Involvement of Water Channels in Synaptic
Vesicle Swelling
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Vesicle swelling is critical for secretion; however, the underlying
mechanism of synaptic vesicle (SV) swelling is unknown. A G,;3-
phospholipase A2 (PLA2)-mediated involvement of the water
channel aquaporin-1 (AQP1) in the regulation of secretory
vesicle swelling in the exocrine pancreas has been previously
reported. In the present study, the association and involvement
of water channels in SV swelling was explored. Results from the
study demonstrate that water channels AQP1 and AQPS6, and the
heterotrimeric G, protein are associated with SVs and partic-
ipate in their swelling. Exp Biol Med 230:674-680, 2005
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Introduction

As reported in other secretory cells (1-4), synaptic
vesicle (SV) swelling is critical for secretion (5); however,
the underlying mechanism of SV swelling is unknown. In
mast wells, an increase in secretory vesicle volume after
stimulation of secretion has been suggested from electro-
physiologic measurements (6). However, a direct measure-
ment of secretory vesicle swelling in live cells was first
reported in studies on pancreatic acinar cells using atomic
force microscopy (AFM; Ref. 7). Isolated zymogene
granules (ZGs), the membrane-bound secretory vesicles
in exocrine pancreas and parotid glands, possess Cl™- and
ATP-sensitive, K*-selective ion channels at the vesicle
membrane whose activities have been implicated in vesicle
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swelling (8). Additionally, secretion of ZG contents in
permeabilized pancreatic acinar cells requires the presence
of both K™ and CI™ ions. In vitro ZG-pancreatic plasma
membrane fusion assays further demonstrate potentiation
of fusion in the presence of guanosine triphosphate (GTP;
Ref. 4). Analogous to the regulation of K* and CI™ ion
channels by Gy at the cell plasma membrane, the
regulation of K and CI™ ion channels at the ZG membrane
by a Ga protein has been demonstrated (8). Isolated ZGs
from exocrine pancreas swell rapidly in response to GTP
(8). These studies suggested the involvement of rapid water
entry into ZGs after exposure to GTP. When the possible
involvement of water channels or aquaporins in ZG
swelling was explored (9), results demonstrated the
presence of aquaporin-1 (AQPl) at the ZG membranes
and the participation of AQP! in GTP-mediated vesicle
water entry and swelling (9). To further understand the
molecular mechanism of ZG swelling, the regulation of
AQP1 in the ZG was determined (10). After immunopre-
cipitation with a monoclonal AQP! antibody, detergent-
solubilized ZGs co-isolate AQP1; PLA2; Gga; the
inwardly rectifying K* (IRK)-8 channel; and the chloride
channel (CIC)-2 (10). Exposure of ZGs to either the
potassium-channel blocker, glyburide; or the PLA2
inhibitor, ONO-RS-082 blocked GTP-induced ZG swel-
ling. Red blood cells, known to possess AQPl at the
plasma membrane, also swell on exposure to the G-
agonist mastoparan, and respond similarly to ONO-RS-082
and glyburide. Additionally, liposomes reconstituted with
the AQP1 immunoisolated complex from solubilized ZGs,
also swell in response to GTP. Glyburide or ONO-RS-082
abolished the GTP effect in reconstituted liposomes.
Furthermore, immunoisolated-reconstituted planar lipid
membranes demonstrate conductance that is sensitive to
glyburide and to an AQP1-specific antibody. These results
demonstrate a Gg;3-PLA2-mediated pathway and potassi-
um channel involvement in AQP1 regulation (10),
contributing to our understanding of the molecular
mechanism of ZG swelling. Studies in both the pancreatic
acinar cell and in neurons further reveal that secretory
vesicle swelling is a requirement for the regulated
expulsion of intravesicular contents during secretion (5).
Therefore, the present study was undertaken to understand
the molecular components involved in SV swelling.
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Results from this study demonstrate that the water channels
AQP1 and AQP6, and the heterotrimeric G, protein are
associated with SVs and participate in the swelling of SVs.

