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Tamma, Grazia, Enno Klussmann, Kenan Maric,
Klaus Aktories, Maria Svelto, Walter Rosenthal, and
Giovanna Valenti. Rho inhibits cAMP-induced translocation
of aquaporin-2 into the apical membrane of renal cells. Am J
Physiol Renal Physiol 281: F1092–F1101, 2001. First published
August 8, 2001; 10.1152/ajprenal.00091.2001.—We have re-
cently demonstrated that actin depolymerization is a prerequi-
site for cAMP-dependent translocation of the water channel
aquaporin-2 (AQP2) into the apical membrane in AQP2-trans-
fected renal CD8 cells (29). The Rho family of small GTPases,
including Cdc42, Rac, and Rho, regulates the actin cytoskele-
ton. In AQP2-transfected CD8 cells, inhibition of Rho GTPases
with Clostridium difficile toxin B or with C. limosum C3 fusion
toxin, as well as incubation with the Rho kinase inhibitor,
Y-27632, caused actin depolymerization and translocation of
AQP2 in the absence of the cAMP-elevating agent forskolin.
Both forskolin and C3 fusion toxin-induced AQP2 translocation
were associated with a similar increase in the osmotic water
permeability coefficient. Expression of constitutively active
RhoA induced formation of stress fibers and abolished AQP2
translocation in response to forskolin. Cytochalasin D induced
both depolymerization of F-actin and AQP2 translocation, sug-
gesting that depolymerization of F-actin is sufficient to induce
AQP2 translocation. Together, these data indicate that Rho
inhibits cAMP-dependent translocation of AQP2 into the apical
membrane of renal principal cells by controlling the organiza-
tion of the actin cytoskeleton.

aquaporin; C3 toxin; toxin B; actin cytoskeleton; G proteins;
adenosine 39,59-cyclic monophosphate

IN RENAL PRINCIPAL CELLS, the antidiuretic hormone argi-
nine-vasopressin (AVP) regulates the shuttling of the
water channel AQP2 from intracellular vesicles into
the plasma membrane (8, 14, 34). AVP binds vasopres-
sin V2 receptors coupled to the Gs-adenylyl cyclase
system. Activation of this system results in the activa-
tion of protein kinase A (PKA), which induces phos-
phorylation of AQP2 at Ser256 (10, 12). The phosphor-
ylation of AQP2 by PKA and also the anchoring of PKA
to subcellular compartments via protein kinase A an-

choring proteins (AKAPs) are prerequisites for AQP2
translocation to the cell membrane (11, 12).

F-actin has been demonstrated to be involved in
AVP-mediated changes of osmotic water permeability
(3, 4, 12, 28). Depolymerization of cortical F-actin has
been considered an important prerequisite for exocyto-
sis. Calcium/ATP causes cortical F-actin disassembly
(calmodulin dependent) and secretion (calmodulin in-
dependent) in permeabilized mast cells (25). Thus the
cortical actin network may represent a cage that blocks
the exocytotic process, and its disassembly constitutes
an early stage of this reaction. In toad bladder, a
renal-like epithelium, as well as in rat collecting duct
epithelium, the total F-actin content decreases by 20–
30 and 26%, respectively, after stimulation with vaso-
pressin (5, 24). In AQP2-transfected renal collecting
duct cells (CD8 cells), okadaic acid, an inhibitor of 1
and 2A phosphatases, induces actin depolymerization,
leading to AQP2 translocation in the absence of cAMP-
elevating agents (29).

Proteins of the Rho family (Cdc42, Rac, and Rho) are
involved in the regulation of F-actin polymerization.
Activation of Rho triggers the assembly of actin stress
fibers and formation of focal adhesions, whereas acti-
vation of Rac leads to formation of lamellipodia and
membrane ruffles, and activation of Cdc42 induces
surface protrusions (filopodia) (1, 7, 31). In permeabil-
ized mast cells, inhibition of Rho by Clostridium botu-
linum C3 toxin prevented Ca21-triggered secretion of
hexoseaminidase (25), whereas constitutively active
RhoA or Rac greatly enhanced Ca21-induced secretion
(22).

