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Abstract

Body water balance is controlled by vasopressin, which reg-

ulates Aquaporin-2 (AQP2) water channels in kidney col-
lecting duct cells by vesicular trafficking between intracellu-
lar vesicles and the plasma membrane. To examine the
molecular apparatus involved in vesicle trafficking and va-

sopressin regulation of AQP2 in collecting duct cells, we

tested if targeting proteins expressed in the synaptic vesicles,
namely vesicle-associated membrane proteins 1 and 2
(VAMP1 and 2), are expressed in kidney collecting duct.
Immunoblotting revealed specific labeling of VAMP2(18-
kD band) but not VAMP1in membrane fractions prepared
from kidney inner medulla. Controls using preadsorbed an-

tibody or preimmune serum were negative. Bands of identi-
cal molecular size were detected in immunoblots of brain
membrane vesicles and purified synaptic vesicles. VAMP2in
kidney membranes was cleaved by tetanus toxin, revealing a

tetanus toxin-sensitive VAMPhomologue. Similarly, teta-
nus toxin cleaved VAMP2in synaptic vesicles. In kidney
inner medulla, VAMP2was predominantly expressed in the
membrane fraction enriched for intracellular vesicles, with
little or no VAMP2in the plasma membrane enriched frac-
tion. This was confirmed by immunocytochemistry using
semithin cryosections, which showed mainly vesicular label-
ing in collecting duct principal cells, with no labeling of
intercalated cells. VAMP2immunolabeling colocalized with
AQP2 labeling in intracellular vesicles, as determined by
immunoelectron microscopy after double immunolabeling
of isolated vesicles. Quantitative analysis of 1,310 vesicles
revealed a highly significant association of both AQP2and
VAMP2in the same vesicles (P < 0.0001). Furthermore,
the presence of AQP2in vesicles immunoisolated with anti-
VAMP2antibodies was confirmed by im munoblotting. In
conclusion, VAMP2, a component of the neuronal SNARE
complex, is expressed in vesicles carrying AQP2, suggesting
a role in vasopressin-regulated vesicle trafficking of AQP2
water channels. (J. Clin. Invest. 1995. 96:1834-1844.) Key
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Introduction

The antidiuretic hormone, vasopressin, controls body water bal-
ance by regulating Aquaporin-2 (AQP2),' the predominant va-
sopressin-regulated water channel in the kidney collecting duct
(for review see reference 1). AQP2 (2) is abundant in both
plasma membrane and intracellular vesicles of collecting duct
principal cells ( 3-6 ). Mutations in the AQP2gene cause severe
diabetes insipidus in humans (7) and both lithium-induced
nephrogenic diabetes insipidus (8) and central diabetes insip-
idus (4) in rats and are associated with markedly reduced levels
of AQP2 expression in parallel with severe polyuria. A long-
standing question has been how vasopressin acutely regulates
collecting duct water permeability and body water balance. We
have shown recently that acute stimulation with vasopressin
induces a translocation of AQP2water channels from intracellu-
lar vesicles to the apical plasma membrane, in parallel with an
increase in the osmotic water permeability in isolated perfused
collecting ducts (6). This provided the first direct evidence that
trafficking of AQP2 water channels represents the regulatory
mechanism for the hydroosmotic action of vasopressin. Wehave
subsequently confirmed this by in vivo studies (5). Based on
these studies it became important to define the molecular appa-
ratus involved in the specific targeting, and regulation of tar-
geting, of vesicles carrying AQP2water channels. Such targeted
delivery requires a set of signals to ensure that vesicles con-
taining AQP2 are transported to, and fuse specifically with,
the apical plasma membrane. Furthermore, the delivery process
must be regulated, so that vesicle fusion, and hence AQP2
insertion into the plasma membrane, only occurs when the cells
are exposed to the hormonal trigger.

Recently the SNAREhypothesis, describing a protein as-
sembly-disassembly pathway, was proposed for vesicle traf-
ficking including the sequential steps of synaptic vesicle dock-
ing, activation, and fusion. The SNAREhypothesis (9, 10)
proposes that vesicles and their target plasma membrane are

1. Abbreviations used in this paper: AQP2, Aquaporin-2 water channel
protein; NSF, N-ethylmaleimide-sensitive fusion protein; SNAP, solu-
ble NSFattachment protein; SNAP25, synaptosomal-associated protein
of 25 kD; SNARE, SNAPreceptor; TeTx L, tetanus toxin light chain
1; t-SNARE, SNAPreceptor on the cognate target membrane; VAMP,
vesicle-associated membrane protein; v-SNARE, vesicle-associated
SNARE.
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each associated specifically with one member of a pair of mem-
brane proteins, the soluble N-ethylmaleimide-sensitive fusion
protein (NSF) attachment protein (SNAP) receptors. The vesi-
cle-associated SNAP receptor (v-SNARE) is thought to pair
with a SNAP receptor on the cognate target membrane (t-
SNARE) before assembly with SNAPs and NSF into a fusion
particle (10). This process is thought to mediate the specific
targeting and fusion of the vesicle to its acceptor membrane.
Three synapse membrane proteins have been extensively char-
acterized and later were found to be SNAREs(9). The vesicle-
associated membrane protein (VAMP), or synaptobrevin ( 11-
13), is a v-SNARE, whereas syntaxin (14, 15) and SNAP25

( 16) are t-SNAREs (9). Three mammalian isoforms of VAMP
have been characterized and sequenced, VAMPI (11), VAMP2
(11, 12, 17), and cellubrevin (18). VAMP2and cellubrevin
are substrates for clostridial toxins including tetanus toxin ( 19),
whereas VAMPI of rat is tetanus toxin resistant. The VAMP
homologues are also differentially expressed. VAMPI is be-
lieved to be primarily expressed in neuronal cells (20), whereas
VAMP2is abundantly expressed in neuronal cells and in certain
nonneuronal tissues (21, 22). Thus, neuronal and nonneuronal
cells may share similar molecular vesicle targeting mechanisms
for regulated exocytosis. In this study we investigate whether
elements of the vesicle targeting proteins, namely the VAMPs,
are expressed in the renal collecting duct, using immunoblot-
ting, membrane fractionation, tetanus toxin treatment, vesicle
immunoisolation, immunocytochemistry, and quantitative im-
munoelectron microscopy. In particular, we have studied intra-
cellular vesicles containing AQP2, the vasopressin-regulated
water channel, to investigate the mechanisms involved in the
targeting and regulation of water channel delivery in response
to vasopressin. We demonstrate that AQP2-bearing vesicles
contain VAMP2, a component of the SNAREcomplex, sug-
gesting that VAMP2is involved in vasopressin-regulated tar-
geting of AQP2.

