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Abstract

Background/Aim: Pancreatic acinar cells are involved in
the secretion of digestive enzymes. Digestive enzymes in
pancreatic acinar cells are stored in membrane-bound
secretory vesicles called zymogen granules (ZGs). The
swelling of ZGs is implicated in the regulation of the
expulsion of intravesicular contents during secretion.
The molecular mechanism of ZG swelling has been pre-
viously elucidated. It has been further demonstrated that
the water channel aquaporin-1, the potassium channel
IRK-8, and the chloride channel CLC-2, are present in the
ZG membrane and involved in ZG swelling. However, a
direct measurement of these ion channels at the ZG
membrane in intact ZGs had not been performed. The
aim of this study was to investigate the electrical activity
of single ZGs and verify the types of channels found
within their membrane. Methods: ZGs from pancreatic
acinar cells were isolated from the pancreas of Sprague-
Dawley rats. Direct measurements of whole vesicle cur-
rents, in the presence and absence of ion channel block-
ers (quinine, glyburide and DIDS), were recorded follow-
ing successful patching of single ZGs. Conclusion: In this
study, we were able, for the first time, to patch single ZGs

and study ion channels in their membrane. We were able
to record currents across the ZG membrane and, utilizing
ion channel blockers, confirm the presence of the chlo-
ride channels CLC-2 and the potassium channel IRK-8
(Kir6.1), and additionally demonstrate the presence of a

second chloride channel CLC-3.
Copyright @ 2006 S, Karger AG, Basel and |AP

Introduction

The physiological role of pancreatic acinar cells is the
secretion of digestive enzymes. Digestive enzymes in
these cells are stored in membrane-bound secretory vesi-
cles called zymogen granules (ZGs). The swelling of ZGs
is implicated in the regulation of the expulsion of intrave-
sicular contents during secretion [1]. The molecular
mechanism of ZG swelling has been previously elucidated
[2-4]. It has been further demonstrated that the water
channel aquaporin-1, the potassium channel IRK-8, and
the chloride channel CLC-2, are present in the ZG mem-
brane and involved in ZG swelling [4]. Individual activity
in ZG membranes has also been previously reported using
indirect methods [5-10]. These studies report the exis-
tence of 2 separate chloride conductances [6, 9-10] and at
least 2 cation channel pathways at the ZG membrane. The
ZG chloride conductance was activated by ATP and
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blocked by the chloride channel blocker, 4,4’-diisothio-
cyanato-stilbene-2-2’-disulfonic acid (DIDS). Of the 2 cat-
ion channel pathways, one is believed to be through a gly-
buride-sensitive potassium channel that is blocked by the
KCNQI channel blocker 239B [6] as well as ATP and
quinine. The second pathway is through a nonselective
cation channel, which is blocked by flufenamic acid (a
mitochondrial uncoupler).

Secretory vesicles, primarily due to their relatively
small size, have long presented a challenge for direct mea-
surement of the electrical activity at their membrane. Ear-
lier studies using indirect methods and incorporation of
vesicles into lipid bilayers have demonstrated the exis-
tence of ion channels in secretory vesicles [5-8, 11-20].
Direct measurements of ion channels at the cell mem-
brane are performed by patch clamp techniques. Patch
clamping is achieved by touching the tip of a capillary
pipette that has been pulled to create a diameter of a
micrometer or less at the tip of the pipette. A voltage is
then applied to determine the current directly under the
tip of the pipette (cell-attached patch, fig. 1A). The mem-
brane under the tip can be pulled away from the rest of the
cell (inside-out patch, fig. 1B) or the membrane can be
ruptured by applying a larger voltage pulse (whole-cell
patch, fig. 1C). Finally, the plasma membrane of the cell
can be looped back by moving the electrode tip to form a
small open vesicle under the tip (outside-out patch,
fig. 1D). In voltage clamp mode in a patch clamping sys-
tem, one determines the voltage to be maintained across
the cell membrane. The amount of current required to
maintain that voltage is equal and opposite to the amount
of current moving across the membrane. Thus, the
amount of current at different voltages can be measured
and plotted. The conductance of the channel or channels
in the membrane is the slope of this curve. Patch clamp-
ing of synaptic vesicles from Torpedo fish has been
accomplished and the existence of channels in the vesicle
membrane determined through the use of sub-micromet-
er patch clamping, a technique in which the capillary
pipette electrode tip is pulled to the nanometer range [21].
However, the verification that this patch was of a single
synaptic vesicle or a clump of fused vesicles was impossi-
ble earlier due to the size of these vesicles (90 nm). Pan-
creatic ZGs, on the other hand, are an order of magnitude
larger, around a micrometer in diameter, hence rendering
them visible with a light microscope for sub-micrometer
patch clamping.