In this study, we investigated the hypothesis that
proteins of the Rho family may be involved in the
control of AQP2 translocation to the cell membrane.
The rabbit cortical collecting duct cell line CD8, stably
transfected with rat AQP2 (CD8 cells; Ref. 27), was
utilized to test this hypothesis.

The results obtained demonstrate that the selective
inhibition of Rho or inhibition of its effectors, the Rho
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kinases, caused actin depolymerization and transloca-
tion of AQP2 into the cell membrane in the absence of
the cAMP-elevating agent forskolin. Rho inhibition re-
sulted in an increase of the osmotic water permeability
coefficient (Pf), indicating a functional insertion of
AQP2 into the plasma membrane.

METHODS

Materials. C. difficile toxin B (17) and C. limosum C3
fusion toxin (2) were prepared as described. To allow C3
fusion toxin internalization into CD8 cells, a recombinant
toxin was generated consisting of full-length C. limosum C3
fusion toxin fused to the (inactive) NH2-terminal part of the
actin-ADP-ribosylating C2I component of the C. botulinum
binary toxin C2 (C3 fusion toxin; C2IN-C3; Ref. 2). Coincu-
bation of C3 fusion toxin with the activated membrane-
binding component C2II of C. botulimum C2 toxin facilitates
uptake of the C3 fusion toxin into cells via receptor-mediated
endocytosis. Y-27632, the specific Rho kinase inhibitor, was
kindly provided by Welfide (Osaka, Japan; Ref. 9, 26).

FITC-conjugated phalloidin was purchased from Sigma-
Aldrich (Milan, Italy). AQP2 was detected with a polyclonal
antiserum raised against the COOH terminus of rat AQP2
(27, 30).

CD8 cell culture. CD8 cells were cultured as described (27,
29, 30) and incubated with toxins as indicated. As control, the
cAMP-mediated translocation of AQP2 was induced by incu-
bation of CD8 cells with forskolin (100 mM, 15 min at 37°C).

CD8 cell transfection with RhoA-V14-GFP. CD8 cells were
grown on glass coverslips for 15–18 h (subconfluent) and
then transiently transfected with the plasmid encoding a
fusion protein (RhoA-V14-GFP) of constitutively active RhoA
(RhoA-V14) and green fluorescent protein (GFP; Ref. 13).
Lipofectin (10 mg; Life Technologies, San Giuliano Milanese,
Italy) was diluted in 2 ml of serum-free medium containing
2.8 mg of plasmid DNA. The mixture was added to the cells,
incubated for 12 h, and replaced with normal medium sup-
plemented with 5% newborn calf serum. Cells were processed
for immunofluorescence microscopy after 2 additional days of
growth (see below).

Immunofluorescence microscopy and quantification of im-
munofluorescence intensities. AQP2 was detected by epifluo-
rescence microscopy (Leica DMRXA microscope) using spe-
cific antibodies and FITC-conjugated anti-rabbit secondary
antibodies. Digital images were obtained using a cooled
charge-coupled device (CCD) camera (Princeton Instru-
ments). Immunofluorescence signals were detected in the
basal planes of the cells (27). RhoA-V14-GFP expression was
visualized by detection of GFP fluorescence using epifluores-
cence microscopy. For visualization of F-actin, CD8 cells were
grown, fixed, and incubated with phalloidin-FITC (100 mg/
ml, 30 min; Ref. 29). The F-actin cytoskeleton was visualized
by epifluorescence microscopy (Leica microscope with CCD
camera).

Quantification of the effects of the toxins and of RhoA-V14
expression on AQP2 localization was performed as described
previously (29, 30). Briefly, the statistical parameter skew-
ness was calculated for images obtained from the basal
planes of the cells by epifluorescence microscopy using iden-
tical exposure times for each set of experiments. Skewness
can be regarded as an index of AQP2 redistribution (29, 30)
and is a measure of the symmetry of a profile about the mean
pixel intensity value. For all groups, mean and SE values
were calculated, and statistical analysis was carried out
using Student’s t-test.