Methods

Antibodies
The antibodies recognizing VAMPI and VAMP2have been described
previously (12, 21, 23). Peptides corresponding to amino acids 1-14
of rat VAMP-1 and 1-16 of rat VAMP-2 were synthesized with the
addition of a cysteine residue at the carboxyl terminus. These were
conjugated to imject maleimide-activated bovine serum albumin
(Pierce, Rockford, IL) and were used to immunize rabbits. In addition,
an anti-VAMP antibody recognizing a conserved region of VAMPwas
prepared in the same way using -a synthetic peptide corresponding to
amino acids 50-65 of VAMP2(a conserved region), and the antibody
recognizes both VAMPI and VAMP2. Crude antisera were affinity
purified by passing immune serum over Sulfolink coupling columns
(Pierce) to which the peptides had been conjugated. The columns were
washed with 20 column volumes of each of the following buffers in
order: PBS;- 2 MNaCl in 10 mMphosphate, pH 7.0; 0.1 M sodium
borate, pH 9.1; and finally with 0.15 MNaCl in phosphate, pH 4.5.
Affinity-purified antibodies were then eluted in 2 column volumes of
20 mMglycine-HCl, pH 2.5, and immediately buffered to neutrality
with an equal volume of 50 mMTris, pH 8.5. Preimmune serum, im-
mune serum, or affinity-purified antibody was used for immunoblotting
and immunolabeling. For immunolabeling of AQP2, immune serum or
affinity-purified antibody was used, which has been characterized in
detail previously (3, 4, 6, 8). This antibody was raised in rabbit against
a synthetic peptide corresponding to the COOH-terminal 22 amino acids
of AQP2.

Preparation of membrane vesicles and subcellular
fractionation
Crude membrane fraction of kidney inner medulla. The inner medulla
was dissected from each kidney, minced finely, and homogenized in 10
ml of dissecting buffer (0.3 Msucrose, 25 mMimidazole, 1 mMEDTA,
pH 7.2, and containing the following protease inhibitors: 8.5 tsM leupep-
tin and 1 mMPMSF), with five strokes of a motor-driven Potter-
Elvehjem homogenizer at 1,250 rpm. This homogenate was centrifuged
(L8M centrifuge; Beckman Instruments, Inc., Fullerton, CA) at 4,000
g for 15 min at 40C. The pellet was rehomogenized with three to five
strokes, and centrifugation was repeated to increase yields. The superna-
tants were pooled and centrifuged at 200,000 g for 1 h. The resultant
pellet was resuspended in - 100 ul of dissecting buffer and assayed
for protein concentration using the method of Lowry (see reference 25).

Subcellular fractionation of kidney inner medulla. Membrane vesi-
cle fractions were prepared as previously described (5 ), using a standard
preparatory method for membrane fractions from kidney (24). Briefly,
finely minced kidney inner medulla was homogenized as described
above. This homogenate was centrifuged at 4,000 g for 15 min. The
supernatant was collected, and the pellet was rehomogenized in fresh
buffer with three strokes of the homogenizer, and centrifugation was
repeated. The supernatants were pooled, and low speed and high speed
vesicle fractions were prepared consecutively by centrifugation of the
supernatant at 17,000 g for 30 min and 200,000 g for 1 h, respectively.
These represented fractions enriched for plasma membrane (low speed)
and intracellular vesicles (high speed). The pellets were resuspended
in dissecting buffer and were assayed for protein concentration using
the method of Lowry (25).

Preparation of brain membrane vesicles and purified synaptic vesi-
cles. Crude membranes of whole rat brains (250-gram Wistar rats)
were prepared as described above. Synaptic vesicles were prepared by
gradient centrifugation according to the methods described by Huttner
et al. (26). Cerebral cortexes were obtained from decapitated newborn
rats (Wistar). The cortexes were homogenized in 0.32 Msucrose in 4
mMHepes-NaOH buffer, pH 7.3, and the homogenate was centrifuged
at 1,000 g for 15 min. The supernatant was then spun at 1,000 g for 15
min followed by a second centrifugation at 10,000 g for 15 min to
obtain a synaptosome fraction., The synaptosome pellet was resuspended
in buffered sucrose and disrupted by hypoosmotic shock. After centrifu-
gation at 25,000 g for 20 min, the supernatant was centrifuged at 165,000
g for 2 h to obtain a synaptic vesicle-enriched fraction.

Electrophoresis and immunoblotting
The membrane samples were solubilized in Laemmli sample buffer
containing 2.5% SDS. Samples were loaded at 10-100 Htg/lane onto
15% SDS-PAGEgels, run on a minigel system (Bio Rad Laboratories,
Hercules, CA), and proteins were transferred to nitrocellulose paper by
electroelution. The blots were blocked for 1 h with 5% skimmed milk
in PBS-T (80 mMNa2HPO4, 20 mMNaH2PO4, 100 mMNaCl, 0.1%
Tween 20, pH 7.5) and then washed with PBS-T. The blots were then
incubated overnight at 4°C with antibody in PBS-T with 0.1% BSA at
the following dilutions: anti-VAMP2 immune serum ( 1: 1,000); affinity-
purified anti-VAMP2 (0.3 i.g IgG/ml); anti-VAMPI immune serum
(1:500) or affinity-purified anti-VAMPI (0.6 ,g IgG/ml). After wash-
ing, the blots were incubated for 1 h with horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (P448; DAKO, Copen-
hagen, Denmark) (1:3,000). After final washing, antibody binding was
visualized using the ECL system (enhanced chemiluminescence; Amer-
sham International, Buckinghamshire, United Kingdom). Controls using
preimmune serum, anti-VAMP2 serum preadsorbed with excess syn-
thetic peptide (conjugated to imject maleimide-activated bovine serum
albumin), or omission of primary or secondary antibody revealed no
labeling.

