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Abstract. Antidiuretic hormone (ADH; 2.5 x 107® m
vasotocin) produces a stimulation of apical fluid phase
endocytosis, protein secretion and NaCl reabsorption in
Xenopus laevis A6 distal nephron cell epithelia pre-
treated with aldosterone (107 m). The increase of NaCl
transport is mediated by a sequential opening of apical Cl
and Na conductances. The aim of this study was to char-
acterize the actin and tubulin cytoskeleton of A6 cells
and to assess the impact of its disruption on baseline and
ADH-induced apical vesicular membrane movements
and ion transport to test for possible functional links.
The microfilament (MF) and microtubule (MT) networks
and their disruption were visualized by confocal laser
microscopy. Conditions of depolimerization were se-
lected, by cytochalasin D or cold and nocodazole, re-
spectively. MF disruption produced an increase in base-
line apical protein secretion (exocytic movements) (plus
18%) and a decrease of its induction by ADH (minus
35%). MF disruption also increased baseline horseradish
peroxidase uptake (endocytic movements) (plus 21%),
however, without affecting its ADH-induced increase.
In the case of MT disruption, the ADH-induced stimu-
lation of both protein secretion and fluid phase endocy-
tosis was decreased by 70 and 44%, respectively. At the
ion transport level, MF and MT disruption only insignif-
icantly affected the ADH-induced Cl conductance, while
they decreased the ADH-induced stimulation of Na
transport (amiloride-sensitive short-circuit current and
conductance) by a factor of 2 to 4. In conclusion, both
MT and MF disruption decrease ADH-induced apical
protein secretion and Na conductance, while the ADH-
induced apical Cl conductance is not significantly af-
fected. Taken together the data support the hypothesis

Correspondence to: F. Verrey

that the modulation of Na channel expression by apical
vesicular membrane movements plays a role in Na trans-
port expression and its regulation by ADH.
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Introduction

Epithelia formed by A6 cells cultured on porous supports
display a hormonally regulated Na reabsorption which
resembles that of principal cells of the mammalian cor-
tical collecting duct. This cell line, which is derived
from the distal nephron of the clawed frog Xenopus lae-
vis, has therefore been widely used as a model to study
the mechanism of Na reabsorption and its regulation by
corticosteroids, antidiuretic hormone (ADH), other hor-
mones and intracellular signalling pathways {23, 37, 38,
45, 47). The precise regulation of this transport is im-
portant because it determines the final adjustment of uri-
nary Na excretion.

Sodium reabsorption across A6 cells involves two
steps: the apical influx of Na via the apical, amiloride-
sensitive epithelial Na channel (ENaC) and its basolat-
eral extrusion by the Na,K-ATPase. The rate of trans-
cellular Na reabsorption depends on the apical influx
which is rate-limiting, provided that the Na,K-ATPase
has a sufficient functional reserve. Hence, the apical Na
channel is the main site of the hormonal control of Na
reabsorption [11, 18, 19, 40].

Antidiuretic hormone (ADH) has been shown to
raise Na reabsorption by increasing the number of active
channels at the apical cell surface of A6 cells
[28]. Based on this observation and on other indirect
evidences it has been postulated that the ADH action is
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mediated by the translocation of Na channels from an
intracellular pool to the cell surface [14, 19, 28, 35, 42].
As yet, experiments addressing this question using anti-
bodies raised against a purified amiloride-binding chan-
nel complex or by an anti-idiotypic route against
amiloride binding sites, have shown contradictory results
{24, 32, 44].

Antidiuretic hormone also produces an increase in
apical Cl conductance in A6 cell epithelia (8, 27, 45, 49].
This effect appears to be due to an increase in open
probability of preexisting 3 pS channels and possibly
also to an increase in the number of active 8 pS channels
{27, 29]. We have recently shown that the ADH-induced
apical CI and Na conductances lead to a reabsorption of
NaCl across A6 epithelia pretreated with aldosterone
(10°) and maintained in open-circuit configuration
[45]. From a mechanistic point of view it is interesting
to note that the ADH-induced increases in apical CI and
Na conductances are sequential [8, 45].

Besides its effects on ion transports, antidiuretic hor-
mone also increases protein secretion and fluid phase
endocytosis at the apical surface of A6 cells [46]. Since
it has been shown in different epithelia that the cytoskel-
eton plays a role for efficient apical exo- and/or en-
docytic movements [4, 12, 20, 21, 33, 36] and also in the
regulation of ion channels and transporters [5, 7, 13, 22,
38, 43, 48], we have now visualized the actin microfil-
ament (MF) and microtubule (MT) networks of intact A6
cells cultured on filters and devised conditions for their
disruption. We have then measured the impact of the
cytoskeletal disruption on vesicular membrane move-
ments and on transepithelial Na and Cl conductances.
We have observed a coregulation of the ADH-induced
protein secretion and Na conductance which indicates a
possible functional link, while the early effect on Cl con-
ductance appears to be mostly independent of the cyto-
skeletal integrity.