Laser scanning reflection microscopy and analysis of per-
meability coefficient changes in single cells. Laser scanning
reflection microscopy (LSRM; Ref. 19) was applied to deter-
mine osmotic water permeability coefficient changes in epi-
thelial cells grown on glass coverslips. The experimental
bathing solutions were obtained by replacing the bicarbon-
ate-CO2-based buffer of the culture media system by HEPES-
buffer (10 mM), and FCS was replaced by sorbitol to adjust
the osmolality to 300 mosmol/kgH2O. This normotonic bath-
ing solution N was diluted with distilled water to obtain
hypotonic solution H (100 mosmol/kgH2O). CD8 cells were
cultured until they reached a subconfluent density, washed
twice with the appropriate bathing solution N (300 mosmol/
kgH2O), and mounted in a custom-made metal cuvette into
the motor-driven x-y table of the microscope (LSM 410,
Zeiss).

The cell-swelling reaction and data acquisition were per-
formed as described (19). Briefly, cells were selected using
the transmission mode of the LSM 410, and thereafter the
optical setting of the LSM 410 was changed to the reflection
mode. Cells were scanned with a 363 magnification water-
immersion objective with a numerical aperture of 1.2. The
initially applied bathing solution N was removed by suction.
Cell swelling was then initiated by the application of bathing
solution H. X-z-scans were recorded with a frequency of 0.25
Hz and stored as a time series. Thereafter, cells were allowed
to recover in bathing solution N. For this purpose, they were
placed inside the metal cuvette on a precision heating block
(Precitherm). During this period, cells were left either un-
treated or stimulated as indicated. After the exchange of
bathing solutions from N to H, swelling of the identical cells
was recorded for a second time, as described above.

The time constants of the swelling processes before (t0)
and after (t*) the indicated treatments were then delineated
from the increases in vertical section areas (a) for each cell as
described (19). The quotients of t*/t0 reflect the inverse
increase in the cells’ Pf. The mean Pf increases in single cells
(10 , n , 12) were then compared by one-way ANOVA and
Bonferroni’s multiple comparison test, as well as by a histo-
gram analysis after an automatic binning procedure, using
the GraphPad Prism software for Windows (version 3.00).

RESULTS

Effects of bacterial toxins and of the Rho kinase
inhibitor Y-27632 on the F-actin cytoskeleton. CD8 cells
were treated with bacterial toxins affecting the activity
of GTP-binding proteins of the Rho family. To test the
effect of the toxins on F-actin organization, CD8 cells
were cultured for 3 days and incubated with toxin B
(200 ng/ml, 2 h), with C3 fusion toxin (100 ng/ml) and
C2II (200 ng/ml, 4 h), or, as a control, with the cata-
lytically active C3 fusion toxin (100 ng/ml, 4 h) in the
absence of C2II, which is required for cellular uptake of
the toxin. In additon, CD8 cells were incubated with
Y-27632 (100 mM, 1 h). As controls, CD8 cells were left
untreated or stimulated with forskolin (100 mM, 15
min). After these treatments, cells were fixed, perme-
abilized, and incubated with FITC-conjugated phalloi-
din (0.1 mg/ml, 30 min), and F-actin was visualized by
epifluorescence microscopy.

Toxin B and the coincubation of C3 fusion toxin and
C2II induced a strong reduction in F-actin content
comparable to that observed after forskolin stimula-
tion (Fig. 1). C3 fusion toxin in the absence of the
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membrane-binding component C2II had no effect (Fig.
1). Incubation of cells with toxin B, with C3 fusion
toxin and C2II, or with Y-27632 resulted in the disap-
pearance of intracellular F-actin, apparently without
affecting cortical F-actin (Fig. 1). Thus the toxins were
effective in altering F-actin-containing structures, i.e.,
the stress fibers at the concentration used.