For AQP2, low speed (plasma membrane-enriched) and high speed
(intracellular vesicle-enriched) membrane fractions (5 gg/lane) were
loaded on 12% SDS-PAGEgels, electrophoresed, and immunoblotted
with anti-AQP2 antibody as described previously (3, 4, 6, 8).
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VAMP2proteolysis with tetanus toxin
Whole tetanus toxin. Purified clostridium tetanus toxin (lot 60) was
kindly provided by Statens Seruminstitut (Copenhagen, Denmark). The
tetanus toxin preparation was incubated with 10 mMDTT for 30 min
at 220C before use to ensure complete reduction. Membrane fractions
from kidney inner medulla, brain, and synaptic vesicles were divided
into thirds and treated for 60 min at 370C either with: the DTf-treated
toxin (toxin concentration at 0.4 Lf/pl); PBS; or tetanus toxin boiled
for inactivation. The samples were finally solubilized in Laemmli sample
buffer to give 2.5% SDS.

Recombinant tetanus toxin light chain. Recombinant tetanus toxin
light chain 1 (TeTx L) containing a COOH-terminal His6 tag in Qiagen
Express plasmid pQE3 (kindly provided by H. Niemann; Tubingen,
Germany) was expressed in Escherichia coli and purified by binding
to ProBond Ni-charged Sepharose resin (Invitrogen, San Diego, CA)
according to the protocols of the manufacturer. TeTx L chains were
concentrated by ultrafiltration (centricon-3 concentrators; Amicon, Inc.,
Beverly, MA) before use. Protein concentrations were determined ac-
cording to the assay of Bradford. Purified TeTx L chain was incubated
for 2 h at room temperature in 10 mMDTT before addition to protein
samples. A final concentration of 500 nM TeTx L chain was added to
membrane fractions containing 15 pg of total protein in 100 mMNaCl,
20 mMHepes, pH 7.4, in the presence of 0.1% Triton X-100 and an
additional 1 mMDTT. The samples were incubated for 1 h at 37TC and
the reaction was stopped by the addition of SDS to 1%.

Vesicle isolation with anti-VAMP2 antibodies
Protein A-purified polyclonal anti-VAMP2 antibodies were biotinyl-
ated according to instructions using a commercial kit (ImmunoPure®;
Pierce). This involves incubating 7.5 mg of purified immunoglobulin
with 275 Al of NHS-LC-biotin (1 mg/ml) for 2 h at 5°C in 0.01 M
PBS with 0.15 M NaCl, pH 8.5. Unreacted biotin was removed by
extensive dialysis for 24 h in PBS. For vesicle immunoisolation, the
membrane fraction enriched for intracellular vesicles from kidney inner
medulla (see above and reference 5) was used. 85 ,ul of intracellular
membrane vesicles (1 mg/ml) was incubated overnight at 5°C with 3.2
mg biotinylated anti-VAMP2 antibody. Avidin-agarose beads (1.5 ml)
(Calbiochem-Novabiochem Corp., La Jolla, CA), washed three times
in 0.01 MPBS with 0.15 MNaCl, were used for extraction. The beads
were added to the membrane solution and incubated overnight at 5°C.
Beads were then recovered and washed four times in 0.01 MPBS with
0.15 MNaCl by careful centrifugation at 100 g. Proteins were eluted
using Laemmli's sample buffer and recovered in the supernatant after
centrifugation at 14,000 g. Recovered material was analyzed by immu-
noblotting using anti-AQP2 antibody.

Immunocytochemistry
Immunocytochemistry was performed as described previously (3, 27-
29). Rat kidneys (from Wistar rats of 250 grams allowed free access
to food and water) were perfusion fixed by retrograde perfusion through
the abdominal aorta with 8%paraformaldehyde in 0.1 Msodium caco-
dylate buffer, pH 7.2. Tissue blocks prepared from the kidney inner
medulla were postfixed in the same fixative for 2 h, infiltrated for 30
min with 2.3 Msucrose (30) containing 2%paraformaldehyde, mounted
on holders, and rapidly frozen in liquid nitrogen. Semithin cryosections
(0.85 ,um) were obtained with a cryoultramicrotome (Reichert Jung,
Vienna, Austria), and the sections were placed on gelatin-coated glass
slides. After preincubation with PBS containing 1% BSA and 0.05
M glycine, the sections were incubated with anti-VAMP antibodies
(described above). Antibodies were used at the following concentra-
tions: affinity-purified anti-VAMP2 (1 ,tg IgG/ml); affinity-purified
anti-VAMP (1 ,tg IgG/ml), affinity-purified anti-VAMPI (1 pg IgG/
ml). The labeling was visualized by use of horseradish peroxidase-
conjugated secondary antibody (P448, 1:100; DAKO). Sections were
counterstained with Meier counter stain. The following controls were
performed: (a) incubation with protein A-purified rabbit IgG instead
of primary antibody; (b) adsorption controls, made by preincubating

the affinity-purified antibodies with excess of BSA-conjugated peptide;
and (c) incubation without use of primary antibody or without primary
and secondary antibody. All controls revealed absence of labeling.

Immunoelectron microscopy of isolated vesicle fractions
Enriched intracellular vesicles from inner medulla, crude brain mem-
brane vesicles, and purified synaptic vesicles were used at 0. 1-0.5 mg/
M.l. The vesicle fractions (2 Ml) were applied to newly negative-glowed
carbon film supported by 300 mesh nickel grids (Graticules Ltd, Ton-
bridge, Kent, England). After 2 min, excess fluid was removed and the
grids were floated on drops of PBS and rinsed twice. Subsequently the
grids were preincubated for 5 min with PBS containing either 0.1%
defatted milk or 0. 1%BSA, and then rinsed twice in PBS. After incuba-
tion with primary antibody (as described above) for 30 min at room
temperature, the labeling was visualized with goat anti-rabbit IgG con-
jugated to 10-nm colloidal gold particles (BioCell Research Labora-
tories, Cardiff, United Kingdom) or with protein A conjugated to 10-
nm colloidal gold particles (BioCell Research Laboratories). Double
immunolabeling for AQP2and VAMP2was done by a sequential immu-
nolabeling procedure with a blocking step in between. Grids were first
immunolabeled with affinity-purified anti-AQP2 (0.1-0.8 mg IgG/ml)
and the labeling was visualized with protein A conjugated to 10-nm
colloidal gold particles. Subsequently, the grids were incubated with
excess protein A (0.1 mg/ml) for 15 min to block free binding sites.
Then the immunolabeling was repeated with affinity-purified anti-
VAMP2 (1 .tg IgG/ml) which was then visualized with protein A
conjugated to 5-nm colloidal gold particles (Amersham International).
In parallel experiments, labeling was done first for VAMP2and then
for AQP2. The grids were finally rinsed with PBS with 10 mMimidazole
(pH 7.4) and negatively stained with 1% uranyl acetate. Grids were
analyzed in Philips CM100 or Philips EM208 electron microscopes.

