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Abstract. In the current study, a novel role for the microfilaments in vasopressin-
induced water transport in toad urinary bladders, a popular model tor the mammalian
collecting duct, was established. Vasopressin-induced water transport was not af-
tected by cytochalasin D (CD, 20 yM) or latrunculin B (Lat B, 0.5-2 uM), microfilament-
disrupting reagents, suggesting that the initial trafficking of vesicles containing water
channels and insertion of membranes into the apical membrane are microfilament-
independent. After the removal of vasopressin, bladders treated with CD or Lat B
continued to transport water at least 2-3-fold greater than those that received the
vehicle. Furthermore, the enhanced water transport was inhibited by HgCl, (1 mM), a
potent inhibitor of water channel-mediated water flow, suggesting that the enhanced
water flow was through water channels. In addition, Lat B and CD inhibited vasopres-
sin-induced endocytosis of horseradish peroxidase (HRP), a fluid endocytotic marker.
These results suggested that although microfilaments are not needed for the initial
tratficking of water channels to the apical side, the microfilament network is essential
for the retrieval of water channels following their insertion into apical membranes.

[P.S.E.B.M. 2000, Vol 223]

ins was a breakthrough in the understanding of how
vasopressin activates water transport in the renal col-
lecting duct (1). To date, there are at least nine mammalian
aquaporins (2). Aquaporin-2 (AQP-2) is a unique channel
that is absolutely restricted to the mammalian collecting
duct (3-5), is vasopressin-sensitive, and shows translocation

The discovery of selective water channels or aquapor-
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to the apical site upon vasopressin binding to its receptor on
the basolateral membranes (6). The vasopressin receptor, or
V, receptor, is coupled to adenylyl cyclase, and vasopressin
binding activates adenylyl cyclase, produces cyclic AMP
(cAMP), and activates cAMP-dependent protein kinase A
(PKA) (6). The mutation of the phosphorylation site for
PKA in AQP-2 prevents the translocation of AQP-2 to the
apical site (7). However, water transport in isolated endo-
somes is not affected by the addition of purified PKA (8).
Therefore, the phosphorylation of AQP-2 is needed for the
translocation of the water channel rather than as part of the
activation of the channel for water flow (8). However, the
steps between the generation of CAMP and the shuttling of
AQP-2 to the apical site are not well understood with the
exception of the role of microtubules in the process (9-13).

In addition, although microfilaments have been sug-
gested to play a role in most vesicular trafficking (14), arole
in water transport has not been fully characterized. Never-
theless, a role for the microfilament involvement in vaso-
pressin-induced water transport has been made based on the
depolymerization of F-actin to G-actin by cAMP and vaso-
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pressin in toad urinary bladders, a popular model for the
mammalian collecting duct (15-19). By contrast, Franki ez
al. (18) have shown that cytochalasin D has no effect on
vasopressin-activated water transport and have suggested
that microfilaments are not needed for water transport in
toad urinary bladders. In the present study, a role for the
microfilament is suggested; however, not in the initial shut-
tling of water channels to the apical membranes, but rather
in the retrieval or endocytosis of water channels after their
insertion into the apical membranes. The disruption of mi-
crofilaments in the presence of vasopressin failed to affect
water transport. However, after the removal of vasopressin,
water flow was sustained at an equivalent rate to that in the
absence of vasopressin.

Materials and Methods

Materials. Cytochalasin D and horseradish peroxides
were purchased from Sigma Chemical Co. (St. Louis, MO).
Latrunculin B was from Calbiochem (San Diego, CA).
Mexican Bufo marinus toads were from Wards Science Es-
tablishment Inc. (Rochester, NY).