Inibition of the Rho family proteins and Rho alone
results in a relocalization of AQP2 to the apical
cell membranes in the absence of cAMP-elevating
agents. Toxin B was applied to investigate whether
Rho, Rac, and Cdc42 were involved in the regulation of
AQP2 translocation. CD8 cells were incubated with
toxin B to inactivate the Rho family proteins, and the
distribution of AQP2 was determined by immunofluo-
rescence microscopic analysis using specific antisera.

Figure 2 shows epifluorescence microscopic images
taken in the basal plane of the cells. In untreated CD8
cells (control), AQP2 was localized intracellularly, in-
dicated by the bright punctate staining around the
nuclei. In contrast, AQP2 staining is drastically re-
duced in the basal plane of the cells after treatment
with forskolin or toxin B due to a redistribution of
AQP2 into the apical cell membrane (27, 29). The
effects of forskolin and toxin B were quantified using
the parameter skewness for the basal planes of the
cells (Fig. 3; Refs. 29, 30). The statistical parameter of
skewness can be regarded as an index of AQP2 redis-
tribution (29, 30). In nonstimulated cells, the value for
skewness was 1.42 6 0.013 (means 6 SE; Fig. 3),
indicating a predominant intracellular localization of
AQP2. In forskolin-stimulated and in toxin B-treated

Fig. 1. Effect of bacterial toxins and Y-27632
on the F-actin cytoskeleton. CD8 cells were
left untreated (control), stimulated with fors-
kolin (100 mM, 15 min), or incubated with
toxin B (200 ng/ml, 2 h), the catalytically
active C3 fusion toxin alone (100 ng/ml, 4 h),
both C3 fusion toxin (100 ng/ml, 4 h) and the
membrane-binding component C2II (200 ng/
ml, 4 h), or the Rho kinase inhibitor Y-27632
(100 mM, 1 h). After incubations for the indi-
cated lengths of time, cells were fixed, perme-
abilized, and incubated with FITC-conju-
gated phalloidin (0.1 mg/ml). Fluorescence
was detected by epifluorescence microscopy.
Results shown are representative of at least 3
separate experiments. Scale bars, 20 mm.
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cells, the values were 2.75 6 0.12 and 2.18 6 0.09,
respectively. These values were significantly different
from the unstimulated control (Fig. 3), indicating a
predominant localization of AQP2 in the cell mem-
brane. These results suggest that inhibition of the
protein of the Rho family causes AQP2 redistribution
to the apical cell membrane, whereby constitutive
membrane localization of AQP2 is prevented in resting
CD8 cells.

To analyze which protein of the Rho family might
be responsible for the inhibition of AQP2 transloca-
tion in resting CD8 cells, C3 fusion toxin, which
specifically inactivates Rho, was used (see METHODS;
Ref. 2). Coincubation with C3 fusion toxin and C2II
induced a strong translocation of AQP2 into the
apical cell membranes (Fig. 2), whereas incubation

with C3 fusion toxin alone had no effect on the
localization of AQP2 (Fig. 2). Inhibition of the down-
stream effectors of Rho, the Rho kinases, by Y-27632
(9, 26) also induced a translocation of AQP2 to the
cell membrane (Fig. 2). Quantitative analysis of the
effect of coincubation with C3 fusion toxin and C2II
on CD8 cells (Fig. 3) revealed a value of 2.32 6 0.12
for skewness, which was significantly different from
that obtained for nonstimulated control cells. More-
over, treatment with Y-27632 revealed an induction
of AQP2 translocation similar to that found for the
tested toxins (skewness value 1.94 6 0.07, signifi-
cantly different from the control; Fig. 3). These data
suggest that, in resting cells, a Rho-dependent path-
way is involved in preventing a constitutive mem-
brane localization of AQP2.