Materials and Methods

CEeLL CULTURE AND HORMONAL TREATMENTS

All experiments were performed with A6 cells from the A6-Cl sub-
clone (passage 109-124) which was obtained by ring-cloning of A6-
2F3 cells at passage 99 and selected for its high transepithelial resis-
tance and for its responsiveness to aldosterone and antidiuretic hor-
mone [46, 47]. Epithelia of A6-Cl cells were cultured on
polycarbonate filters (Transwell, 0.4 um pore size, 4.7 cm?, Costar)
coated with dermal collagen (Vitrogen 100, Collagen) as described
previously (2, 45, 46]. After 10 days epithelia were transferred to
serum- and bicarbonate-free 0.8 x DMEM (Gibco), buffered with 20
mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) to
pH 7.4 (~240 mOsm/kg H,0), and supplemented with 1075 M aldoste-
rone (Sigma). Cells were placed in an incubator without CO, supple-
mentation and the medium was routinely changed four days later. Ex-
periments were generally performed 15 to 17 days after seeding. Fresh
medium was always given the day before. For antidiuretic hormone
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stimulations, (arginine)-vasotocin (2.5 X 107* M) (Sigma), which in
contrast to (arginine)-vasopressin is a physiological neurchypophyseal
hormone in amphibia [1, 46], was added basolaterally from a 1000-fold
concentrated stock solution made in water.

ELECTRICAL MEASUREMENTS

Transepithelial electrical measurements were performed on Transwell
rings in a modified Ussing chamber [34] using an automatic voltage-
clamp apparatus (41] which was connected to a dual-channel recorder
(Pharmacia LKB). The calomel voltage electrode pair and the Ag/
AgCl current electrode pair were connected to the apical and the ba-
solateral media by thin polyethylene tubings containing 3 M KC1-3%
agarose. By convention, positive current corresponds to an apical to
basolateral movement of positive charges across the epithelium. The
transepithelial electrical resistance (Ryg) (@ x cm?) was calculated
according to Ohm’s law from the transepithelial potential difference
(Vyg) (mV) and short-circuit current (/) (WA cm™) or, alternatively,
from the current required for a 10 mV step. The transepithelial con-
ductance (Grg) (WS cm™) is /R The measurements were per-
formed at room temperature (22-26°C) in serum-free and HEPES-
buffered culture medium (0.8 x DMEM) containing (in mM): Na 100,
Cl 96, K 4.3, Ca 1.4, Mg 0.7, SO, 0.7, PO, 0.7, glucose 20 plus
vitamines and amino acids (~240 mOsm/kg H,0). During electrophys-
iological experiments cell monolayers were kept in open-circuit con-
figuration and the short-circuit current (/) was measured by clamping
Vg to O mV for 2 s. (Arginine)-vasotocin (2.5 x 107% M, basolaterally
from a 1000-fold concentrated stock in H,0) and amiloride (5 x 107
M, from 5 x 1072 M stock in DMSO, apically) (Sigma) were added by
taking aliquots from the apical or basolateral media, mixing them with
the drug and giving them back to the epithelium using in some in-
stances syringes connected to the medium chambers.

MICROFILAMENT AND MICROTUBULE DEPOLIMERIZATION

The cytoskeleton-disrupting treatments were generally performed in
six-well cluster dishes with the exception of electrophysiological ex-
periments for which the drugs were added to the filters in the Ussing
chamber. Serum-free HEPES-buffered media were used, as indicated
for each type of experiment. The treatments were started after a pre-
incubation of one hour in the same medium, by adding the drug from
a stock solution or transferring the filters to the cold. An exception was
made for the protein secretion experiments in which the treatments
were performed in the labeling medium (added approximately 16 hr
before) and continued in the chase medium.

Microfilament (MF) disruption was achieved by treating the ep-
ithelia at 28°C with cytochalasin D (0.25-25 um) (Sigma). The drug
was added bilaterally to the filter cultures as 1000-fold concentrated
stock solutions made in DMSO, as described above. The hormonal
treatment (or fixation) was started 45 to 50 min after cytochalasin D (or
diluent) addition.