Water Transport Studies. Urinary hemibladders,
excised from doubly pithed toads, Bufo marinus, were set
up as sacs and incubated in Ringer solution (111 mM NaCl,
3.33 mM KCl, 2.7 mM CaCl,, 4.16 mM NaHCO;, and 5.5
mM glucose). A 1:10 osmotic gradient was established be-
tween the mucosal (also known as urine or apical) and se-
rosal (also known as blood or basolateral) solutions. Cyto-
chalasin D was added apically (not as potent as latrunculin
B in disrupting microfilaments) whereas latrunculin B and
vasopressin (15 mU/ml) were added to the serosal bathing
solution. Water transport was measured gravimetrically ac-
cording to Bentley et al. (20). Control hemibladders re-
ceived only vehicle (DMSO, concentration was 0.1% in all
experiments). The inside of the bladder sac received 1/10
Ringer during water transport. The outside of the bladder
was always exposed to N-Ringer. As vasopressin was added
to the serosal side, it stimulated the translocation and inser-
tion of water channels into the mucosal side to carry out the
entry of water. As water entered intracellularly, constitutive
water channels at the basolateral side allowed water out of
the cells. Therefore, vasopressin induced a continuous loss
or movement of water from the inside of the bladder sac to
its outside, and the difference in the weight of the bladder
sac before and after the addition of vasopressin represented
the amount of water that was transported. Water transport
activity was expressed as mg/30 min.

Endocytosis of Horseradish Peroxidase. Endo-
cytosis of horseradish peroxidase (HRP) was performed as
described previously (21). Urinary bladder sacs were set up
as sacs, and one sac received DMSO whereas the other
received CD (20 pM) or Lat B (0.5-2 uM) for 30 min prior
to stimulation with vasopressin. Toad urinary bladders were
stimulated with vasopressin in the absence of an osmotic
gradient for 15 min. The mucosal side was then replaced
with 1/10 Ringer containing HRP (10 mg/ml, Sigma). This

was followed by washing the serosal surface of the bladder
three times to remove vasopressin. After 15-30 min incu-
bation with HRP, the mucosal solution was washed three
times in ice-cold Ringer, and tissues were fixed. For tissue
fixation, the whole bladder sac was removed from the end of
a glass tube, submerged into 2% glutaraldehyde, and fixed
for 1 hr. Following buffer rinses, post-fixation was carried
out using 1% osmium tetroxide at room temperature. Tissue
processing for Transmission Electron Microscopy (TEM)
was carried out as described previously (21). Bladder sacs
were rinsed, minced into small pieces, and then processed
for embedding in epon for ultrathin sectioning. Tissue
blocks were polymerized overnight in an oven at 60°C.
Ultrathin sections made with a diamond knife were col-
lected on bare copper or nickel grids. To quantitate endo-
cytosis, each condition was run at least 3-5 times using
intact bladders. Quantitative analysis was made to compare
the relative distribution of HRP-loaded endosomes in vaso-
pressin-stimulated versus control, cytochalasin D, and la-
trunculin B sacs using ultrathin TEM sections. Over 25-46
pictures for each condition (vasopressin, control, cytocha-
lasin D, and latrunculin B) were taken from several epon-
embedded tissue blocks originated from at least three to five
separate experiments. TEM pictures were taken at X84,000,
and the results were plotted into histograms. HRP-loaded
endosomes were counted, and results were expressed as
number of HRP-loaded endosomes/100 .M? membrane.

Statistical Treatment of Data. Statistical signifi-
cance was assessed by using one-way ANOVA and the
Tukey multiple comparison test at P < 0.05.

Results

Cytochalasin D (20 pM) Treatment Had No Ef-
fect on Vasopressin-induced Water Transport from
Toad Urinary Bladders. Control bladders (receiving
DMSO) or experimental bladders (receiving cytochalasin
D) were treated for 30 min with drugs or vehicle. Cytocha-
lasin D had no effect on basal water transport. Water loss
from control bladders in the absence of vasopressin was 13
+ 5 mg/30 min in control bladders and 18 + 2 mg/30 min in
cytochalasin D-treated bladders (data not shown). Follow-
ing a stimulation with vasopressin (15 mU/ml) of both blad-
ders, water transport was followed for 60 min. At 30 min,
water loss from control bladders was 514 + 12 mg/30 min in
control bladders compared with 512 + 53 mg/30 min in
cytochalasin D-treated bladders (Fig. 1A). At 60 min, water
loss from control bladders was 1017 + 106 mg/60 min com-
pared with 1056 + 108 mg/60 min in cytochalasin D-treated
bladders (Fig. 1A). Therefore, cytochalasin D appears to
lack any inhibitory effects on water transport, suggesting
that microfilaments are not needed for the initial transloca-
tion and trafficking of vesicles containing water channels to
the apical side.