Fig. 2. Immunolocalization of aquaporin-2
(AQP2) in CD8 cells. Cells were left untreated
(control), stimulated with forskolin (100 mM, 15
min), or incubated with toxin B (200 ng/ml, 2 h),
the catalytically active C3 fusion toxin alone (100
ng/ml, 4 h), both C3 fusion toxin (100 ng/ml, 4 h)
and the membrane-binding component C2II (200
ng/ml, 4 h), or Y-27632 (100 mM, 1 h). The cells
were fixed, permeabilized, and incubated with
anti-AQP2 and secondary FITC-conjugated anti-
rabbit antibodies. Immunofluorescence was mon-
itored by epifluorescence microscopy. Images
were taken from the basal planes of the cells.
Results shown are representative of at least 3
separate experiments. Scale bars, 20 mm.
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Constitutively activated Rho abolishes forskolin-me-
diated translocation of AQP2 into the cell membrane of
CD8 cells. Because the reported data indicate that
inhibition of Rho or Rho kinases causes the transloca-
tion of AQP2 to the cell membrane in resting CD8 cells

(Figs. 2, 3), we investigated the effect of constitutively
active Rho on AQP2 redistribution in response to ele-
vation of intracellular cAMP. For this purpose, CD8
cells were transiently transfected with a plasmid en-
coding constitutively active RhoA (RhoA-V14) fused to
the GFP. RhoA-V14-expressing cells were visualized
by detection of GFP fluorescence. The activity of RhoA-
V14 was assayed by its effect on actin stress fibers 48 h
after transfection of CD8 cells. Figure 4A clearly shows
that the mutant induced the formation of actin stress
fibers in CD8 cells positive for the GFP. Expression of
GFP alone had no effect on the localization of AQP2
(data not shown).

Figure 4B shows a representative nonstimulated
RhoA-V14-expressing CD8 cell (GFP, control) in which
AQP2 is localized intracellularly (AQP2, control). The
righthand panels of Fig. 4B depict two representative
forskolin-stimulated, RhoA-V14-expressing CD8 cells
in which AQP2 is also localized intracellularly (top),
whereas in the surrounding nontransfected cells AQP2
staining is strongly reduced due to redistribution of
AQP2 to the apical cell membrane.

In none of the analyzed CD8 cells expressing RhoA-
V14-GFP was AQP2 found in the cell membrane. It
was therefore concluded that constitutively active
RhoA-V14 prevents membrane localization of AQP2 in
CD8 cells.

Cytochalasin D induces depolymerization of the F-
actin cytoskeleton and translocation of AQP2 into the
apical CD8 cell membranes. The data above show the
involvement of Rho in the regulation of the intracellu-
lar localization of AQP2 in CD8 cells. To test whether
Rho regulates the intracellular localization of AQP2
through regulation of F-actin-containing cytoskeletal
structures, F-actin was depolymerized by incubation of
cells with cytochalasin D (2 mM) for 6, 11, 16, 25, and
30 min. This treatment induced a gradual decrease in
F-actin content over 0–25 min (Fig. 5). At early time
points, AQP2 translocated to the cell membranes of

Fig. 3. Semiquantification of AQP2 redistribution by image analysis.
Cells were incubated as described in the legend to Figs. 1, 2, 4, 5, and
6. Immunofluorescence signals were visualized, the distribution of
pixel intensity as a function of their frequency was determined for
each image, and the statistical parameter of skewness was calcu-
lated (see METHODS). The statistical parameter of skewness can be
regarded as an index of AQP2 redistribution (29, 30). Each column
represents the mean 6 SE of the parameters obtained from at least
4 randomly chosen boxes from different fields of the coverslip from 3
different experiments. Statistically significant differences from un-
treated control cells are indicated (*P , 0.001).