Materials and Methods

Isolation of Synaptosomes, Synaptosomal
Membrane (SM), and SVs. Synaptosomes, SM, and
SVs were prepared from rat brains using published
Procedures (5, 11). Entire rat brains from Sprague-Dawley
rats weighing 100-150 g were isolated and placed in an
ice-cold buffered sucrose solution (5 mM Hepes, pH 7.4;
and 0.32 M sucrose), supplemented with protease inhibitor
cocktail (Sigma, St. Louis, MO). The brain tissue was
homogenized using 8-10 strokes in a Teflon-glass
homogenizer. The total homogenate was centrifuged for
3 mins at 2500 g, and the supernatant fraction was further
centrifuged for 15 mins at 14,500 g to obtain a pellet. The
resulting pellet was resuspended in buffered sucrose
solution, and loaded onto a 3-10-23% Percoll gradient.
After centrifugation at 28,000 g for 6 mins, the enriched
synaptosomal fraction was collected at the 10-23% Percoll
gradient interface. To isolate SVs and SM, isolated
synaptosomes were diluted with 9 vol of ice-cold H,O
(hypotonic lyses of synaptosomes to release SVs) and
immediately homogenized using three strokes in a Dounce
homogenizer, followed by a 30-min incubation on ice. The
homogenate was then centrifuged for 20 mins at 25,500 g.
The resulting pellet was enriched in SM and the super-
natant was enriched in SVs.

Transmission Electron Microscopy (TEM). Iso-
lated rat brain synaptosomes and SV preparations were
fixed in 2.5% buffered paraformaldehyde for 30 mins, and
the pellets were embedded in Unicryl resin and sectioned
at 40-70 nm. Thin sections were transferred to coated
specimen TEM grids, dried in the presence of uranylacetate
and methylcellulose, and examined in a transmission
electron microscope.

Measurements of SV Size Using Photon-Corre-
lation Spectroscopy (PCS) and Right-Angle Light
Scattering. Changes in SV size was determined using
PCS and right-angle scattering, well-known techniques for
the measurement of size of submicron particles and
macromolecules. Measurements using PCS were performed
with a Zetasizer Nano ZS, (Malvern Instruments, Worces-
tershire, UK). In a typical experiment, the size distribution
of isolated SVs was determined using built-in software
provided by Malvern Instruments. Before determination of
vesicle hydrodynamic radius, calibration of the instrument
was performed using latex spheres of known size. In PCS,
subtle fluctuations in the sample scattering intensity are
correlated across microsecond time scales. The correlation
function was calculated, from which the further diffusion
coefficient was determined. Using the Stokes-Einstein
equation, the hydrodynamics radius can be calculated from
the diffusion coefficient (12). The intensity size distribu-

tion, which is obtained as a plot of the relative intensity of
light scattered by particles in various size classes, is then
calculated from the correlation function using built-in
software. The particle scattering intensity is proportional to
the square of the molecular weight. Volume distribution,
which assigns more realistic weights to both small and big
particles, is calculated from the intensity distribution using
Mie theory (13, 14). Transform of the PCS intensity
distribution to volume distribution is obtained using the
software provided by Malvemn Instruments. Measurements
of SV size dynamics were determined using real-time,
right-angle light scattering in a Hitachi F-2000 spectro-
fluorometer. Real-time scattered light intensities at 600 nm
were measured as a function of vesicle radius (15). In both
experimental setups, isolated SVs were suspended in
isotonic buffer (0.3 M sucrose; 10 mM Hepes, pH 7.4;
and 20 mM KCl) and changes in vesicle size monitored
before and after addition of GTP or mastoparan. Values are
expressed in arbitrary units and as percent light scattered
over controls. Student’s ¢ test was performed for
comparison between groups, with significance established
at P < 0.05.