Quantification of AQP-2 and VAMP2 double immunolabeling in
intracellular vesicle fraction. Electron micrographs were taken and
printed at a final magnification of 75,000. 1,310 vesicles were analyzed
and the double labeling was quantified in four groups: (a) vesicles
labeled only for VAMP2, (b) vesicles labeled only for AQP2, (c)
vesicles labeling both for AQP2 and VAMP2, or (d) vesicles without
any label. The number of vesicles within the four groups was determined
and the number of gold particles was counted and densities were pre-
sented as means±SE. The double labeling pattern was analyzed statisti-
cally by a x2 test.

Results

VAMP2expression in kidney inner medulla. Body water bal-
ance is controlled by vasopressin, which regulates AQP2 in
kidney collecting duct by vesicular trafficking (6). To examine
the molecular apparatus involved in regulated trafficking of
AQP2, we tested if VAMPhomologues are expressed in kidney
collecting duct. SDS gel electrophoresis and immunoblotting
were performed using membrane preparations from kidney in-
ner medulla and from brain included as a positive control (Figs.
1-3). As shown in Fig. 1, a distinct 18-kD band is seen in
crude membrane preparations of whole brain (lanes 1 and 7)
and in a membrane preparation enriched for synaptic vesicles
(lanes 2 and 5) when probed with the antibody against VAMP2.
This is consistent with the molecular mass of VAMP2(11-
13). Immunoblots of membranes from dissected kidney inner
medullae reveal an identical comigrating 18-kD band (Fig. 1,
lanes 3 and 6), demonstrating the presence of VAMP2or a
VAMP2-like homologue in kidney inner medulla. Controls re-
veal an absence of labeling in brain and inner medullary mem-
brane vesicles (Fig. 1, middle). Use of affinity-purified anti-
VAMP2(see below) or an affinity-purified polyclonal antibody,
which recognizes a conserved region of VAMPI and VAMP2
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VAMP2 Control VAMP1 Figure 1. Immunoblots of membrane prepa-
rations from rat kidney inner medulla and
brain. SDS-PAGEwas run using 15% poly-
acrylamide gels. The left panel shows a crude
membrane fraction of whole brain (20 and
10 ug, lanes I and 7); purified synaptic vesi-
cles (20 and 10 Mg, lanes 2 and 5); mem-
brane fraction of kidney inner medulla from
two different rats (100 and 50 tg, lanes 3
and 6); inner medulla homogenate (100 .g,
lane 4) and crude membrane fraction from
kidney cortex (100 pg, lane 8) were applied
in the respective lanes. Immunoblots were

1 2 3 4 5 6 7 8 1 2 3 4 1 2 3 reacted with anti-VAMP2 serum (1:1,000).
The bar indicates the 18-kD band. The mid-
dle panel shows the crude membrane fraction

of whole brain (20 pg, lane 1); purified synaptic vesicles (20 sg, lane 2); membrane fraction of kidney inner medulla (100 sg, lane 3) and kidney
inner medulla homogenate ( 100 Mg, lane 4). Immunoblot was reacted with preimmune serum ( 1: 1,000). The right panel shows the crude membrane
fraction of whole brain (20 dg, lane 1), purified synaptic vesicles (20 ig, lane 2), or membrane fraction of kidney inner medulla (100 .g, lane
3). Immunoblot was reacted with affinity-purified anti-VAMPI (0.8 ,ug IgG/ml).

(not shown), demonstrated an identical 18-kD band. In contrast,
an affinity-purified antibody specific for VAMPI revealed no
immunoreactivity in membranes from kidney inner medulla,
whereas heavy VAMPI expression was detected in brain mem-
branes and synaptic vesicles (Fig. 1, right). This further sup-
ports the conclusion that VAMPimmunoreactivity in kidney
inner medulla represents VAMP2or a closely related homo-
logue.

Tetanus toxin treatment of VAMP2. Three series of experi-
ments were performed to document and characterize the expres-
sion of VAMP2in kidney inner medulla: tetanus toxin treatment
(Fig. 2), immunoblotting of subcellular fractions of kidney in-
ner medullary membranes (Fig. 3), and immunocytochemistry
and immunoelectron microscopy (Figs. 4-8). Tetanus toxin
has been shown to hydrolyze specifically VAMP2in brain and
synaptic vesicles, leaving VAMPI intact (19, 31). As shown
in Fig. 2, treatment with purified whole tetanus toxin cleaved
VAMP2in crude membrane vesicles of brain. A weak band of

Brain IM-V IM Figure 2. Immunoblots
of membrane fractions
from brain and kidney in-
ner medulla treated with
purified whole tetanus
toxin (Tx) or phosphate
buffered saline as control
(C). SDS-PAGEwas
run using 15%polyacryl-
amide gels. Crude mem-
brane fractions from rat

C Tx C Tx C Tx brain (Brain, 20 Mtg/
lane), membrane frac-
tion from kidney inner

medulla enriched for intracellular vesicles (IM-V, 100 Mgg/lane), or a
crude membrane fraction from kidney inner medulla (IM, 150 /g/lane)
was used. Immunoblots were reacted with affinity-purified anti-VAMP2
(0.3 tg IgG/ml). In nontreated controls the 18-kD VAMP2band is
present. After tetanus toxin cleavage, the 18-kD VAMP2is absent.
VAMP2was completely cleaved with no intact VAMP2left, whereas
an - 12-kD hydrolysis product was detectable. The fragment of - 12
kD was barely detectable as described previously (37), due to reduced
ability of the fragments to bind the nitrocellulose membrane during
blotting.