Enhanced Water Transport After Vasopressin-
Washout in Cytochalasin D-Treated Toad Urinary
Bladders. We followed water transport further after the
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Figure 1. (A) Cytochalasin D (20 uM) treatment had no effect on vasopressin-induced water transport from toad urinary bladders. Toad urinary
bladders were treated with vehicle (DMSO, —) or cytochalasin D (CD, 20 pM, —---) for 30 min prior to the addition of vasopressin (AVP, 15
mU/mi). As shown in Figure 1A, cytochalasin D did not inhibit vasopressin-activated water transport. * and **AVP were not statistically
significant from AVP/CD. (B) Cytochalasin D (20 pM)-treated bladders continued to transport water in the absence of vasopressin at a higher
rate than DMSO-treated bladders. Toad urinary bladders that received DMSO (——) or CD (----) prior to the addition of vasopressin, were
washed extensively, and water transport was measured in the absence of vasopressin. As illustrated in Figure 1B, bladders receiving CD had
an enhanced and sustained water transport compared with DMSO-treated bladders. Water loss in control bladders was 207 + 29 mg/30 min
whereas water loss in CD-treated bladders was 607 + 66 mg/30 min (P < 0.0005 vs. control). Furthermore, at 60 min, water loss from control
bladders was 250 + 37 mg/60 min whereas water loss in CD-treated bladders was 914 + 85 mg/60 min (P < 0.0001 vs. control). (C) HgCl,
(1 mM) added apically, inhibited the enhanced and sustained water transport induced by cytochalasin D (20 uM)-treated bladders. Toad urinary
bladders were treated with CD (20 pM) as described in Methods prior to the addition of vasopressin. Next, bladders were washed extensively,
and water transport was measured for 60 min in CD-treated (----) and in CD-treated + HgCl, (——, added apically where aquaporins fuse to
transport water). HgCl, inhibited the sustained water transport induced by CD by 71%. Water transport induced by CD (607 + 66 mg/30 min)
was attenuated by HgCl, (water loss was 176 + 26 mg/30 min, P < 0.008 vs. CD alone). At 60 min, water loss in CD-treated bladders was 914
+ 85 mg/60 min compared with 256 + 29 mg/60 min in HgCl,-treated bladders (P < 0.008 vs CD alone).

removal of vasopressin. Both control bladders (receiving  bladders after the removal of vasopressin was 366% that of
DMSO then vasopressin) and experimental bladders (re-  control bladders.

ceiving cytochalasin D then vasopressin) were washed ex-
tensively and allowed to sit for 60 min during which water
transport was followed every 30 min. As shown in Figure
1B, water loss in control bladders was 207 + 29 mg/30 min
whereas water loss in cytochalasin D-treated bladders was
much higher (607 £+ 66 mg/30 min, P < 0.0005 vs control).
Furthermore, at 60 min, water loss from control bladders
was 250 £ 37 mg/60 min whereas water loss in cytochalasin
D-treated bladders was 914 + 85 mg/60 min (P < 0.0001 vs
control). Therefore, at 30 min, although vasopressin-
activated water transport was nearly the same in control
(DMSO-treated) as in CD-treated bladders, water transport
in CD-treated bladders after the removal of vasopressin was
293% that of the control bladders. In addition, at 60 min, no
difference was observed in water transport in the presence
of vasopressin. However, water transport in CD-treated