Glutamate Assay. The glutamate assay was per-
formed using a published procedure (16). The assay relies
on the conversion (reduction) of B-nicotinamide adenine
dinucleotide (NAD™) to NADH by L-glutamic dehydrogen-
ase (GDH) in the presence of glutamate. The NADH
produced fluoresces when excited with UV light, and is an
indirect measurement of the glutamate content. In a typical
glutamate assay, brain fractions suspended in buffered
sucrose solution are supplemented with GDH (50 U/ml and
1 mM NAD"). The mixture is incubated for 5 mins under
continuous stirring in a thermo cuvette maintained at 37°C
in a Hitachi F-2000 spectrofluorometer. Glutamate release
from SV is initiated by 0.1% Triton X-100-induced SV
lysis. Glutamate release is measured as an increase in
fluorescence, using excitation and emission set at 340 nm
and 460 nm, respectively.

Atomic Force Microscopy. Isolated SM or SVs in
buffer were plated on freshly cleaved mica. Ten minutes
after plating, the mica disk is placed in a fluid chamber and
washed with the incubation buffer to remove unattached
membrane and or SVs before imaging in the presence or
absence of 20 uM GTP, 100 uM HgCl,, 1 mM CaCl,, and
5 mM EGTA. Isolated SM and SVs were imaged using the
Nanoscope IIIa, an atomic force microscope from Digital
Instruments (Santa Barbara, CA). All images presented in
this report were obtained in the “‘tapping’’ mode in fluid,
using silicon nitride tips with a spring constant of 0.06 N/
m and an imaging force of less than 200 pN. Images were
obtained at line frequencies of 2.523 Hz, with 512 lines per
image and constant image gains. Topographical dimen-
sions of SM and SVs were analyzed using the NANO-
SCOPE (R) IIA 4.43r8 software, supplied by Digital
Instruments.
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immunoblot Analysis and Glycoprotein Immu-
noreactivity. The total protein content in enriched SV or
SM fractions was determined by the Bradford method.
Sample aliquots solubilized in Laemmli sample preparation
buffer were resolved using 12.5% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Resolved
proteins were electrotransferred to nitrocellulose membrane
for immunoblot analysis using specific antibodies to
vesicle-associated membrane protein 2 (Vamp-2; Alomone
Labs, Jerusalem, Israel); synaptic vesicle protein 2 (SV2),
synaptophysin (Syp), and synaptotagmin 1 (Syt; gifts from
R. Jahn, Yale University); Gy, (Santa Cruz Biotechnology,
Santa Cruz, CA); and AQP1-9 (Aquaporinsi-9 kit;
o~—Diagnostic, San Antonio, TX). The nitrocellulose
membranes transferred by electrophoresis with the resolved
SM and SV proteins were incubated for 1 hr at room
temperature in blocking buffer (5% non-fat milk in
phosphate-buffered saline [PBS] containing 0.1% Triton
X-100 and 0.02% NaNs3), and immunoblotted for 1 hr at
room temperature with the specific antibody. Primary
antibodies were used at a dilution of 1:3000 (Vamp-2, SV,
Syt-1, and Syp); 1:1000 (aquaporins); and 1:250 (G,c) in
blocking buffer. The immunoblotted nitrocellulose sheets
were washed in PBS containing 0.1% Triton X-100 and
0.02% NaNj3 and incubated for 1 hr at room temperature in
horseradish peroxidase-conjugated secondary antibody at a
dilution of 1:3000 in blocking buffer. The immunoblots
were then washed in PBS buffer, processed for enhanced
chemiluminescence (Amersham Biosciences, Piscataway,
NJ) and developed using a Kodak 440 image station.
Glyctyproteins were visualized using florescent SYPRO
Ruby and Pro-Q Emerald glycoprotein stains (Molecular
Probes, Eugene, OR), according to the manufacturer’s
instructions.

Results and Discussion

Electron microscopy (EM; Fig. 1A and B); AFM (Fig.
1C); PCS (Fig. 1D); immunoblot analysis (Fig. 1E and F);
and the assessment of glutamate content (Fig. 1G)
demonstrate a highly enriched SV preparation. Synaptic
vesicles in the preparations were found to have a mean
diameter of 33 nm (Fig. 1C). Immunoblot analysis
demonstrated that the SV preparation is enriched in Vamp2
and rab3A (Fig. 1E), both SV-specific proteins. Further
immunoanalysis demonstrated the presence of several SV-
specific marker proteins, such as SV2, Syt, and Syp (Fig.
1F). In addition, the isolated SVs were found to contain the
neurotransmitter glutamate (Fig. 1G), which is enriched in
the SV preparation. These studies collectively demonstrate
the isolation of a highly enriched preparation of SVs from
brain tissue for our study.

