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Abstract. The mammalian renal collecting duct in-
creases its water permeability in response to antidi-
uretic hormone (ADH). ADH causes cytoplasmic
endosomes containing the water channel, aquaporin
2 (AQP2), to fuse with the apical membrane so that
the water permeability of the tubule increases many
times above baseline. SNARE proteins are involved
in the docking and fusion of vesicles with the cell
membrane in neuron synapses. Whether these pro-
teins are involved in the fusion of vesicles to the cell
membrane in other tissues is not entirely clear. In the
present study, we examined the role of SNARE
proteins in the insertion of water channels in the
collecting-duct response to ADH by using botulinum
toxins A, B and C. Toxins isolated from clostridium
botulinum are specific proteases that cleave different
SNARE proteins and inactivate them. Tubules were
perfused in vitro with botulinum toxin in the per-
fusate (50 nM for A and B and 15 nM for C). ADH
(200 pM) was then added to the bath after baseline
measurements of osmotic water permeability (Py) and
the change in P; was followed for one hour. Botu-
linum toxins significantly inhibited the maximum Py
by approximately 50%. Botulinum toxins A and C
also decreased the rate of rise of Pr. Thus, SNARE
proteins are involved in the insertion of the water
channels in the collecting duct.
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Introduction

The mammalian collecting duct regulates its water
permeability in response to antidiuretic hormone
(ADH) (Skorecki et al., 1992). When the animal is
well hydrated, ADH is suppressed and the water
permeability of the collecting duct is close to zero.
When the animal becomes dehydrated and plasma
osmolality increases significantly, the pituitary re-
leases ADH, which then binds to its receptor (V2R)
on the basolateral membrane of the collecting duct
and activates adenylate cyclase through G protein
activation (Knepper & Inoue, 1997). The increase in
cAMP activates protein kinase A, which in turn
phosphorylates target proteins (Katsura et al., 1997).
One of the proteins that is phosphorylated is aqu-
aporin 2 (AQP2), the water channel located in the
collecting duct that is responsive to ADH (Fushimi
et al., 1993; Nielsen & Agre, 1995). The phosphory-
lation of AQP2 appears to be necessary for its
translocation from subapically located endosomes to
the apical plasma membrane (Fushimi, Sasaki &
Marumo, 1997; Katsura et al., 1997). The movement
of AQP2-containing endosomes is regulated by
ADH, is thought to be a constant process that in-
volves endocytosis and exocytosis, and has been
termed the “‘shuttle” hypothesis (Wade, Stetson &
Lewis, 1981).

The molecular events controlling docking of
vesicles and subsequent fusion between vesicles and
target membranes are best known for fusion of syn-
aptic vesicles (Sudhof, 1995). This process is highly
regulated by proteins involved in the docking and
fusion process (Hays et al., 1994). These are collec-
tively termed “SNARE” (soluble NSF attachment
protein receptor) proteins and are ubiquitously ex-
pressed (Sollner et al., 1993; Rothman, 1994). There
are target SNAREs (t-SNARESs) located on the target



110

membrane and vesicle SNAREs (v-SNARESs). The
t-SNAREs include syntaxin and SNAP-25, while the
v-SNAREs include synaptotagmin and VAMP (ves-
icle associated membrane protein).

Whether SNARE proteins are involved in fusion
of vesicles in every tissue, including AQP2-containing
vesicles, is not entirely clear. Recently, various pro-
teins in the SNARE pathway have been identified in
the kidney (Franki et al., 1995a; Liebenhoff &
Rosenthal, 1995). These have been further localized
to the collecting duct, including VAMP-2 (Nielsen
et al., 1995), syntaxin-4 (Mandon et al., 1997), syn-
aptogamin VIII (Kishore et al., 1998), and SNAP-23
(Inoue et al., 1998). In addition, the SNARE protein,
cellubrevin, has been colocalized to the vesicles that
contain AQP2, suggesting that cellubrevin could be
involved in the trafficking process (Franki et al.,
1995b). While they have been localized to the col-
lecting duct, there is no functional evidence for their
involvement in the exocytosis of the AQP2-contain-
ing vesicles.