12 kD, the predicted size of the hydrolysis product (19),
was detectable, whereas no intact VAMP2remained. Treatment
of kidney inner medullary membranes with whole tetanus toxin
also resulted in cleavage of VAMP2(Fig. 2). Toxin treatment
of both a membrane preparation enriched for intracellular vesi-
cles or a crude membrane fraction of kidney inner medulla
revealed cleavage of VAMP2. These results further support the
conclusion that the VAMPhomologue expressed in the kidney
inner medulla is VAMP2or a VAMP2-like protein. Parallel
experiments performed with a recombinant light chain tetanus
toxin preparation gave identical results, with total cleavage of
VAMP2in membranes from kidney inner medulla and brain
(data not shown). Control experiments with tetanus toxin inac-
tivated by boiling (not shown) or with PBS instead of toxin
at otherwise identical exper imental conditions revealed intact
VAMP2in both brain and kidney membrane preparations (18-
kD band, Fig. 2).

VAMP2is predominantly expressed in intracellular vesicles
in inner medullary collecting duct. A protocol for subcellular
fractionation of kidney inner medullary membranes has been
described previously in detail (see Methods). Two fractions
were obtained, one enriched for intracellular vesicles (the high
speed pellet) and one enriched for plasma membranes (the low
speed pellet). AQP2has been shown previously to be expressed
heavily both in the plasma membrane and in intracellular vesi-
cles (3). Immunoblotting, shown in Fig. 3, confirms abundant
AQP2 in both fractions (Fig. 3, A, compare lanes 1 and 2). In
contrast, immunoblotting revealed that VAMP2 is predomi-
nantly expressed in the fraction enriched for intracellular vesi-
cles (Fig. 3, B, lane 1), whereas very little or no VAMP2was
present in the fraction enriched for plasma membranes (Fig. 3,
B, lane 2). Controls using anti-VAMP2 previously reacted with
the immunizing VAMP2peptide revealed no labeling (Fig. 3,
B). Thus, the VAMP2immunoreactivity in kidney inner me-
dulla is predominantly expressed in the fraction enriched for
intracellular vesicles.

To further characterize the cellular and subcellular localiza-
tion of VAMP2in kidney, thin cryosections (0.85 tim) of kid-
ney inner medulla were subjected to immunolabeling with anti-
bodies against VAMP2. Distinct labeling was observed of inner
medullary collecting duct principal cells (Fig. 4, a and b),
whereas intercalated cells were unlabeled (Fig. 4 b, heavy
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AQP2 VAMP2 Control AQP2 Con Figure 3. Immunoblots of subcel-
lular membrane fractions from rat
kidney inner medulla reacted ei-
ther with anti-VAMP2 (VAMP2),

q _ _ preadsorbed anti-VAMP2 (Con-
trol), or anti-AQP2 (AQP2). (A)
Membrane fractions enriched for
intracellular vesicles (5 ug, lane

-_ 1) or enriched for plasma mem-
branes (5 Mg, lane 2) were applied
in each lane, electrophoresed into
12% polyacrylamide gels, and im-

A 1 2 B 1 2 3 4 5 1 2 3 4 5 C 1 2 3 munoblotted with anti-AQP2 se-

rum diluted 1:1,500. Heavy ex-
pression of both nonglycosylated

(28-kD band is indicated by the bar) and glycosylated AQP2 (upper band) was detected in both membrane fractions. (B) Membrane fractions
enriched either for intracellular vesicles (60 Mg, lane 1) or enriched for plasma membranes (60 ag, lane 2). Membrane fractions from brain (20
dg) or purified synaptic vesicles (20 pg) were applied in lanes 4 and 5, respectively, whereas lane 3 is empty. The membranes were electrophoresed
into 15% polyacrylamide gel slabs and immunoblotted with anti-VAMP2 serum diluted 1:1,000. VAMP2in kidney membranes comigrates with
VAMP2in brain (lane 4) and synaptic (lane 5) vesicles at 18 kD (18 kD is indicated by the bar). The control panel is identical to the VAMP2
panel, except that it was probed with anti-VAMP2 previously preadsorbed with excess immunizing peptide. (C) Membrane fractions enriched for
intracellular vesicles (5 dig, lane 1) or anti-VAMP2 immunoisolated vesicles from a fraction enriched for intracellular vesicles (lanes 2 and 3) were
applied in each lane, electrophoresed into 15% polyacrylamide gels, and immunoblotted with anti-AQP2 serum diluted 1:1,500 (AQP 2). Significant
labeling of both nonglycosylated (the 28-kD band is indicated by the bar) and glycosylated AQP2(upper band) was detected in VAMP-2 isolated
vesicles (lane 2), whereas control labeling using anti-AQP2 previously reacted with immunizing peptide (Con) revealed absence of labeling (lane
3). IgG, from the immunoprecipitation process, is recognized by the secondary antibody, as seen on the upper part of lanes 2 and 3.

__ _ A d | |1|1 11~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~NSAia

Figure 4. Immunohistochemical localization of VAMP2(a-c) and AQP2 (d and e) in inner medulla of rat kidney. (a) Collecting duct principal
cells were heavily labeled with anti-VAMP2 serum, whereas thin limbs and vascular structures exhibit little or no labeling. Within collecting duct
principal cells, VAMP2labeling is predominantly localized to intracellular structures (arrows), x 1,000. (b) Affinity-purified anti-VAMP also give
predominant cytoplasmic labeling of collecting duct principal cells (small arrows), whereas collecting duct intercalated cells are not labeled (large
arrow), x 1,000. (c) Control. Use of preimmune serum revealed absence of labeling, x480. (d) Affinity-purified anti-AQP2 exclusively labeled
collecting duct principal cells, with labeling of both plasma membranes and intracellular structures. Intercalated cell is without labeling (arrow),
x1,000. (e) Control. Substitution of primary antibody with nonimmune IgG revealed absence of labeling, x480.

1838 Nielsen et al.



Figure 5. Immunoelectron microscopic labeling of VAMP2in synaptic vesicles. (a) Synaptic vesicles were labeled with affinity-purified anti-
VAMP2which was visualized with goat anti-rabbit IgG conjugated to 10-nm gold particles. Extensive labeling is seen of almost all synaptic
vesicles (arrows), x75,000. Inset shows labeling at higher magnification, xI 00,000. (b) Control labeling using nonimmune IgG, x75,000.

arrow). Although weak labeling was also seen of thin limbs of
the loop of Henle, the predominant labeling was localized to
collecting duct principal cells. This labeling pattern was seen
with use of antibodies recognizing either the conserved region
or the specific region of VAMP2, whereas anti-VAMPl reveal
absence of labeling (not shown). Within the principal cells, the
VAMP2labeling was mainly localized to cytoplasmic compo-
nents (Fig. 4, a and b). In contrast, the labeling for AQP2was
abundant both in the plasma membrane domain as well as in
cytoplasmic vesicles (Fig. 4 d), consistent with previous immu-
nocytochemical and immunoelectron microscopical analyses (3,
4, 8). Corresponding controls were negative (Fig. 4, c and e).
Note that, like the anti-VAMP antibody, the anti-AQP2 anti-
body did not label intercalated cells (Fig. 4 d, arrow).