Because of the role of water channel and Gj-like
proteins in swelling of secretory vesicles in the exocrine
pancreas (8-10), their involvement in SV swelling was
explored. When SVs were immunoprobed using water

channel or aquaporin antibodies, AQP1 through AQP9,
two aquaporins (AQP1 and AQP6) were found associated
with SVs (Fig. 2A). However, of the two water channels
present, AQP6 was enriched in SV fraction compared with
the SM fraction (Fig. 2B). Our immunoblots demonstrate
that besides the 28-kDa AQP1 and AQP6 forms, there is a
major, approximately 40-kDa, glycosylated AQP6 form (P
< 0.05) in SVs (Fig. 2C). This is further confirmed from
the PRO-Q glycoprotein staining test, where an approx-
imately 40-kDa glycosylated band (P < 0.05) is also
observed. Similar to the presence of a heterotrimeric Gi-
like protein in pancreatic ZG, the present study demon-
strates the presence of G, in SVs (Fig. 2C). In contrast,
probing with G antibodies failed to yield any measurable
signal (Fig. 2C); thus, suggesting that G,, may be the
major heterotrimeric G protein in SVs. These results
further suggest that SV swelling may be similarly regulated
to the ZGs in exocrine pancreas. To test this possibility, the
effects on SV size of G, protein stimulators (GTP,
mastoparan), and the water channel inhibitor (HgCl),
were examined using various approaches (PCS, right-angle
light scattering, and AFM) to measure SV size.

Results from these studies demonstrate that SVs swell
rapidly in response to GTP and mastoparan (Fig. 3). The
ability of purified SVs to swell in response to GTP or
mastoparan application was determined by PCS (Fig. 3A-
C). Exposure of SVs to 20 uM GTP or 20 pM mastoparan,
an amphiphilic tetradecapeptide that selectively activates
Gi/o-like proteins (17), resulted in a significant increase in
SV size, from 32 nm to 58 nm in mean vesicle diameter
(Fig. 3A and B). The intensity distribution is also sensitive
to aggregation and other vesicle-vesicle interactions in
solution, which can, in some cases, dominate the
distribution. Therefore, we transformed the intensity
distribution to a volume distribution (Fig. 3C) to check
the validity of the distribution analysis. In agreement with
the determination of SV size by intensity distribution (Fig.
3A and B), determination of vesicle size by volume
distribution shows similar distribution patterns of SV sizes
after addition of GTP (mean diameter change from 36 to
59 nm; Fig. 3C). Because intensity and volume distribu-
tions are very similar, and the changes of mean diameter
obtained by the two approaches differ by less than 5%, it is
evident that vesicles undergo swelling without aggregation.
The size distribution of vesicles before treatments exhibits
the symmetric form of a Gaussian distribution; the
distribution becomes somewhat asymmetric after swelling,
indicating that not all vesicles swell to the same extent.
This observation is analogous to previous observations in
swelling of ZGs in live acinar cells (5). Although PCS is a
valuable method for particle characterization, it is time
consuming and, therefore, not appropriate for systems in
which particle sizes rapidly change. To confirm the results
shown in Figure 3A and B, and to assess the kinetics of
SV size changes, we used right-angle light scattering with
excitation set at 600 nm. It was previously shown (15) that,
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Figure 1. Isolated SVs and synaptosomes. Purity of synaptosomes (A) and SVs (B) were dete_rmiped by TEM. Scale bar, 100 nm. Atomic force
microscopy (C) on isolated SVs demonstrates a size distribution between 30 and 50 nm, which is further confirmed by PCS (D). Immunoblot
analysis of SM and SVs demonstrates an enrichment of the SV proteins, Vamp2 and rab3A, in SVs, and the SM-associated protein, syntaxini
(Syn1), with the SM fraction (E). Note the presence of other SV-specific proteins, such as SV2, Syt, and Syp, in the SV fraction (F). Assessment
of the glutamate content per milligrams of protein in brain fractions further demonstrates enrichment in the SV pool (G).