Botulinum toxins are proteases derived from
Clostridium botulinum. Unlike synthetic toxins, these
natural toxins are proteases that are very specific; they
are known to cleave SNARE proteins exclusively
(Montecucco & Schiavo, 1994; Pellizzari et al., 1999).
Botulinum toxins A, C, and E cleave SNAP-25, one of
the t-SNARES, at a different specific site for each
toxin. VAMP, one of the v-SNARES, is cleaved at
specific sites by botulinum toxins B, D, F and G and
by tetanus toxin. Botulinum toxin C is the only toxin
that cleaves syntaxin, one of the t-SNARES (Pellizzari
et al., 1999). Thus, these are not nonspecific cellular
toxins, but rather very specific inhibitors of exocytosis
by interfering with the docking and fusion machinery
of the cell (Pellizzari et al., 1999).

The purpose of the present study was to deter-
mine if SNARE proteins are involved in the insertion
of AQP2-containing vesicles. To do this, we em-
ployed botulinum toxins A, B and C in the isolated
perfused rabbit cortical collecting duct.

Materials and Methods

IN ViTRO TUBULE PERFUSION

Cortical collecting tubules from New Zealand White rabbits were
perfused in vitro as previously described (Burg et al., 1966; Quigley
& Baum, 1991). Briefly, cortical collecting tubules were dissected in
cooled (4°C) modified Hank’s solution containing in mwm: 137
NacCl, 5 KCl, 0.8 MgSOy,, 0.33 Na,HPO, 0.44 KH,PO,, 1 MgCl,,
10 Tris-HCI, 0.25 CaCl,, 2 glutamine and 2 r-lactate. This solution
was bubbled with 100% O, and had a pH of 7.4. Tubules were then
transferred to a 1.2 ml thermostatically controlled (38°C) bathing
chamber and perfused with concentric glass pipettes. The perfusion
solution contained in mm: 30 NaCl, 25 NaHCOs, 2,3 Na,HPO,, 10
Na acetate, 1.8 CaCl,, 1 MgSOy, 5 KCI, 8.3 glucose and 5 alanine
and had an osmolality of 150 mOsm/kg water. The bathing solu-
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tion was designed to simulate plasma and contained in mm: 115
NaCl, 25 NaHCOs;, 2.3 Na,HPO,, 10 Na acetate, 1.8 CaCl,, 1
MgSOy, 5 KCl, 8.3 glucose and 5 alanine and also 6 g/dl of albu-
min. The osmolality of the bathing solution was 300 mOsm/kg
water. The perfusion and bathing solutions were bubbled with 95%
O, and 5% CO, at 37°C and had a pH of 7.4. The osmolalities of
the perfusion and bathing solutions were measured with a Wide
Range Osmometer (Advanced Instruments, Model WDW,
Norwood, MA) and adjusted to the desired osmolality by the
addition of water or NaCl. The bathing solution was exchanged at
a rate of 0.5 ml/min to keep the osmolality and pH constant.

Volume absorption (J, in nl/min-mm) was measured as the
difference between the perfusion and collection rates and normal-
ized per mm of tubule length. The collection rate was determined
by timed collections using a constant volume pipette. Exhaustively
dialyzed [methoxy->H] inulin (New England Nuclear) was added to
the perfusate at a concentration of 50 uCi/ml so that the perfusion
rate could be calculated. The tubule length (L) was measured using
an eyepiece micrometer.

The osmotic water permeability was calculated from the fol-
lowing equation (Al-Zahid et al., 1977):

VoCo | Co — CL 1

¢ n (CL—Cy)Cy
AV | CoCpCyL (Cb)z

pPr =
' (Co— Gp)CL

In

where V; is the perfusion rate, Cy, Cp, and Cp represent the
osmolality of the perfusate, bath and collected fluid respectively, 4
is the surface area calculated from the inner radius and V,, is the
molar volume of water. The collected fluid osmolality was calcu-
lated from the relationship:

C1L = VyCo/ V1

where V4,71, Co, and Cy. have the same meaning as above.