To directly determine the presence of ion channels at
the ZG membrane, we used the sub-micrometer patch
clamp technique to investigate whole vesicle patch cur-
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Fig. 1. Patch clamp configurations. A The ‘cell-attached patch’ is
achieved immediately after the pipette forms a seal between the glass
of the electrode and the cell membrane. B The ‘inside-out patch’ can
then be formed by pulling the pipette away from the docked cell
while the seal remains between the glass of the pipette and the mem-
brane that was beneath it. € The ‘whole cell-patch’ is formed by
breaking through the cell membrane of a ‘cell-attached’ patch. The
solution in the pipette then becomes continuous with the cytosol.
D After formation of the ‘whole-cell patch’, an outside-out patch con-
figuration can be fashioned by rocking the pipette back and forth
until a seal is made and then backing the pipette away from the cell.

rents. Whole vesicle patch (fig. 1A) currents were then
analyzed and evaluated using chloride and potassium
channel blockers. The position of the granule on the elec-
trode tip was demonstrated using atomic force microsco-
py (AFM) and the presence of chloride channels (CLC-2
and CLC-3) as well as evidence for the presence of IRK-8
(the ATP-sensitive potassium channel Kir6.1) were verif-
ied through ion channel blockers and immunoblot analy-
sis.

Materials and Methods

Preparation of ZG's and Formation of Granule Patches

ZGs were purified according to a published procedure [2]. Brief-
ly, the pancreas from male Sprague-Dawley rats was dissected and
diced into 0.5-mm? pieces before being suspended in 15% (wt/vol)
ice-cold homogenization buffer (0.3 M sucrose, 25 mM Hepes, pH
6.5, 1 mM benzamidine, 0.01% soybean trypsin inhibitor) and
homogenized using 3 strokes of a Teflon glass homogenizer. The
homogenate was centrifuged for 5 min at 300 g at 4° C. The superna-
tant fraction was mixed with 2 volumes of a Percoll-Sucrose-Hepes
buffer (0.3 M sucrose, 25 mM Hepes, pH 6.5, 86% Percoll, 0.01%
soybean trypsin inhibitor) and centrifuged for 30 min at 16,400 g at
4°C. Pure ZGs were obtained as a loose white pellet at the bottom of
the centrifuge tube and used in the study. The purified granule sus-
pension (0.02-0.18 pg/ml protein) in MES buffer (150 mM KCI,
20 mM MES, | mM CaCl,, pH 6.5) was placed on a coverslip (Fisher
Scientific). Granules were patched while free floating using negative
pressure. Seal strength was at least 1 GQ in resistance. All patches
were performed at room temperature. The pipette solutions and any
additions thereof are provided in the figure legends. Current versus
voltage traces were recorded for voltages from -80 to +80 mV in
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order to determine baseline conductance in the ‘on vesicle’ confor-
mation. After this baseline measurement was recorded, a voltage of
500 mV was applied to the granule to obtain a ‘whole vesicle’ confor-
mation. A second baseline current versus voltage curve was obtained
after the whole granule patch formation was achieved. To test for
stability of the patch and the presence of single channel conduc-
tances, the granule patch was exposed to 300 mM KCl externally and
current traces were recorded again for voltages from -80 to
+80 mV.

AFM

After electrical measurements of the patched vesicle, the elec-
trode with the patched ZG was imaged using the AFM (Nanoscope
IITa; Digital Instruments, Santa Barbara, Calif., USA) in the contact
mode. The AFM micrograph in this manuscript was obtained using a
silicon nitride tip with a spring constant of 0.06 N-m~!, and an imag-
ing force of <200 pN. The image was obtained at line frequencies of
1.9 Hz, with 128 lines per image, and constant image gains. Topo-
graphical dimensions were analyzed using the software nanosco-
pellla4.43r8 supplied by Digital Instruments.