Enhanced Water Transport Induced by Cyto-
chalasin D Was Attenuated by HgCl,, a Potent Wa-
ter Channel Inhibitor. To verify that the enhanced and
sustained water flow was in fact due to water channels
remaining at the apical site that were not retrieved, we tested
the effect of HgCl, (1 mM, a potent inhibitor of water
channel fluid transport), by adding it to the apical site, the
site of water channels insertion. As shown in Figure 1C, the
enhanced water transport induced by CD (607 + 66 mg/30
min) was attenuated by HgCl, (water loss was 176 £ 26
mg/30 min, P < 0.008 vs CD alone). At 60 min, water loss
in CD-treated bladders was 914 + 85 mg/60 min compared
with 256 + 29 mg/60 min in HgCl,-treated bladders (P
< 0.008 vs CD alone). HgCl, induced a 71% inhibition
in water flow at 30 min and 60 min. This suggested that the
enhanced water transport was indeed through water channels.
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Latrunculin B, a Microfilament Disrupting Re-
agent, Mimicked Cytochalasin D Effects on Vaso-
pressin-Activated Water Transport. To confirm fur-
ther the role of microfilaments in the retrieval of water
channels, latrunculin B, another microfilament disrupting
reagent, was tested on vasopressin-activated water transport
in another set of animals. Similar to cytochalasin D, latrun-
culin B (0.5-2 pM) had no effect on vasopressin-induced
water transport. Water loss in control bladders was 691 + 42
mg/30 min compared with 654 + 36 mg/30 min in latrun-
culin B-treated bladders (Fig. 2A). At 60 min, water loss in
control bladders was 1300 + 95 mg/60 min compared with
1175 + 61 mg/60 min (Fig. 2A). After the wash of vaso-
pressin, water transport in latrunculin B-treated bladders
was sustained at a higher rate than control bladders. Water
loss in control bladders was 235 + 61 mg/30 min compared
with 575 £+ 51 mg/30 min in latrunculin B-treated bladders,
which corresponded to 245% of control transport (Fig. 2B)
(P < 0.003 vs control). At 60 min, water loss in control
bladders was 339 + 25 mg/60 min compared with 789 + 94
mg/60 min, which corresponded to 233% of control trans-
port (Fig. 2B) (P < 0.002 vs control).

In addition, HgCl, (1 mM) attenuated water transport in
latrunculin B-treated bladders (Fig. 2C). Water loss in la-
trunculin B-treated bladders was 575 + 51 mg/30 min com-
pared with 217 + 13 mg/30 min in HgCl,-treated bladders
(Fig. 2C) (P < 0.0001 vs latrunculin B alone). Also, water

1400 __AVP
—-- AVPLatB

1200
1000
800 -

mg water lost

0 30 €0
Time (min)

g >

800 Washout after AVP+LatB %

- i e

mg water lost after AVP washout

o 30 L]

c ) Time (min)

Washout after AVP+LatB+HgCl; (1 mM)

loss in control bladders was 789 + 94 mg/60 min compared
with 275 + 17 mg/60 min in HgCl,-treated bladders (Fig.
2C) (P < 0.0001 vs latrunculin B alone). HgCl, induced
62% and 65% inhibition at 30 and 60 min, respectively. The
results are summarized in Table 1.