The transepithelial potential difference (PD) was measured by
using the perfusion pipet as the bridge into the tubular lumen. The
recording and reference calomel half-cells were connected to the
perfusion and bathing solutions via agarose bridges containing 3.6
M KCl1/0.9 M KNO;. This arrangement avoided direct contact be-
tween the solution bathing the tubule and the KCI/KNOj; agarose
bridge. The recording and reference calomel half-cells were then
connected to the high- and low- impedance sides, respectively, of an
electrometer (model 601; Keithley Instruments, Inc., Cleveland
Ohio).

In preliminary experiments, we found that incubation of the
tubules with the toxins present in the luminal fluid for 1 to 2 hours
had no effect on the ADH- stimulated water permeability. We then
found that incubation for 4 hours prior to the addition of ADH
was sufficient for the toxins to enter the cells and inhibit the ADH
effect. Thus, tubules were perfused for three and one half hours
prior to six control measurements of Jy, Prand PD. The protocol
for the experiments is illustrated in Fig. 1. ADH (200 pM) was then
added to the bathing solution after 4 hours of incubation in both
control and toxin-treated tubules. Measurements were then made
for one hour after the addition of ADH. To compare the results of
control tubules to botulinum toxin-treated tubules, the time re-
sponse of the osmotic water permeability was fit empirically to an
exponential curve using Sigma-Plot. This allowed for the most
precise measurement of the maximal Py obtained.

We also performed a set of experiments to test the stability of
this preparation by measuring '*C-sucrose permeability. Tubules
were perfused with the same perfusate as above except for the
addition of sodium chloride to make the osmolality 300 mOsm/kg
water (isotonic with the bathing solution) and the addition of '*C-
sucrose. Sucrose permeability was then calculated using the same
equation that we have previously reported for mannitol perme-
ability in isolated perfused tubules (Quigley & Baum, 1994). There
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Fig. 1. Experimental protocol. Tubules were perfused with vehicle
or toxin in the lumen for 3 and '2 hours. Then, control measure-
ments of water permeability and potential difference were made
beginning at time point A. ADH (200 pM) was then added to the
bath and measurements continued for an additional hour.

was no difference between control tubules at 2 or 4 h (16. 6 + 9.1,
vs. 13.6 £ 7.9%x 107 cm/s, n = 3) or tubules perfused with toxin C
for2or4h (129 + 6.3,vs. 10.1 + 7.6 x 10" cm/s, n = 3). Thus,
the tubule preparation appears to be very stable over this period of
time and was not affected by toxin C.

In a separate set of experiments, tubules were perfused for 4 h
in the presence of botulinum toxin A or vehicle. After the 4 h of
perfusion, the tubules were fixed with 3% paraformaldehyde and
0.05% picric acid and allowed to fix while being perfused for an-
other 20 min. The tubules were then transferred into 10% gelatin in
PBS so that they could then be washed with PBS and embedded in
OCT and sectioned as previously described by our laboratory (Chu
et al., 2003). To perform Clostridium botulinum (Toxin-subtype A) /
F-actin double immunofluorescence staining, the sections were
preincubated for 3 h at room temperature with 8% milk powder in
PBS containing 1% Triton X-100. They were then covered over-
night at 4°C with the primary antibody, polyclonal rabbit antisera
against Clostridium botulinus (Accurate Chemical & Scientific
Corporation, Westbury, NY) at 1:50 dilution. The sections were
rinsed four times with PBS prior to incubation for 80 min at room
temperature with the secondary antibody, donkey anti-rabbit IgG
conjugated to Rhodamine Red™-X (Jackson Immuno-Research
Laboratories, West Grove, PA) at 1:100 dilution and with labeling
F-actin, Alexa Fluor® 488 phalloidin (Molecular Probes, Inc.,
Eugene, OR) at 1:100 dilution, in the preincubation solu-
tion. After rinsing with PBS, the sections were mounted using
VECTASHIELD® mounting medium (VECTOR Laboratories,
Burlingame, CA). Fluorescent images were visualized through a
Zeiss 40x or 100x objective lens using a laser scanning microscope
(Zeiss LSM 410, Jena, Germany). To detect the fluorescence of
Alexa Fluor, samples were excited at 495 nm and emissions were
passed through a 518 band-pass filter. To detect fluorescence given
by rhodamine, samples were excited at 568 nm and emissions were
passed through a 590 band pass filter.