at this wavelength, the light scattering intensity is a
monotonous function of vesicle radius. Addition of 20
MM mastoparan, but not its inactive analog, mast-17, led
to rapid SV swelling (Fig. 3D, inset), followed by a
plateau after 50 secs (Fig. 3D). In the presence of 100
MM HgCl,, however, the effect of mastoparan is
suppressed. In the first 3 secs after addition of
mastoparan, increase in SV swelling is a linear function
of time (Fig. 3D, inset a), suggesting that influx of
water and ions is unrestricted and rapid at this initial

period. After this point, SV swelling slows down, and
changes in SV volume takes on a logarithmic form that
can be expressed by a first-order equation, with a rate
constant k = 5.4 X 107%/s (Fig. 3D, inset b). Finally,
after 50 secs of mastoparan exposure, SV volume attains
a maximum value, when there is no further influx of
solutes into the SV (Fig. 3D). The potency (Fig. 3E,
inset) and efficacy of SV swelling (Fig. 3D, insets) were
directly proportional to the concentration of agonist
used (Fig. 3E).
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Figure 2. Association of the water channels AQP1; AQP6; and the
heterotrimeric GTP-binding, G,, with SVs. Five micrograms of
isolated SVs, when resoived by SDS-PAGE and transferred by
electrophoresis to a nitrocellulose membrane, demonstrate the
presence of AQP1 and AQP6 after immunoblot analysis using
aquaporin antibodies specific to AQP1-9 (A). Note the enrichment of
AQPS6 in the SV fraction (B). The approximately 28-kDa AQP1 and
AQP6 proteins are present in the immunoblot, in addition to an
approximately 40-kDa glycosylated form of AQP6 (C). Glycoprotein
staining (PRO-Q), also demonstrates the presence of an approx-
imately 40-kDa glycosylated band (C). Immunoblot analysis using a
number of G-protein antibodies demonstrates the specific localization
of the 43-kDa G,, protein. Note the absence of G,z immunoreac-
tivity.

Mastoparan-induced rapid swelling of SVs suggested
the involvement of water channels, as opposed to the slow
water entry by diffusion. Water channels, or aquaporins,
are w*family of membrane proteins that rapidly transport
water across the cellular membranes (18, 19), as opposed
to diffusion. Indeed, as outlined in the introduction, it has
been demonstrated that, in ZGs, the membrane-bound
secretory vesicles of exocrine pancreas, the AQP1 channel
regulates the GTP-induced rapid gating of water (9, 10).
To determine whether a similar mechanism accounts for
water permeation in brain SVs, experiments using the
known water channel inhibitor, HgCl,, were performed. In
the presence of 100 pM HgCl,, the stimulatory effect of
mastoparan was significantly abrogated (Fig. 3D and F),
indicating a G,-regulated, aquaporin-mediated water entry
in SVs. Interestingly, with repetitive additions of masto-
paran, a saturation point at a 30 uM concentration was
reached (Fig. 3E), in contrast to the saturation at 50 pM
with solitary mastoparan applications (Fig. 3E, inset),
leading to the desensitization of SV swelling. This result
clearly points to a dual, switch-on/switch-off regulation of
water transport in SVs. Similar to isolated ZGs (8), Ca®"
has no significant effect on SV size or the extent of
mastoparan-induced SV swelling (Fig. 3F).

To further assess and confirm the role of GTP on SV
size, AFM studies were performed. The AFM studies (Fig.
3G) demonstrated a GTP-induced swelling of SVs. These
studies, therefore, demonstrated a GTP-induced water

channel-mediated (mercury-sensitive) swelling of SVs. A
detail molecular pathway of ZG swelling has been
elucidated (9, 10). A similar mechanism may operate in
regulating SV swelling. Unlike GTP or mastoparan, (o
had no significant effect on vesicle size or the extent of
mastoparan-induced SV swelling. The lack of responsive-
ness of isolated SV to Ca®" is similar to what has been
observed previously in ZGs (8). However, Ca** was
effective in regulating the size of SVs only when SVs are
docked to the presynaptic membrane (5). The SVs docked to
the presynaptic membrane responded to the Ca®" applica-
tion with a significant decrease in vesicle size, as a
consequence of the expulsion of intravesicular contents
(5). Recent studies demonstrate that not all secretory
vesicles swell to the same extent. This is also clear from
our PCS, light-scattering, and AFM results, presented in
Figure 3. This differential swelling of secretory vesicles to
the same stimulus may regulate the amount of expelled
content (5, 20, 21) during secretion. This may explain the
presence of partially empty vesicles after a secretory
stimulus.