Fig. 4. Effect of the expression of a
constitutively active mutant of RhoA
(RhoA-V14) fused to the green fluo-
rescent protein (GFP) on the F-actin
cytoskeleton (actin) and on AQP2 lo-
calization in control and forskolin-
stimulated (100 mM, 15 min) CD8 cells.
A: cells were transiently transfected
with the plasmid and analyzed for GFP
expression 48 h after transfection
(RhoA-V14-GFP). At this time point,
the cells were fixed, permeabilized, and
incubated with FITC-conjugated phal-
loidin to visualize F-actin (actin). B:
detection of AQP2 and of RhoA-V14-
GFP expression in nonstimulated (con-
trol) and forskolin-stimulated (forsko-
lin, 100 mM, 15 min) CD8 cells 48 h
after transfection. Results shown are
representative of at least 4 separate
experiments. Scale bars, 20 mm.
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CD8 cells, as assessed by the disappearance of the
intracellular staining from the basal plane (Fig. 6).
Quantitative analysis of the effect of cytochalasin D on
CD8 cells demonstrated values for skewness of 2.02 6
0.08 and 2.28 6 0.04 at 6 and 11 min, respectively,
which indicates translocation of AQP2 to the cell mem-
branes (Fig. 3). After 16 min of incubation with cy-
tochalasin D, a skewness value of 2.06 6 0.05 was
obtained (Fig. 3). Longer incubation with cytochalasin
D (25–30 min) severely affected cell shape and caused
cell death. These results indicate that partial depoly-
merization of F-actin by cytochalasin D is sufficient to
induce translocation of AQP2 to the cell membrane.

Selective inhibition of Rho increases the Pf in CD8
cells in the absence of forskolin stimulation. We inves-
tigated whether the observed redistribution of AQP2,
after selective inhibition of Rho, results in an increase
of the Pf. To this end, we applied a new method, LSRM
(19), to analyze the changes of this biophysical prop-
erty in single CD8 cells. The relationship of the time
constants of the cell-swelling process initiated by re-
placing normotonic bathing solution N (300 mosmol/
kgH2O) with a hypotonic bathing solution H (100
mosmol/kgH2O) before (t0) and after (t*) treatment of
the cells reflects the changes in Pf in response to the
chosen treatment. After an initial swelling, cells were

Fig. 5. The effect of cytochalasin D on the
F-actin cytoskeleton in CD8 cells. Cells
were left untreated (0 min) or incubated
with cytochalasin D (2 mM), which induces
F-actin depolymerization. At the time
points indicated, the cells were fixed and
F-actin was stained with FITC-conjugated
phalloidin (0.1 mg/ml). Fluorescence was
detected by epifluorescence microscopy.
Results shown are representative of at
least 3 separate experiments. Scale bars,
20 mm.
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allowed to recover and either were left untreated or
were treated with forskolin (100 mM, 15 min) or with a
combination of C3 fusion toxin (100 ng/ml) and C2II
(200 ng/ml, 4 h). After determination of t*, the quotient
t*/t0 was calculated, which inversely describes the
changes in the cells (Pf 5 1/Pf increase). This inversion
was used because it exactly reflects the time constant
after treatment as a function of the untreated condition
[i.e., t* 5 t(t0)] as visualized by linear regression anal-
ysis (19).

The histogram distribution in Fig. 7A reports the
relative frequencies of the 1/Pf increase, using a bin
width of 0.2 units, in the three experimental conditions
tested. Within this distribution, the C3 fusion toxin

treatment indicated two peaks (R and N). Peak R
(responding cells) is placed close to the peak resulting
from forskolin treatment, and peak N is placed (nonre-
sponding) below the data obtained from buffer-treated,
i.e., resting, cells. The latter cells may represent a
subpopulation of cells (N) that may be either nonre-
sponding cells or cells not susceptible to the toxin.
Figure 7B compares the absolute 1/Pf increase values
in the three experimental conditions tested. Forskolin
treatment resulted in an approximately twofold in-
crease in Pf (P , 0.05, Fig. 7). In responding cells, the
combination of C3 fusion toxin and C2II induces a
significant increase in Pf comparable to that observed for
forskolin stimulation (Fig. 7B; peak R).