All data are expressed as mean £ seM. Comparisons between
control and toxin-treated tubules were made by unpaired z-tests.
Significance was determined by a p value less than 0.05.

Results

IMMUNOHISTOCHEMISTRY OF IN VITRO MICROPERFUSED
CCD

Figure 2 shows the control and toxin A-treated tu-
bules after 4 h of incubation. The control tubule
(Panel 4) shows no staining for the toxin A. Thus, the
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Fig. 2. (4) Control tubule after 4 hours of perfusion with vehicle.
Tubule was perfused and fixed in vitro. Rhodamine red-conjugated
phalloidin was used to label the actin cytoskeleton. Antibodies for
botulinum toxin A were also used as the primary antibody. As can
be seen, there was no staining for the toxin A. (B) Toxin A-treated
tubule. The tubule was perfused and fixed in vitro. Botulinum toxin
A was present in the lumen throughout this experiment. The
luminal membrane and the subapical space stain heavily for toxin
A. Thus, we believe that with time the toxin binds to the apical
membrane and is endocytosed.

antibody used for the toxin A is not binding non-
specifically to the tubule. In the toxin-treated tubule
(shown in Panel B), toxin is seen intensely on the
apical membrane and to some extent colocalizing
with the actin. This indicates that toxin A can bind to
the apical membrane and with time can be internal-
ized. Also, the toxin-treated tubule shows no staining
for the toxin when the primary antibody is absent
(not shown).

WATER PERMEABILITY RESPONSE TO ADH

Figure 3 shows the control response of the CCD P to
ADH. The baseline water permeability in control
tubules was low (36.2 £ 11.9 um/s) and not affected
by any of the toxins studied (see Table 1). Thus, the
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Table 1. Effect of botulinum toxins on water permeability P¢

N Baseline Py (um/s) Maximum Py (um/s)

Control 9 36.2 £ 11.9 240.8 £ 13.2
Botox A 5 16.9 + 8.5 98.7 + 27.6*
Botox B 5 13.6 £ 16.9 158.4 + 16.4*
Botox C 5 272 £ 8.6 129.3 + 28.6*
A, B,and C 5 10.1 + 34 79.7 £ 16.7*

*p < 0.05 vs control

baseline properties of water transport in the CCD
were not altered by treatment with the toxins, sug-
gesting the absence of nonspecific effects of the tox-
ins. After addition of ADH (200 pM), there was a
prompt increase in the water permeability, which
reached a plateau after 35-40 minutes. The data for
each experiment were fit to an exponential curve to
obtain the maximum Py (see Table). For graphical
comparison, the control data were also pooled to-
gether to obtain an overall exponential fit with a 95%
confidence limit for the exponential fit that is also
shown in Fig. 3.

Figure 4 shows the response of the CCD Ps to
ADH after treatment with botulinum toxin A. This
toxin cleaves SNAP-25, one of the t-SNARESs. As can
be seen, the maximum P; was about 50% of the
control value (see Table 1). For comparison, also
shown in Fig. 4 are the exponential fit and 95%
confidence limit for the control experiments. As can
be seen, there was no overlap between the fitted curve
for the control experiments and that of the toxin A-
treated tubules.

The response to ADH after treatment with bot-
ulinum toxin B is shown in Fig. 5. Botulinum toxin
B, which specifically cleaves VAMP, reduced the
maximum Pg response to ADH. Again, the maximum
P¢ is decreased from the maximum Py of the control
tubules. The exponential fit and 95% confidence
limits for the control and toxin-treated tubules are
also depicted.

Botulinum toxin C cleaves the t-SNARE, syn-
taxin. Fig. 6 shows the response of the CCD Ps to
ADH after treatment with this toxin. As can be seen,
the maximum Py was about 50% of the control (see
Table 1). The exponential fit and 95% confidence
limits for the control and toxin-treated tubules are
also shown.