Dynamics of SV swelling may also be explained using
Tanaka’s theory (22), which predicts first-order kinetics for
swelling of polymer networks. In our experiments, except
for the first 3 secs, when the influx of water follows
higher-order kinetics, swelling is strictly governed by first-
order kinetics (Fig. 3D, inset b). Similar kinetics of
secretory vesicle swelling is observed in goblet and mast
cells (23-25), indicating that Tanaka’s mechanism is
widely operational in swelling and release of secretory
products from various secretory cells (23-29). This
mechanism assumes that intravesicular polyions form a
network stabilized by small counter ions (i.e., Ca®t, KT,
and H"). The network is in the condensed state in acidic
conditions. Transition to a solute state is discontinuous and
reversible, and triggered by different stimuli, such as the
rapid influx of water or ions (24). Phase transitions are
critical phenomena that exhibit typical high cooperativity
and are inherent properties of polymer networks. In the
condensed state, small ions are entrapped inside a vesicular
polyion network (24). After the initial rapid influx of water
through aquaporins, charge compensation is lost in phase
transition, because small ions, such as Ca2+, are hydrated.
Consequently, repulsion between polyanions increases
sharply, leading to the network expansion and correspond-
ing increase in vesicle volume. Analogous to SV swelling,
work on goblet and mast cells reveal that their secretory
vesicles undergo similar discontinuous and reversible
volume phase transitions (24, 26). Therefore, the driving
force in vesicle swelling is not simple osmotic differences
across the membrane, but, rather, sudden changes in the
dielectric properties of the polyionic network, which leads
to the rapid release of active secretory products (27). One
could expect network diffusion as the rate-determining
process in SV swelling, as shown for some other secretory
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Figure 3. Guanosine triphosphate—induced swelling of isolated SVs. Isolatgd SVs swell in response to 20 uM GTP or 20 pM mastoparan
(a Gio-agonist), as demonstrated using PCS (A-C). Similarly, right-angle light scattering also demonstrates an increase in SV size after
exposure to 20 uM mastoparan, an inhibition in the presence of 100 uM HgCIz,. a water channel inhibitor, and little change in the presence of 20
HMMast-17, an inactive mastoparan peptide (D). Initial kinetics of mastoparan induced SV swelling (D, inset a). The graph depicts the first-order
kinetics of SV swelling elicited by mastoparan application (D, inset .b). Incre.ase. in SV swelling is directly proportional to mastoparan
Concentration (50 uM), over the 50 pM concentration, there is no further increase in size of SVs (E, inset). However, successive additions of 5

0, 20, and 30 pM mastoparan to SVs demonstrates the desensitization of SV swelling at a mastoparan concentration of approximately 35 pM
(E). Light scattering studies further demonstrate that mastoparan-induced SV swelling is mercury sensitive (P < 0.05; n= 4-9; Student's ttest
between Mast and Mast-HgCl, treatments), and is calcium-independent (NS, not significant; P > 0.1; n=4; Student's ttest between Mast and
Mast-Ca2* treatments). Similarly, calcium alone (2 mM) does not have any effect on vesicle size (F). Atomic force microscopy on isolated SVs in
Physiologic buffer also demonstrates an increase in SV size after exposure to 20 uM GTP (G).
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vesicles (24, 27). Possible phase transitions of the polyion
network in product release may be reflected from studies
on ZG swelling (5). Therefore, our current findings are in
agreement with the universal design of secretory vesicle
volume regulation, enabling the controlled release of
intravesicular contents during cell secretion.
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