Colocalization of VAMP2and AQP2 immunolabeling in the
same intracellular vesicles. The immunocytochemical localiza-
tion of VAMP2and AQP2in cytoplasmic vesicles (Fig. 4) was
confirmed by single or double immunolabeling for VAMP2
and AQP2using isolated membrane vesicles. Immunoelectron
microscopic localization of VAMP2and AQP2was performed
using unfixed membrane vesicles placed on grids, followed by
negative staining with uranyl acetate. In the synaptic vesicle
preparation, intense immunolabeling of VAMP2was observed
(Fig. 5 ), consistent with previous observations ( 13 ), and almost
all synaptic vesicles were labeled (Fig. 5). The corresponding
immunolabeling control was negative (Fig. 5 b). Application
of the same method using membrane vesicles prepared from
kidney inner medulla also revealed specific labeling for VAMP2
(Fig. 6). In crude membrane preparations mainly small vesicles
were labeled, whereas other membrane vesicles were unlabeled.
This is consistent with some vesicles being intracellular vesi-

cles, whereas others are derived from the plasma membrane
and noncollecting duct structures in crude membrane fractions.
In membrane fractions enriched for intracellular vesicles, small
vesicles were labeled by the VAMP2antibody, whereas corre-
sponding immunolabeling controls were negative (Fig. 6, b
and d).

To determine if VAMP2colocalizes to the same vesicles
which contain AQP2water channel in their limiting membranes,
vesicles were also labeled for AQP2alone or subjected to dou-
ble immunolabeling. Heavy labeling of AQP2 in crude mem-
brane fractions was observed in both large and small vesicular
structures (Fig. 7 a), consistent with its presence in both plasma
membrane and intracellular vesicles. Immunolabeling controls
were negative (Fig. 7 b). Double immunolabeling was per-
formed sequentially using two sizes of gold particles conjugated
to protein A for visualization of the two polyclonal antibodies,
with an interposed blocking step with excess unconjugated pro-
tein A. In crude membranes of kidney inner medulla and in a
membrane preparation enriched for intracellular vesicles, ex-
pression of both VAMP2and AQP2 was seen in the same
vesicles (Fig. 8). Some vesicles were double labeled, whereas
others were exclusively labeled for either VAMP2or AQP2, or
were unlabeled.

To support the evidence for colocalization of VAMP2and
AQP2 in the same vesicles, two additional techniques were
applied. First we analyzed the double immunogold labeling
quantitatively and, in addition, we immunoisolated vesicles us-
ing anti-VAMP2 antibodies, and then subjected the VAMP-2
immunoisolated vesicles to immunoblotting for AQP2.

The quantitative analysis of the double immunolabeling for
AQP2and VAMP2was performed using immunoelectron mi-
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Figure 6. Immunoelectron microscopic labeling of VAMP2in membrane vesicles from kidney inner medulla labeled with affinity-purified anti-
VAMP2and visualized with goat anti-rabbit IgG conjugated to 10-nm gold particles. (a) Small vesicles in crude membrane fraction were labeled
(arrows), x90,000. (b) Corresponding control using nonimmune IgG revealed absence of labeling, x90,000. (c) Membrane vesicle preparation
enriched for intracellular vesicles was labeled (arrows), x90,000. (d) Corresponding control using identical concentrations of nonimmune IgG
revealed absence of labeling, X70,000.

croscopy of the membrane vesicles from the fraction enriched
for intracellular vesicles from kidney inner medulla (as de-
scribed above). 1,310 vesicles were analyzed after double im-
munogold labeling and were divided into four groups: vesicles
labeled for VAMP2alone, vesicles labeled for AQP2 alone,
vesicles labeled for both, and vesicles not labeled at all. The

results are shown in Table I. To test statistically for colocaliza-
tion, a x2 test was applied using the number of vesicles in each
group (Table I). The statistical analysis of the distribution of
labeled vesicles revealed a highly significant association of
AQP2 and VAMP2in the same vesicles (P < 0.0001).

To confirm presence of both VAMP2and AQP2 in the

Figure 7. Immunoelectron microscopic labeling of AQP2 in crude membrane vesicles from kidney inner medulla. (a) Large membrane vesicle,
presumably plasma membrane-derived, as well as small vesicles are extensively labeled with affinity-purified anti-AQP2 visualized with goat anti-
rabbit IgG conjugated to 10-nm gold particles, x100,000. (b) Corresponding control using nonimmune IgG exhibited no labeling, x76,000.
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Figure 8. Double immunolabeling of VAMP2and AQP2 in membrane vesicles from kidney inner medulla. (a) Membrane preparation enriched
for intracellular vesicles was first labeled with affinity-purified anti-VAMP2 (visualized with protein A conjugated to 5-nm gold particles) and
subsequently blocked with excess protein A before labeling with anti-AQP2 (visualized with protein A conjugated to 10-nm gold particles). Vesicle
labeled extensively for AQP2 and VAMP2(arrows), XlI 0,000. (b) Immunolabeling prepared identical to that in a, except that the labeling was
performed for AQP2before labeling for VAMP2, x 130,000. (c) Crude membrane fraction from inner medulla subjected to double labeling as
described in a. Two small vesicles are labeled for AQP2and VAMP2(arrows) whereas large membrane vesicle is unlabeled, x 130,000. (d)
Corresponding negative control for VAMP2double labeling in crude vesicles. Anti-VAMP2 antibody was substituted with nonimmune IgG (5-nm
particles) and anti-AQP2 is visualized with 10-nm protein A-gold. Small vesicles were heavily labeled for AQP2but revealed absence of labeling
with 5-nm protein A-gold, x75,000. (e) Negative control for AQP2double labeling. Affinity-purified anti-VAMP2 (5-nm protein A-gold) labeled
several vesicles. Nonimmune IgG instead of anti-AQP2 revealed almost total absence of labeling (10-nm protein A-gold), x130,000.