The above series of studies demonstrated that the
individual toxins that were tested did not completely
block the effect of ADH on the CCD water perme-
ability. The last series of experiments was performed
to determine if a combination of toxins would be able
to completely block the effect of ADH. These results
are shown in Fig. 7 and in the Table. As can be seen,
the combination of toxins A, B and C also inhibited
the effect of ADH on the CCD water permeability
response.
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Fig. 3. Water-permeability response to ADH in control tubules.
After three and ‘2 hours of perfusion, the tubules had a prompt
response to ADH. Data were fit to an exponential curve for cal-
culating the maximum response and the 95% confidence limits are
shown.
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Fig. 4. Water permeability response in tubules treated with toxin
A. Also depicted for comparison are the 95% confidence limits for
the control tubules. As can be seen, botulinum toxin A had an
inhibitory effect on the water permeability response.

Table 1 summarizes the data for the changes in
water permeability in the CCD. The maximum Py is
significantly lower with each of the toxins as well as
with the combination of all three toxins compared to
control.

TRANSEPITHELIAL POTENTIAL DIFFERENCE

The lumen-negative transepithelial potential differ-
ence (PD) for control and toxin-treated tubules is
shown in Fig. 8. As can be seen, the magnitude of the
PD in the control tubules was significantly larger (i.e.,
more negative) than that for the tubules treated with
toxins A and C, but was not different from tubules
treated with toxin B. The PD in each tubule, how-
ever, was stable and did not decline with time, indi-
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e control tubules. Botulinum toxin C also had an inhibitory effect

on the water permeability response.

cating viability of the tubules throughout the exper-
iment. All tubules had a transient increase in mag-
nitude of the lumen-negative PD after treatment with
ADH as previously described (Burg et al., 1968;

F

rindt & Burg, 1972). The PD went to zero after the

addition of ouabain (107> M) to the bath at the end of
the experiment (data not shown).

Discussion

The current model for the acute regulation of the
collecting duct water permeability response to ADH
involves the shuttling of AQP2 water channels into
and out of its apical membrane (Knepper & Inoue,
1997, Wade et al., 1981). The basolateral membrane
contains other water channels (AQP3 and AQP4)
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Fig. 7. Water-permeability response in tubules treated with toxins
A, B and C. Also depicted for comparison are the 95% confidence
limits for the control tubules. The combination of all three toxins
had an inhibitory effect on the water permeability response. The
effect was not additive.
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Fig. 8. Potential-difference response in tubules treated with vehicle
or with botulinum toxins. Toxin B had no effect on the potential
difference. However, toxin A and C and the combination had a
significant effect on the potential difference.

that undergo long-term regulation, but have not been
shown to participate in the acute regulation of water
transport (Brown, Katsura & Gustafson, 1998). The
process of insertion of the AQP2-containing vesicles
into the apical membrane is thought to occur by the
coordinated function of SNARE proteins (Hays
et al., 1994; Knepper & Inoue, 1997). T-SNAREs
residing in the apical membrane bind to v-SNAREs
that reside in the vesicles to form a complex so that
membrane fusion can occur. The t-SNARES that
have been localized to the mammalian collecting duct
are syntaxin-4 (Mandon et al., 1996) and SNAP-23
(Inoue et al., 1998). The primary v-SNARE that has
been localized to the collecting duct is VAMP-2
(Nielsen et al., 1995). Another v-SNARE, synapto-
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tagmin VIII, has also recently been found in the
collecting duct (Kishore et al., 1998). The function of
these proteins in the collecting duct is thought to be
related to trafficking of transport proteins, primarily
AQP2 (Knepper & Inoue, 1997). However, this has
not been directly demonstrated.