For microtubule (MT) disruption, a cold treatment was initiated
after a one hour preincubation by placing the six-well dishes containing
the filters on ice in the cold room. One hour later, the medium was
replaced bilaterally with cold medium containing 20 pM nocodazole
and the dishes were placed for rewarming and incubation at 28°C.
In the absence of cold treatment, nocodazole-containing medium was
added at 28°C and in the absence of nocodazole treatment, cold me-
dium containing only diluent was added at the end of the cold treat-
ment. The hormonal treatment (or fixation) was started 50 min after
nocodazole (or diluent) addition.
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FLUORESCENCE MICROSCOPY

For double-labeling experiments of tubulin and actin filaments, filter
cultures were cut into pieces of approximately 0.5 cm” and then sep-
arately processed in a volume of 1 ml of medium. Preincubation and
cytoskeletal disruption were as described above for intact filters. At the
end of the incubation, 1 ml of a 3% paraformaldehyde, 2% sucrose
solution made in K-PIPES buffer (80 mm K-Piperazine-N,N’-bis[2-
ethanesulfonate] (pH 6.8), 2 mm MgCl,, 5 mm EGTA) was added to
the medium at room temperature for 10 min. This mixture was re-
placed for 60 min by 1 ml of the same 3% paraformaldehyde solution.
The fixed filter pieces were washed 2 times 5 min with 500 ul K-PIPES
buffer containing 0.1% bovine serum albumin (BSA), 3 times with
K-PIPES buffer containing 0.75 M glycin and again 2 times with
K-PIPES, 0.1% BSA buffer. The permeabilization was for 3 min with
0.1% Triton X-100 in K-PIPES and followed by two 10 min washes in
K-PIPES containing 0.1% BSA and 1% normal goat serum (NGS).
A commercial anti-a-tubulin monoclonal antibody (mouse 1gG1, raised
against native microtubules of chick brain and which crossreacts with
a number of species, Amersham N356) was used at a 1:250 dilution of
the ascites fluid in K-PIPES, 0.1% BSA, 1% NGS. For the incubation,
filter pieces were placed on 30 pl drops and covered with 30 pl in a
humid box at 37°C for 1.5 hr. The filter pieces were then washed 3
times 5 min in K-PIPES, 0.1% BSA. The incubation with the second
antibody (goat anti-mouse IgG-FITC 1:20; Dakopatts) and phalloidin
(1 unit/ml rhodamin-phalloidin; Molecular Probes) was for 1 hr at room
temperature and washes were as above. The filter pieces were mounted
on glass slides in Dako-glycergel (Dakopatts) containing 26 mg/ml
1,4-diazabicyclo-[2.2.2]octane (Sigma) and coverslips were supported
by two small pieces of paper. The specimens were observed with a
confocal laser microscope (Zeiss LSM III). Three to four serial optical
sections were taken from each specimen at the apical and basal part of
the cells at 0.6 um depth increments and digitally superimposed. Ex-
cept for proper adjustment of contrast and brightness, no image pro-
cessing was performed. For comparison of the fluorescence intensity,
care was taken to use the same settings for contrast and brightness.
Negative controls in the absence of anti-tubulin antibody and/or
rhodamin-phalloidin showed no significant fluorescence in the same
conditions (not shown).

SCANNING ELECTRON MICROSCOPY

Filter cultures were fixed with 2% glutaraldehyde (0.05 M cacodylate
buffer), dehydrated in an aceton series and dried by the critical point
method (CO,). The specimens were then mounted on aluminum stabs,
sputtered with gold (approximately 10 nm) and examined in a SEM 505
(Philips).

UPTAKE OF HORSERADISH PEROXIDASE (HRP)

Apical horseradish peroxidase (Sigma) uptake experiments were made
in standard medium supplemented with 0.5% bovine serum albumin
(BSA) (Fluka, Fraction V, #05488) and in the presence or absence of
cytoskeleton disrupting agents and vasotocin. Uptakes, washes, extrac-
tions and peroxidase activity determinations were performed as de-
scribed previously [46]. In every experiment uptakes were also per-
formed in the cold on duplicate control and drug-treated filters to
determine the background due to cellular activity and horseradish per-
oxidase adsorption. The average of these background values (20-45%
of total) were subtracted from the experimental values. Using the spe-
cific activity of the uptake medium, the measured activities were con-
verted to volumes of medium.

SECRETION OF METABOLICALLY LABELED PROTEINS

Apical protein secretion experiments were performed as described pre-
viously [46). Briefly, the epithelia were labeled for approximately 16
hr with a mixture of {**S]methionine and [**S]cysteine (Tran-S-label,
ICN) in HEPES-buffered medium and washed with chase medium over
a 30 min period. The collection of secreted proteins was initiated si-
multaneously with the hormone (or diluent) addition and continued for
30 minutes at 28°C. The secreted proteins were then resolved on 7.5%
SDS-PAGE gels which were soaked 30 min in Amplify (Amersham)
and exposed at ~70°C on Kodak X-OMAT AR film. Because after MT
disruption some proteins irregularly appeared (possibly intracellular
proteins, by leakage due to the fragility of cilia after MT disruption),
the quantification of secreted proteins was based on the densitometric
measurements of the protein smear located between 55 and 80 kD
(using the Bio-Print camera system (Vilber Lourmat) and the Image-
Quant software (Molecular Dynamics)), instead of the total counts
found in the medium This smear corresponds to a major secreted prod-
uct [46] and its intensity was in all cases much stronger than that of the
irregularily appearing bands.