same vesicles, a fraction enriched for intracellular vesicles was
subjected to immunoisolation with anti-VAMP2 antibodies (see
Methods). Immunoblotting revealed significant AQP2immuno-
labeling of both the nonglycosylated and glycosylated forms of
AQP2 in the vesicles immunoisolated with VAMP2antibody

(Fig. 3 C). This confirmed expression of both AQP2 and
VAMP2in the same vesicles. Immunolabeling controls using
either nonimmune IgG (not shown) or affinity-purified anti-
AQP2 previously reacted with immunizing peptide (Fig. 3 C,
lane 3) revealed no labeling of AQP2bands, whereas IgG was

Table L Distribution and Labeling Density of Double Immunolabeling for AQP2and VAMP2 in Intracellular Vesicles from Kidney
Inner Medulla

Labeling AQP2only VAMP2only AQP2 and VAMP2 None Total

Number of vesicles* 193 203 153 761 1310
Percentage of vesicles 15+1 16+1 12+1 57+2
Labeling density (gold particles/vesicle) 2.5±+0.3 2.1+0.2 2.6+0.2 (AQP2)

1.9+0.2 (VAMP2)

Vesicles were applied to grids and subjected to double immunolabeling for AQP2 and VAMP2sequentially (see Methods). 1,310 vesicles were
analyzed quantitatively. * x2 test of distribution of labeled vesicles gave a x2 of 67.9, P < 0.0001, demonstrating significant colocalization of
AQP2 and VAMP2in the same vesicles.
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detected by the secondary antibody. Thus, VAMP2in kidney
collecting duct is, at least partly, localized in a population of
small vesicles also expressing AQP2 in their limiting mem-
branes as determined by quantitative immunoelectron micros-
copy and vesicle immunoisolation, consistent with the view
that VAMP2may play a role in AQP2-vesicle targeting and
trafficking.

Discussion

The SNAREhypothesis put forward by Rothman and colleagues
(9) proposes that a membrane protein resident in the transport
vesicle (the v-SNARE) pairs with its cognate receptor on the
target membrane (the t-SNARE). This complex represents the
docked state, and subsequent binding by one or more SNAP
proteins and NSF is proposed to lead to the formation of a 20S
fusion complex. Hydrolysis of ATP by NSF would then cause
the fusion of the vesicle and the target membranes, which in
the case of the nervous system leads to neurotransmitter release
(10, 32). Structurally related yeast proteins are also required
for targeting and fusion of transport vesicles with their acceptor
compartment in the secretory pathway (for review see reference
32). Thus, intracellular membrane fusion events in different
species appear to involve similar mechanisms and use identical
or related components. To examine if this vesicle targeting sys-
tem is involved in regulated trafficking of AQP2-bearing vesi-
cles in the kidney collecting duct in response to vasopressin,
we tested if the v-SNAREs VAMPI or VAMP2were expressed
in the kidney collecting duct. The results demonstrate that: (a)
VAMP2, or a VAMP2-like protein, of 18 kD is expressed in
kidney inner medulla, whereas VAMPI is not expressed; (b)
the VAMP2homologue is tetanus toxin sensitive; (c) VAMP2
is found predominantly in subcellular fractions containing intra-
cellular vesicles, with little or no VAMP2in fractions con-
taining plasma membrane; (d) immunocytochemistry demon-
strates VAMP2immunolabeling mainly in vesicles in principal
cells of the collecting duct and absence of VAMP2in interca-
lated cells; and (e) VAMP2is found in AQP2-bearing vesicles,
as demonstrated by quantitative double immunolabeling at an
electron microscopical level and by vesicle immunoisolation
followed by immunoblotting. These results strongly support a
role of VAMP2in vasopressin-regulated vesicular trafficking
of AQP2water channels in the control of body water balance.
This extends the role of the vesicle targeting proteins and the
SNAREhypothesis to include certain regulatory systems out-
side the nervous system.

Mechanisms of regulation of AQP2 water channels. Vaso-
pressin regulates both the expression of AQP2(long-term regu-
lation) and the delivery of AQP2to the apical plasma membrane
in the acute response to vasopressin (short-term regulation).
With regard to the long-term regulation, it has been shown that
direct or indirect changes in vasopressin levels regulate the
expression of AQP2protein (3, 4, 8, 33). Furthermore, absence
of AQP2 has been documented in both primary and acquired
forms of diabetes insipidus (4, 7, 8), demonstrating the signifi-
cance of AQP2 in maintenance of body water balance.

With regard to the short-term regulation, we have shown
recently that vasopressin increases the water permeability of
collecting duct principal cells by inducing a reversible transloca-
tion of AQP2 from intracellular vesicles to the plasma mem-
brane (6). This provided the first direct evidence that vesicular
trafficking of AQP2 represents the regulatory mechanism for

the hydroosmotic action of vasopressin. Wehave subsequently
confirmed this by in vivo studies demonstrating specific transfer
of AQP2 from vesicles to the apical plasma membrane (5), the
rate-limiting barrier for transepithelial water reabsorption (34).
Thus, both the long-term and the short-term regulation of AQP2
by vasopressin require targeting of AQP2to the apical plasma
membrane. However, the short-term regulated trafficking of
AQP2 is apparently superimposed on the long-term adaptation
which increases overall AQP2 levels. Based on the extensive
evidence for vasopressin-regulated trafficking of AQP2, it be-
came very important to define the molecular apparatus involved
in the targeting of AQP2. In this study we demonstrate that
AQP2-bearing vesicles express VAMP2, a component of the
SNARE receptor complex involved in synaptic vesicle tar-
geting. This strongly suggests that VAMP2is involved in vaso-
pressin-regulated targeting of AQP2.

VAMP2expression in kidney inner medulla. Immunoblot-
ting of both crude membrane fractions from kidney inner me-
dulla and inner medullary membrane fractions enriched for in-
tracellular vesicles revealed expression of an 18-kD VAMP2
species. This protein comigrates with VAMP2from brain vesi-
cles or purified synaptic vesicles. Use of an antibody recogniz-
ing the conserved regions of VAMP1 and 2 gave the same
result, whereas VAMPl-specific antibodies detected no immu-
nolabeling in kidney inner medulla. Thus, the VAMPhomo-
logue expressed in kidney inner medulla is VAMP2or a closely
related VAMP2-like protein. Expression predominantly in the
collecting duct is consistent with the observed absence of
VAMP2labeling of crude membranes from kidney cortex (Fig.
1), in which most membrane is obtained from proximal tubules
and glomeruli.