The present study examined the role of these
SNARE proteins in the ADH-stimulated increase in
collecting-duct water permeability. In particular, the
role of SNAP, VAMP and syntaxin were studied by
employing botulinum toxins A, B and C, specific
proteases for these proteins. The ability of the toxins
to produce an effect depends on their ability to enter
the cell and then cleave their target SNARE protein.
Nerve cells have specific receptors for the toxins and
are thus quite susceptible to their effects (Montecucco
& Schiavo, 1994). The collecting duct principal cell
has glycoproteins on its cell surface that may provide
a binding site for the toxin. This is shown in Fig. 2
where there is intense staining of the tubule apical
membrane for toxin A. The collecting duct cells have
a continuous recycling of AQP2-containing vesicles
that can then provide a pathway for the toxin to
eventually enter the cell and cleave target SNARE
proteins. We think that this explains the time
dependence of the effect of the toxins seen in the
present study.

We found that botulinum toxin A decreased the
maximum P by about 50%. Toxin A cleaves SNAP-25
(Pellizzari et al., 1999). The homologue of SNAP-25
that has been found in the collecting duct is SNAP-23
(Inoue et al., 1998), which has been reported to be
resistant to the action of botulinum toxin A (Chen et
al., 1997). However, another group has reported that
both SNAP-23 and SNAP-25 are in the collecting duct
and has shown that botulinum toxin A inhibits the
insertion of the H" pump in the apical membrane of
IMCD cells (Alexander, Shih & Schwartz, 1997,
Banerjee et al. 1999). Thus, there appears to be func-
tional SNAP-25 or an equivalent isoform in the col-
lecting duct that is cleaved by toxin A.

We also found that botulinum toxin B lowers the
maximum Py of the rabbit cortical collecting duct.
This toxin cleaves VAMP (Pellizzari et al., 1999). The
isoform of VAMP that has been found in the col-
lecting duct is VAMP-2 (Nielsen et al., 1995). This
protein has also been found in other cell systems
including rat parotid acinar cells, where the stimu-
lated release of amylase from these cells was found to
be inhibited by botulinum toxin B (Fujita-Yoshigaki
et al., 1996). The authors had identified the presence
of VAMP-2 in these cells and demonstrated that
botulinum toxin B had no effect on baseline amylase
secretion but inhibited the cAMP-stimulated secre-
tion by about 50%. They also demonstrated that the
amount of VAMP-2 that was cleaved in their prep-
aration was also approximately 50%. In adipocytes,
trafficking of GLUT-4-containing vesicles has also
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been shown to be regulated by SNARE proteins,
including the VAMP homologue, cellubrevin (Tellam
et al., 1997). Recently, botulinum toxin B was shown
to inhibit the insulin-stimulated increase in glucose
uptake in 3T3-L1 adipocytes (Chen et al., 1997). The
degree of inhibition was found to be between 30 and
60%, depending on the conditions studied. In rat
IMCD cells in culture, VAMP was shown to be
present and botulinum toxins A, B, C, D and tetanus
toxin were shown to inhibit insertion of the proton
pump (Alexander et al., 1997; Banerjee et al., 1999).
The rate of pH recovery of these cells after treatment
with the toxins was between 50 and 60% of the con-
trol cells. Thus, VAMP and its homologue are in-
volved in multiple exocytosis pathways.

The role of syntaxin was examined using botu-
linum toxin C. This toxin reduced the maximum Ps
by 50%. The syntaxin isoform in the collecting duct is
syntaxin-4 (Mandon et al., 1996). Syntaxin-1 was
originally thought to be confined to the nervous
system but has now been found in epithelial cells
(Naren et al., 2000). Its abundance in these tissues
may be very low, but it may still be critical for the
targeting of exocytotic vesicles.

The inhibition of the ADH-stimulated water
permeability in rabbit CCD in the present study was
found to be 30-50%. The reason why the inhibition is
not complete is not clear, but could be due to several
factors. First, there is always a concern that since
there are no specific receptors for the toxins on these
cells (principal cells of the collecting duct), the
amount of toxin entering the cell is minimal. In
the nerve terminal, there are specific receptors for the
toxins so that the amount of toxin that enters the cell
is certainly much higher than that achieved in other
tissues (Montecucco & Schiavo, 1994). To address
this question, we used an antibody to botulinum
toxin A to demonstrate that with time, the toxin
binds to the apical membrane of the cortical collect-
ing duct. We presume that the recycling of the apical
membrane would then allow for entry of toxin that
could then have its effect on the SNARE proteins. We
think this explains the time dependency of this pro-
cess.