Western Blot Analysis

[solated ZGs were incubated in Laemmli sample preparation
buffer and boiled. Twenty micrograms of protein was loaded in each
lane. Proteins were resolved using 12.5% SDS-PAGE, and then elec-
trotransferred to nitrocellulose for immunoblot analysis using spe-
cific antibodies to CLC-2, CLC-3 and IRK-8 (Santa Cruz Biotechno-
logy, Santa Cruz, Calif.,, USA). The antibodies have been raised
against a synthetic peptide, representing a conserved domain of the
channel in question. When the antibody is used in combination with
the peptide, the immunodetectable band representing the protein
and other proteolytic degradations containing the conserved domain
are immunochemically undetectable. The nitrocellulose was incu-
bated for I hat room temperature in blocking buffer (5% nonfat milk
in PBS containing 0.1% Triton X-100 and 0.02% NaN3), and immu-
noblotted for 1 h at room temperature with the specific antibody at a
dilution of 1:200 (CLC-2 and CLC-3) and 1:500 (IRK-8) in blocking
buffer. The immunoblotted nitrocellulose sheets were washed in PBS
containing 0.1% Triton X-100 and 0.02% NaN; and incubated for
1 h at room temperature in horseradish peroxidase-conjugated sec-
ond antibody at a dilution of 1:3,000 in blocking buffer. The immu-
noblots were then washed in PBS buffer, processed for enhanced
chemiluminescence and developed using a Kodak 440 image sta-
tion,

Results

AFM demonstrated the presence of single patched ZG
at the tip of the glass pipette (fig. 2). The majority of gran-
ule patches presented a mixture of channel types. In order
to elucidate which currents were present in each individu-
al patch, a current versus voltage trace was obtained
before and after exposure of the granule to 3 channel
blockers: 20 pM DIDS, the chloride channel blocker;
quinine, a general potassium channel blocker; and glybu-
ride (glibenclamide), the ATP potassium channel blocker.

Patch Clamped Single Pancreatic Zymogen
Granules

Baseline conductances were compared in the presence
and absence of the blockers (fig. 3). Since individual ZG
patches displayed different levels of ionic activity, calcu-
lated conductances were normalized to account for these
differences and are represented as bar graphs (inset).

Application of the chloride channel blocker, DIDS, at a
concentration of 20 uM resulted in a general reduced
baseline conductance (~ 18% within 3 min of addition
(fig. 3A. n = 5) with 7 out of 9 patches experiencing an
overall decrease in conductance. Increasing the concen-
tration of DIDS to 40 puM further decreased this conduc-
tance to nearly 50% of the conductance recorded 1 min
after exposure to asymmetric KCI (this time point was
used as the standard baseline conductance for all blocker
experiments). The dramatic overall decrease supported
the presence of chloride channels in the ZG patches.

Addition of quinine, a general potassium channel
blocker, diminished baseline conductance (fig. 3B, n = 7)
by ~14% initially and further decreased conductance
within 3 min of addition. By increasing the concentration
of quinine to 40 uM (n = 6), a greater decrease in baseline
conductance was obtained. These results confirm the
presence of potassium channels in the ZG membrane.
Finally, addition of 20 pM glyburide resulted in a slightly
greater decrease in baseline conductance than quinine
(15%, fig.3C, n = 6). All channel blockers were dissolved
in 50% ethanol making the final bath concentration 2%
ethanol. Addition of 2% ethanol to the bath resulted in
virtually no change in the baseline conductance.

Single channel currents were observed in approximate-
ly one quarter of all patches (n = 27). The inset in figure 2
provides a current versus time trace of the electrical activ-
ity of a whole granule conductance observed in an isolated
ZG patch. The channel observed was fairly nonselective
after exposure to a 300-mM KCl bath, and 150-mM KCl
internal pipette gradient without ATP, Channel conduc-
tance was ~ 37 pS with no apparent voltage dependence.
However, the channel was sensitive to DIDS, temporarily
turning off the channel and diminishing baseline conduc-
tance to zero immediately after the first exposure of
20 uM DIDS (fig. 4). Baseline conductance returned to
63% of the pre-DIDS value just over a second later. This
new baseline conductance level was further decreased by
the addition of both quinine and glyburide (data not
shown), thus suggesting that the underlying currents ob-
served following addition of DIDS are from a potassium
and/or a nonselective potassium-channel-blocker-sensi-
tive cation channel.

Western blot analysis was performed to verify the pres-
ence of both chloride and potassium channels in the gran-
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Fig. 2. AFM micrograph of'a ZG patch. AFM image of a ZG patched to a patch pipette tip. The granule was fixed by
adding formaldehyde to the bath after making contact with the granule membrane and forming a loose seal (200 MQ).
The patched granule (white arrow) was then removed from the bath and scanned in order to produce the AFM image
(in 2D, top left; and 3D bottom left in color). On the right is an inset of the electrical recordings obtained earlier, from

the patched Z2G.

ules used for patching. Western blot analyses using spe-
cific antibodies to a number of potassium and chloride
channels, demonstrate the presence of 2 types of chloride
channels, CLC-2 and CLC-3, and the presence of the
ATP-sensitive potassium channel, IRK-8 (fig. 5).