Fig. 6. Effect of cytochalasin D on the localiza-
tion of AQP2 in CD8 cells. Cells were incubated
with cytochalasin D (2 mM) for the indicated
lengths of time. As controls, cells were incu-
bated without (control) or with forskolin (100
mM, 15 min). Cells were fixed, permeabilized,
and incubated with anti-AQP2 and secondary
FITC-conjugated anti-rabbit antibodies. Immu-
nofluorescence was visualized by epifluorescence
microscopy. Images were taken along the basal
plane of the cells. Results shown are representa-
tive of at least 3 separate experiments. Scale
bars, 20 mm.

F1098 INHIBITORY ROLE OF RHO IN AQP2 TRANSLOCATION

AJP-Renal Physiol • VOL 281 • DECEMBER 2001 • www.ajprenal.org

 on July 16, 2010 
ajprenal.physiology.org

D
ow

nloaded from
 

http://ajprenal.physiology.org


Overall, these data suggest that the Rho family, and
in particular Rho itself, regulates AQP2 insertion into
the plasma membrane by altering F-actin-containing
cytoskeletal structures.

DISCUSSION

The small GTP-binding proteins of the Rho family
(Rho, Rac, and Cdc42) regulate F-actin-containing cy-
toskeletal structures. In this study, we demonstrate
the involvement of small GTP-binding proteins of the
Rho family in the translocation of AQP2 to the cell
membrane in renal collecting duct CD8 cells.

Inactivation of all members of the Rho family by
incubation with toxin B or selective inactivation of Rho
by the combination of C3 fusion toxin and C2II induced
the translocation of AQP2 to the apical membrane, in
the absence of the cAMP-elevating stimulus forskolin.
AQP2-bearing vesicles fused with the cell membrane,
leading to a comparable increase in Pf values in re-

sponse to either forskolin or C3 fusion toxin. The inhi-
bition of the downstream effectors of Rho, the Rho
kinases, induced a translocation of AQP2 to the cell
membrane to a similar extent as the combination of C3
fusion toxin and C2II in the absence of forskolin. In
agreement with those findings, expression of a consti-
tutively active mutant of RhoA (RhoA-V14) abolished
cAMP-mediated translocation of AQP2. These results
indicate that the Rho family plays an inhibitory role in
the AQP2 shuttle in renal collecting duct CD8 cells.

The inhibitory role of Rho in a cAMP-triggered exo-
cytotic event (AQP2 translocation) has also been shown
in primary cultured inner medullary collecting duct
(IMCD) cells (13). These cells respond to vasopressin
by a translocation of AQP2 predominantly to the lat-
eral cell membrane (18). Treatment of IMCD cells with
toxin B, C3 fusion toxin, or Y-27632 induced the trans-
location of AQP2 into the cell membranes in the ab-
sence of vasopressin. The effect of microinjection of
IMCD cells with a plasmid encoding constitutively
active RhoA-V14 prevented the cAMP-mediated trans-
location. Another study demonstrated that IMCD cells
respond with a similar increase in Pf to toxin B treat-
ment and to forskolin stimulation (19). These results
are consistent with the data obtained for CD8 cells
after the selective inactivation of Rho by C3 fusion
toxin. The confimation of those findings in two cell
culture models characterized by a different AQP2 sort-
ing (apical vs. basolateral) is of particular value, as it
indicates that the Rho-dependent signaling effect is
independent from the specific sorting of the AQP2 to a
defined membrane domain as well as from the origin of
the cell line (either cortical or inner medullary collect-
ing duct).

In CD8 cells, toxin B, the combination of C3 fusion
toxin and C2II, and Y-26632 induced translocation of
AQP2 to a similar extent (Fig. 3). These data suggest
that within the family of Rho proteins, Rho appears to
be fully responsible for the inhibitory effect in CD8
cells. None of the treatments led to translocation of
AQP2 comparable to that obtained by forskolin stimu-
lation, and forskolin further stimulated AQP2 translo-
cation in toxin-pretreated cells (data not shown). The
apparent submaximal translocation of AQP2 may be
due to an incomplete inhibition of Rho. Alternatively,
the presence of cells insensitive to C3 toxin treatment,
as revealed by the biophysical responses in single CD8
cells, might mask a toxin effect on AQP2 translocation
fully comparable to the forskolin effect.