Second, the stoichiometry of the SNARE pro-
teins may be such that cleaving one of the proteins
may only partially inhibit the process. We examined
this possibility by perfusing the tubules with all three
toxins. Thus, all possible targets of the botulinum
toxins would be cleaved in the same tubule. Although
there appeared to be a small difference with all the
toxins, this was not statistically significant. Therefore,
we do not think that the incomplete blockade of the
ADH effect is due to differences in expression levels
of the SNARE proteins.

Lastly, there may be a population of vesicles that
are already docked and ready to fuse so that the toxin
may only inhibit further recruitment of vesicles con-



R. Quigley et al.: Botulinum Toxins Inhibit ADH Response in CCD

taining AQP2 (Hays et al., 1994). We think that this
is the most likely explanation of the incomplete effect
of the toxins. It is interesting to compare our results
to the above-mentioned studies that examine the ef-
fects of the toxins on non-neuronal tissue. All of these
studies demonstrate that the toxins inhibit the inser-
tion of endosomes by about 50%. Thus, we think that
there may be a population of vesicles that are already
docked and ready for fusion. The toxins then prevent
the additional recruitment of vesicles to limit the
maximum response.

The collecting duct also actively transports so-
dium and potassium. This is driven by the Na-K-
ATPase that is located on the basolateral surface of
the collecting-duct principal cells and maintains a low
intracellular sodium concentration and a high
potassium concentration. Sodium enters the cell from
the tubule lumen via the epithelial sodium channel
(ENaC) that produces the lumen-negative transepi-
thelial potential difference in the rabbit collecting
duct. Blocking ENaC with amiloride or dissipating
the sodium gradient with the Na-K-ATPase inhibi-
tor, ouabain, causes the transepithelial potential dif-
ference to go towards zero. Potassium is secreted by
the principal cells by first entering through the ba-
solateral Na-K-ATPase. The high intracellular
potassium concentration favors exit through the
apically located potassium channel, ROMK. This
process causes the transepithelial potential to become
more positive. Thus, the transepithelial potential is a
balance between sodium reabsorption and potassium
secretion.

In our study, we found that both toxins A and C
reduced the magnitude of the lumen-negative PD. We
demonstrated that toxin C had no effect on sucrose
permeability over the four hours of incubation. Thus,
we do not think that the change in the potential dif-
ference is due to nonspecific damage to the epithelium.
The reduction of the magnitude of the negative PD
may be due to an increase in potassium secretion
through the ROMK channel or decrease in sodium
reabsorption through ENaC. In addition to mediating
vesicle fusion, there is increasing evidence that
t-SNARESs such as syntaxin and SNAP-25 may also
regulate the function of ion channels (Saxena, Quick
& Warnock, 2000). Syntaxin and SNAP-25 have been
shown to directly bind to the voltage-gated calcium
channel and CFTR and inhibit the function of these
channels (Rettig et al. 1996; Sheng, et al., 1994; Naren
et al., 1997; Naren et al., 1998). Cleavage of syntaxin
and SNAP by botulinum toxins C and A, respectively,
releases the inhibition of these channels by syntaxin
and SNAP-25. We have found that in Xenopus oo-
cytes, expression of syntaxin binds ROMK and
inhibits its activity (Huang et al., unpublished data).
Thus it is possible that ROMK channels are also
inhibited by direct binding to syntaxin and SNAP-25
in the rabbit collecting duct. Botulinum toxins C and
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A release the inhibition of ROMK and cause an in-
crease in the potassium secretion. The lack of effect of
toxin B (which cleaves the v-SNARE, VAMP) on the
PD is consistent with this possibility.

In the present study, we have demonstrated that
botulinum toxins A, B and C inhibit the ADH-
stimulated increase in the CCD water permeability.
Because these toxins are specific proteases for the
SNARE proteins, this demonstrates directly the
involvement of SNARE proteins in the exocytosis of
AQP2-containing vesicles. The effect of these toxins
on the transepithelial potential difference also raises
the possibility that t-SNAREs may be involved in the
direct regulation of ion channels in this nephron
segment.
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