Latrunculin B and Cytochalasin D Inhibited Va-
sopressin-Induced Endocytosis of HRP, a Fluid
Endocytotic Marker. Data presented earlier suggested
that microfilament-disrupting reagents inhibit endocytosis;
therefore, the effects of latrunculin B and cytochalasin D on
vasopressin-induced endocytosis of HRP were investigated.
As illustrated in Figure 3B, latrunculin B attenuated vaso-
pressin-induced endocytosis of HRP compared with vaso-
pressin alone (Fig. 3A). A similar observation was observed
with cytochalasin D (data not shown). Vasopressin-induced
labeled endosomes were 14.65 + 3.1/100 pM? compared
with 3.5 + 0.34/100 wM? in control, 3 + 0.22/100 uM? in
vasopressin/cytochalasin D, and 3.4 + 0.33/100 wM? in va-
sopressin/latrunculin B (Table II). In fact, HRP appeared as
dense clouds over the plasma membrane along the micro-
villi in latrunculin B-treated bladders as well as in cytocha-
lasin D-treated bladders (data not shown). Vasopressin in-
duced a 4.2-fold increase in the uptake of HRP compared
with control bladders; an effect was abolished by both cy-
tochalasin D and latrunculin B. Therefore, both microfila-
ment-disrupting reagents inhibited vasopressin-enhanced
apical endocytosis of HRP.
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Figure 2. (A) Latrunculin B (0.5-2 pM) treatment had no effect on vasopressin-induced water transport from toad urinary bladders. Toad
urinary bladders treated with vehicle (DMSQ, ——) or latrunculin B (Lat B, 0.5-2 pM, ----) for 30 min prior to the addition of vasopressin (AVP,
15 mU/mL). As shown in Figure 2A, latrunculin B did not inhibit vasopressin-activated water transport. * and **AVP were not statistically
significant from AVP/Lat B. (B) Latrunculin B (0.5-2 uM)-treated bladders continued to transport water in the absence of vasopressin at a
higher rate than DMSO-treated bladders. Toad urinary bladders that received DMSO (——) or Lat B (---) prior 10 the addition of vasopressin,
were washed extensively, and water transport was measured in the absence of vasopressin. As illustrated in Figure 28, bladders receiving Lat
B had an enhanced and sustained water transport compared with DMSO-treated bladders. {C) HgCl, (1 mM) added apically, inhibited the
enhanced and sustained water transport induced by latrunculin B (0.5-2 pM)-treated bladders. Toad urinary bladders were treated with Lat B
as described in Methods. Next, bladders were washed exiensively, and water transport was measured for 60 min in Lat B-treated bladders (---.)
and in Lat B-treated + HgCl, (—, added apically where aquaporins fuse to transport water). HgCl, attenuated the sustained water transport

induced by Lat 8.
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Table I. Effects of Cytochalasin D and Latrunculin B on Vasopressin-Induced Water Transport from Toad
Urinary Bladders

Water loss Water loss Water loss Water loss
Condition Water loss Water loss {mg/30 min) (mg/60 min) (mg/30 min) (mg/60 min)
(mg/30 min) (mg/60 min) after AVP after AVP after AVP after AVP
removal removal removal/HgCl, removal/HgCl,
AVP1 + DMSO 514 + 12 1017 + 106 207 £ 29 250 + 37 - -
AVP1 +CD 512+ 583 1056 + 108 607 + 66 914 £ 85 176 + 26 256 + 29
AVP2 + DMSO 691 + 42 1300+ 95 235 + 61 33925 - -
AVP2 + Lat B 659 + 36 1175 x 61 575 £ 51 789 + 94 217 £ 13 273+ 17

Table ll. Quantative Effects of Latrunculin B and
Cytochlalasin D on Vasopressin-Induced Endocytosis

of HRP
No. of labeled
- Treatment endosomes/100 pM?
Control 3.510.34"
Vasopressin 14.65 + 3.1
Vasopressin + latrunculin B 3.4+0.33°
Vasopressin + cytochalasin D 3x0.22°

# |ndicates statistical significance versus vasopressin (p < 0.001)

Discussion

The current study identified a novel role for microfila-
ments in vasopressin-activated water transport in toad uri-
nary bladders, a popular model for the mammalian collect-
ing duct (22). This finding is important and will greatly
improve our understanding of water transport mechanisms.
The elucidation of the signal transduction pathway of vaso-
pressin-induced water transport in toad urinary bladders and
the identification of the elements involved in such a path-
way may be helpful in further characterizing vasopressin-
activated water transport in the mammalian collecting duct.
Initial observations in toad urinary bladders were subse-
quently reproduced in mammalian systems (23). Franki et
al. (18) excluded the importance of microfilaments in va-
sopressin-induced water transport due to the lack of inhibi-
tory effects by CD and CB on the induction of water flow.
Our current findings agree with these previous results, but
although we agree that microfilaments are not important in
the initial trafficking of water vesicles containing water
channels, the microfilament network is needed for the re-
cycling or endocytosis of water channels.

