showing increases in
cell membrane capacitance (AC,y,) evoked by voltage-clamp depolarizations from —70 to 0 mV
(500 ms, 1 Hz). (B) Histograms showing average changes in capacitance during fast and slow
phase of secretion. Fast phase secretion (from a docked, readily releasable granule pool) was
triggered by a single pulse from —70 to 0 mV (500 ms) 10 s before the train was applied to the
cells to elicit mobilization of granules from a reserve pool of granules (slow phase). Data are
mean = S.E.M. of 4 experiments for each cell type. * P < 0.05. (C) Representative whole-cell
Ca?* currents from perforated patch capacitance experiments as in (A). Currents were elicited
by 500 ms voltage-clamp depolarizations from —70 to 0 mV. (D) Summary of average changes
in peak and steady-state Ca2* current in clc-3*/* and clc-37/~ cells. Neither average peak nor
steady-state currents were significantly different from one another. Data are mean + S.E.M. of
4 experiments for each cell type.
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Figure 3. Electron microscopic localization of CIC-3 on insulin granules and characterization of
secretory granules in thin sections of p—cells from cle-3** and cle-37~ mice

(A) Immunogold staining shows insulin (10 nm particles) and CIC-3 (15 nm particles)
colocalized in secretory granules of p—cells. (B) Comparison of clc-3*/* and clc-37/~ cells
reveals abundant pale, immature-appearing secretory granules in the knockout cells (marked
by arrows). (C) Localization of proinsulin on thin sections of pancreatic f—cells from
clc-3*"* and clc-37~ mice. In clc-3** mice proinsulin staining is observed only in the nascent
(maturing) secretory granules (msg). Mature secretory granules (sg) appear free of labeling.
In the p—cells from the clc-37/~ mice, proinsulin labeling is found regardless of the state of
maturity.
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Figure 4. Granule acidification in p—cells isolated from cle-3** and clc-37/~ mice

Pancreatic p—cells were loaded with the pH-sensitive, ratiometric dye LysoSensor Yellow/Blue
DND-160 and visualized with confocal microscopy. (A) Dye-filled vesicles were imaged at
the polar focal plane (close to the cell surface to maximize the analysis of secretory granules).
The ratio of yellow (pH-sensitive) to blue (pH-insensitive) emission was used to determine
organellar pH. (B) Results were analyzed using ImageJ software and presented as mean
510/485 nm fluorescence ratios + standard errors. (C) In situ calibration curve was used to
determine pH values corresponding to 510/485 nm ratios obtained experimentally. The dotted
line corresponds to the experimentally obtained fluorescence ratio in clc-3~ cells. The ratio
was significantly less than that of the clc-3*/* cells and corresponded to the asymptotic part of
the pH calibration curve making an estimate of the corresponding pH ambiguous (see text).
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