The clostridial toxins, tetanus and botulinum toxin, have
proven to be important tools in analyzing the expression and
function of vesicle-targeting proteins. These toxins are com-
posed of two disulfide-linked polypeptide chains, a heavy chain
mediating specific binding to neuronal plasma membranes and
a light chain which acts as the neurotoxin. The toxins inhibit
neurotransmitter release ( 35 ) and have been shown to be Zn2+ -
dependent endopeptidases, having an active zinc binding motif.
The amino-terminal part of the toxin light chain is involved in
the substrate recognition ( 31 ): They act in the neuronal cytosol,
specifically cleaving VAMP2, (tetanus toxin and botulinum
toxin serotype B, D, F, and G [19, 36, 37]), SNAP-25 (botuli-
num A and B), or syntaxin (botulinum serotype Cl) (for re-
views see references 31 and 38). Weused both DTT-reduced
(nicked) purified whole tetanus toxin and recombinant light
chain tetanus toxin in our experiments. Both preparations gave
identical results, with complete cleavage of VAMP2in brain
and synaptic vesicles and in membranes from kidney inner me-
dulla (Fig. 2). Tetanus toxin has been shown to cleave VAMP2
specifically at Gln76-Phe77 resulting in two fragments of - 12
and 7 kD (19). Consistent with this, we observed complete
cleavage of VAMP2in brain and synaptic vesicles with no
intact VAMP2left and with presence of an - 12 kD hydrolysis
product (Fig. 2). Similarly complete cleavage of VAMP2was
observed in the crude membrane fraction and the membrane
fraction enriched for intracellular vesicles from kidney inner
medulla. The cleavage was complete with no intact VAMP2
remaining, whereas a fragment of - 12 kD was barely detect-
able. The low abundance of the cleaved fragment in the nitrocel-
lulose blotting paper is similar to previous observations (37)
and is thought to be due to reduced ability of the fragments to
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bind the nitrocellulose membrane during blotting. The tetanus
toxin experiments demonstrate the presence of tetanus toxin-
sensitive VAMP2, or a VAMP2homologue, in kidney inner
medulla.

Localization of VAMP2in collecting duct and colocaliza-
tion in AQP2-bearing vesicles. To examine the subcellular lo-
calization of VAMP2in kidney inner medulla, subcellular frac-
tionation and immunoblotting were performed using a standard
protocol of subcellular fractionation (24). The vasopressin-reg-
ulated water channel, AQP2, is known to be abundantly ex-
pressed in both plasma membrane and intracellular vesicles,
and, consistent with this, heavy labeling of AQP2was observed
in both membrane fractions. In contrast, VAMP2was almost
exclusively present in the fraction enriched for intracellular ves-
icles (Fig. 3). The expression in vesicles was confirmed by
immunocytochemistry, revealing a localization predominantly
in cytoplasmic vesicles in collecting duct principal cells, with
no labeling of intercalated cells (Fig. 4 b). This was observed
by use of both a VAMP2-specific antibody and by use of an
antibody recognizing the conserved regions of VAMPI and 2.

To analyze the expression pattern further, we applied a
method described previously for localization of VAMP/synap-
tobrevin in synaptic vesicles (13). VAMP2immunolabeling of
isolated purified synaptic vesicles revealed abundant labeling
of synaptic vesicles (Fig. 5), consistent with previous studies
( 13 ). When this method was applied on the membrane fraction
enriched for intracellular vesicles from kidney inner medulla,
specific labeling of small vesicles was observed (Fig. 6). To
provide further evidence for the involvement of VAMP2in
trafficking of AQP2-bearing vesicles, double immunolabeling
was performed using kidney inner medullary vesicles. Specific
VAMP2labeling was observed in the same vesicles labeled for
AQP2. This was substantiated by quantification of the double
labeling (Table I) revealing highly significant association of
AQP2and VAMP2in the same vesicles. Finally, immunoblot-
ting of vesicles immunoisolated with VAMP2antibodies re-
vealed presence of AQP2 (Fig. 3 C). All the methods used
demonstrate colocalization of the two membrane proteins. Thus,
several lines of evidence, including membrane fractionation
studies (Fig. 3), immunocytochemistry (Fig. 4), immunoelec-
tron microscopy using both single and double immunolabeling
procedures (Figs. 5-8 and Table I), and vesicle immunoisola-
tion (Fig. 3 C), strongly point to the view that VAMP2may
be involved in vesicle trafficking in the collecting duct and in
trafficking of AQP2.

Functional roles of VAMP. Neurotransmitter release from
presynaptic nerve terminals occurs by Ca2+-regulated exo-
cytosis of transmitters from synaptic vesicles, which represent
a specialized secretory organelle. As described above, the iden-
tified synaptic vesicle-associated proteins have specific roles
for targeting, docking, and fusion of synaptic vesicles with the
plasma membrane. Several lines of evidence suggest a direct
role of VAMPs in the exocytic process in neurons. Recently,
Hunt et al. (38) demonstrated a significant inhibition of neuro-
transmitter release subsequent to injection of either botulinum
B or a recombinant protein corresponding to the cytoplasmic
domain of squid synaptobrevin (VAMP) into squid axons. The
inhibition suggests a postdocking role of VAMPin synaptic
vesicle fusion (38) and substantiates previous evidence for a
role for VAMPin the exocytic release of neurotransmitters.

VAMPhomologues have also been shown recently to be
expressed in certain nonneuronal tissues, including pancreatic

acinar cell zymogen granules (21) and vesicles carrying the
insulin-sensitive glucose-transporter GLUT4 in adipocytes
(22). In addition to the known effect of clostridial toxins in
neuronal cells, it was shown that tetanus toxin light chain treat-
ment cleaved VAMP2in pancreatic acinar cell zymogen gran-
ules and, importantly, partly inhibited Ca2+-stimulated enzyme
secretion. This provided direct support for a role of VAMPin
regulated exocytosis in nonneuronal cells. The present results,
demonstrating expression of VAMP2in AQP2-bearing vesicles,
strongly suggest a role of VAMP2in vasopressin-mediated reg-
ulation of AQP2 trafficking.
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