In CD8 cells, we have previously shown that the
serine/threonine phosphatase inhibitor okadaic acid
increased the Pf independently of AQP2 phosphoryla-
tion in CD8 cells. Interestingly, CD8 cells treated with
either forskolin or with okadaic acid showed actin
depolymerizaton, indicating that reorganization of the
F-actin cytoskeleton might be a prerequisite for pro-
moting redistribution of AQP2-containing vesicles (30).
In this respect, the findings reported in this work
extend our knowledge on the involvement of the F-
actin cytoskeleton in AQP2 translocation. Indeed, in-
cubation of the cells with toxin B, C3 fusion toxin, and

Fig. 7. Quantification of the increase in osmotic water permeability
(Pf) of CD8 cells. Cells were left untreated (buffer), stimulated with
forskolin (100 mM, 15 min), or with both C3 fusion toxin (100 ng/ml,
4 h) and the membrane-binding component C2II (200 ng/ml, 4 h). A:
analysis depicting the relative frequency distribution of data ob-
tained from single cells is shown. Binning was performed automat-
ically using Graph Pad Prism. The majority of the CD8 cells analyzed
respond to the fusion toxin (R), whereas a subpopulation did not
respond to the toxin treatmemnt (N). B: the means 6 SE of the
inverse Pf increases (6 , n , 10) are shown. C3/C2II-treated re-
sponding cells (C3/C2II, R) displayed a Pf increase comparable to
that observed after forskolin treatment (P , 0.05; unpaired Stu-
dent’s t-test).
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Y-27632 resulted not only in AQP2 translocation but
also in depolymerization of F-actin. Similarly, cytocha-
lasin D caused both depolymerization of F-actin and
translocation of AQP2 within 6–11 min of incubation.
Thus F-actin depolymerization is sufficient to induce
the translocation of AQP2. Conversely, induction of
polymerization of F-actin by expression of constitu-
tively active RhoA (RhoA-V14) abolished the translo-
cation of AQP2 in response to forskolin in CD8 cells
(Fig. 4). The increase in F-actin content may become a
barrier, which apparently prevents translocation of
AQP2-bearing vesicles to the cell membrane of resting
cells. This hypothesis is supported by findings in other
exocytotic processes. In chromaffin cells, pancreatic
acinar cells, and mast cells, cortical F-actin disassem-
bly before fusion of vesicles is considered a prerequisite
for exocytosis (20, 21, 32, 33). Moreover, in alveolar
epithelial type II cells, depolymerization of F-actin
with C2 toxin increased basal surfactant secretion (23).
The results presented here represent another example
of how F-actin disassembly can trigger exocytosis and
highlight the role of Rho in this context.

The emerging picture is that active Rho prevents
AQP2 translocation from intracellular vesicles to the
cell membrane, presumably by stimulating the forma-
tion of F-actin-containing cytoskeletal structures. As
hormonal stimulation with vasopressin in collecting
duct principal cells results in AQP2 translocation to-
ward the apical membrane, we predict that under
physiological conditions, Rho inhibition is one step of
the signal transduction cascade triggered by vasopres-
sin. Vasopressin-induced increases in intracellular
cAMP cause PKA activation. Rho can be phosphory-
lated by PKA (16) at Ser188, and this results in a
decrease in the binding of RhoA to Rho kinase (6). The
subsequent attenuation of Rho activity would favor
depolymerization of F-actin, facilitating AQP2 inser-
tion into the plasma membrane. As reported in this
study, stimulation of CD8 cells with forskolin indeed
induces a depolymerization of F-actin-containing cy-
toskeletal structures (Fig. 1). Further studies are in
progress to elucidate intracellular pathways of Rho
action in AQP2 targeting under physiological condi-
tions.

In conclusion, the data presented here suggest that
Rho activity is a key point of regulation of cAMP-
triggered translocation to the apical membrane of
AQP2, presumably through its role in actin cytoskel-
etal organization.
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