Discussion

For almost 20 years now, the existence of ion channels
in synaptic vesicle and other secretory vesicle membranes
has been debated. Although the presence of ion channels
has been indirectly demonstrated, a direct demonstration
has been difficult primarily due to the difficulty in patch-
ing them. Most of our understanding of these channels is

446 Pancreatology 2005;5:443-449

based on pharmacological analysis without direct evi-
dence of ionic current. In this study, we report the pres-
ence of ion channels at the ZG membrane, the secretory
vesicles of the exocrine pancreas, by being able to for the
first time directly patch isolated ZGs. Our study confirms
earlier findings of the presence of both potassium and
chloride ion channels at the ZG membrane. In our study,
the electrical activity at the ZG membrane displays a
range of sensitivity both to chloride and potassium chan-
nel blockers (whole vesicle conductance was decreased
with the addition of the chloride channel blocker, DIDS,
and the ATP K* channel blocker, glyburide, in both vesi-
cles patches and indirect analysis), supporting the hypoth-
esis for the presence of more than 1 channel type. This
finding was further confirmed by Western blot analysis,
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Fig. 3. Effect of ion channel blockers on conductance of ZG membrane. A Addition of 20 pM DIDS (DIDS 0-3), final
concentration, to a bath containing 300 mM KCI, 20 mM MES, and 1 mM CacCl, after formation of a whole granule
patch. Patch electrode solution is 150 mAM KCI, 20 mM MES, and | mM CaCl. Conductance was measured imme-
diately following addition, and 1 min and 3 min after addition. Values are percent of the whole cell conductance
(conductance point | min after 300 mM KCI was introduced to the bath, approximately 3 min before addition of
blocker). The same procedure was followed after increasing DIDS concentration to 40 pM (40DIDS 0-3). B Effect of
20 (Qui 0-3) and 40 uM quinine (40Qui 1-3) on baseline activity of the whole granule patch. Procedure for addition
was the same as for DIDS. € Effect of the addition of 20 uM glyburide (Gly 0-3) on baseline conductance.

and as speculated, the presence of 2 chloride channels,
CLC-2 and CLC-3, was observed, Also consistent with
pharmacological evidence was the presence of ATP-sensi-
tive potassium channel, Kir6.1 in our Western blot analy-
sis of the ZGs. This is surprising, since Kir6.2 is the pre-
dominant form in B cells of the{exocring)pancreas.

endocvine.

Patch Clamped Single Pancreatic Zymogen
Granules

Earlier, indirect measurements had also suggested the
existence of a nonspecific cation channel. Although our
study demonstrates the presence of such a current, the
identity of the nonspecific channel remains to be estab-
lished. Since this channel is blocked by a mitochondrial
uncoupler, it may be suggested that this channel does not
represent a channel at all, but rather a transporter in the
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Fig. 5. CLC-2, CLC-3 and IRK-8 (Kir6.1) 2= - - - s

channel are present in ZGs of rat pancreatic
acinar cells. 20 pg of ZGs protein were
resolved by 12.5% SDS-PAGE, and then
electrotransferred to nitrocellulose for im-
munoblot analysis using specific antibodies 27 —
to CLC-2, CLC-3 and IRK-8. The extreme
left panel demonstrates the position of the
various molecular weight markers, Presence
of CLC-2, CLC-3 and IRK-8 channel in the b
ZG membrane is demonstrated (arrow- 37 —

heads). Lower bands are possibly proteolytic
degradation products of the specific protein.

448 Pancreatology 2005:5:443-449 Kelly/Abu-Hamdah/Jeremic/Cho/llie/Jena



absence of its substrate. or a combination of potassium
channel and the water channel [4, 22-25], aquaporin 1,
that is known to be present in the ZG membrane. This
will be the subject of future studies.

This is the first demonstration of the presence of the 2
chloride channels at the ZG membrane. The presence of
CLC-2 has previously been demonstrated in pig pancreat-
ic acini [26] and CLC-3, in B-cell granule membranes, and
synaptic vesicles [27, 28].

The use of sub-micrometer patch clamping has made it
possible for the first time to make direct measurements of
the electrical activity of a single subcellular organelle, in
this case a single secretory vesicle, and determine chan-
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