Our findings are also in agreement with the study of
Masters er al. (24) who reported a lack of inhibitory effect
by cytochalasin D on vasopressin-activated water transport,
but observed a sustained water transport after cytochalasin
D-washout. However, the latter group did not investigate
this further. The current study demonstrated that the sus-
tained water transport was likely through inserted water
channels. as such an activity was greatly attenuated by
HgCl,. However, at least three older studies have reported
an inhibitory effect by cytochalasin D and B on vasopressin-
activated water transport from toad urinary bladders (25-

Figure 3. Vasopressin-induced endocytosis of horseradish peroxi-
dase (HRP) was inhibited by latrunculin B. (Top) TEM of toad urinary
bladder stimulated with vasopressin for 15 min and retrieved for 20
min showing the intemalization of spherical to elongated endosomes
(arrows) loaded with HRP through the mucosal plasma membrane
{P) along the microvilli (L) in unstained section. 84,000x. (Bottom)
TEM of toad urinary bladder pretreated with latrunculin B (1 uM,
15-30 min) followed by vasopressin for 15 min and retrieved for 20
min using HRP showing the inhibition of endocytosis in unstained
section. HRP appears as dense clouds (arrows) over the plasma
membrane (P) along the microvilli (L) at 84,000x.
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27) with one study reporting only a 25% inhibition by cy-
tochalasin D. The reason for this contradiction is not known.
However, we have tested two different microfilament-
disrupting reagents (cytochalasin D and latrunculin B), and
both had no effect on vasopressin-induced water transport.

By contrast, marked differences in sustained water flow
was observed in CD-treated vasopressin-stimulated blad-
ders as compared with vasopressin alone. Water transport at
30 min after the removal of vasopressin was almost 40% of
that in the presence of vasopressin. However, in CD-treated
bladders, water transport in the absence of vasopressin was
119% of that in the presence of vasopressin. Similarly at 60
min, water transport in control bladders was 25% of that in
the presence of vasopressin, whereas in CD-treated blad-
ders, water transport was 87% of that in the presence of
vasopressin. Therefore, the majority of water flow was
maintained after the disruption of microfilaments. Similarly,
water transport in the absence of vasopressin in latrunculin
B-treated bladders was maintained at 87% of that in the
presence of vasopressin at 30 min and was 67% of vaso-
pressin-induced water transport at 60 min. Like we observed
with cytochalasin D, latrunculin B maintained the majority
of water transport. The disruption of the microfilament net-
work apparently impaired the retrieval of water channels
and therefore, produced a sustained water transport activity
after the removal of vasopressin. Our results are also in
agreement with several reports showing that cytochalasin
inhibited endocytosis in bovine aortic endothelial cells (28),
opossum kidney cells (OK) (29), human adenocarcinoma
(Caco-2) cells (30, 31), Madin-Darby canine kidney
(MDCK) cells (32), human small intestine cells (33), rat
peritoneal macrophages (34), African green monkey kidney
(VERO) cells (35), and Chang liver cells (36). Interestingly,
cytochalasin D while inhibiting apical endocytosis, had no
effect on the basolateral endocytosis (30-32). However,
several studies reported the lack of inhibitory effects for
cytochalasin on endocytosis in A6 kidney cells (37), A-431
human carcinoma (38), hepatocytes (39), and rat peritoneal
macrophages (40, 41).

Interestingly, Verry et al. (37), have shown that cyto-
chalasin D increased the basal uptake of HRP in A6 kidney
cells and that cytochalasin D had no effect on vasopressin-
induced uptake of HRP. The reason for such a contradiction
is not known but could be due to the different cell types with
some specificity in the regulation of endocytosis in each cell
type. For example, PKC inhibitors attenuated caveolae-
dependent endocytosis in MDCK cells suggesting a positive
role for PKC in the caveolae-dependent endocytotic path-
way (42). By contrast, PKC activators inhibited caveolae-
mediated endocytosis in MA104 kidney cells (43) which
further suggests the presence of distinct mechanisms regu-
lating endocytosis based on cell type. In conclusion, the
present study identified an important step in the signal trans-
duction pathway of vasopressin-induced water transport
from toad urinary bladders suggesting that microfilaments

play an important role in water channel recycling of yaso-
pressin-sensitive water channels.
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