STATISTICS

Data are expressed as means * SE. The difference between control and
test values was evaluated using Student’s #-test (paired, unpaired or
one-sample) (InStat; GraphPad software). P = 0.03 was considered as
limit of significance.

Results

AcTiN AND TUBULIN NETWORKS IN A6 CELLS

The morphology of the actin (MF) and microtubuie (MT)
networks was visualized by a double labeling procedure
using rhodamin-conjugated phalloidin and anti-¢ tubulin
antibody followed by a fluorescein-conjugated second
antibody. Figure 1 shows horizontal optical sections of a
(control) A6-Cl monolayer cultured on filter support
taken by confocal laser microscopy.

Microfilament networks appeared to be close to the
cell surface. The basal one (Fig. le) was composed of
typical stress fibers arranged in a cell-specific main ori-
entation; the lateral cortical network, which defined the
typical honeycomb structure of the cells when viewed
from above, appeared as a punctuated structure in three
dimensional projections (not shown) and the subapical
actin formed a reticular network which was slightly vari-
able from cell to cell (Fig. 1¢). The MT network was
clearly more distant from the cell surface. It formed a
basketlike structure in the subnuclear and lateral region
(Fig. 1). In the subapical region of some celis there was
a marked netlike microtubular structure which appeared
to be just below the actin network. In other cells no such
structure was visibie (Fig. 1d). At the level of the apical
surface most cells presented a single central cilium
which was strongly labeled by the anti-o. tubulin anti-
body (Fig. 1 and 1g). However, a substantial fraction of



Fig. 1. Microfilaments, microtubules and apical cell surface of A6-Cl
cells cultured on filters, Cell culture, double-labeling procedure with
phalloidin and anti-o¢ tubulin antibody, confocal laser and scanning
electron microscopy are described in the methods section. The left
panels (a, ¢, €) show the staining of microfilaments (MF) with
rhodamin-phalloidin and the right panels (b, d, ) the staining of mi-
crotubules (M7) with a monoclonal antibody followed by a fluorescein-
conjugated second antibody. Panels @ and b are optical sections taken
just above the apical limit of the cell body and show cilia. Panels ¢ and
d are optical sections taken below the apical membrane (supranuclear).
The reticular microfilament structure is located slightly above the mi-
crotubular network. Panels e and f show basal sections (subnuclear).
The stress fibers are closer to the basal membrane than the microtubular
network (see also lateral limits). Panel g shows a view of the apical
surface of an epithelium taken by scanning electron microscopy. Mag-
nification: a—f, x1050; g, x1200.
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Fig. 2. Microfilament disruption in A6-Cl cells cultured on filters. A
piece of filter culture was incubated for 45 min with 0.25 um cytocha-
lasin D prior to processing for fluorescence microscopy as in Fig. 1.
Panels @ and ¢ show the fading subapical and the disrupted basal
microfilament (MF) networks (compare with Fig. 1, panels ¢ and e).
Panels b and d show the intact microtubular (MT) networks. Magnifi-
cation: x1050.

cells had clustered cilia [46]. The typical arrangement of
MT bundles in cilia could be seen at the transmission
electron microscope level ([46] and Digicaylioglu and
Verrey, unpublished observation). The tip of the cilia
was also stained by phalloidin (Fig. 1a). Viewed by
scanning electron microscopy (Fig. 1g) the cells showed,
besides the central cilium or the clustered cilia, very
small microvilli- and plicalike structures.

CYTOSKELETAL DISRUPTION

Different concentrations of cytochalasin D (45 min ap-
plication) were tested for their effect on MF integrity
(Fig. 2) and transepithelial electrical conductance (Fig.
3). The pattern of phalioidin staining was changed even
at the lowest concentration used (0.25 um). The basal
stress fibers were replaced by patchy structures and the
fine apical reticulum disappeared (Fig. 2, panel a and ¢).
Higher cytochalasin D concentrations increased the size
of the basal patches (nor shown). There was a large in-
crease in transepithelial conductance (Grg) at high drug
concentrations with a maximum at 2.5 um (Fig. 3). Since
the aim of the study was to assess the effect of cytoskel-
etal disruption on vectorial (transport) functions, condi-
tions of smaller Grg perturbation (0.25 and 0.5 pm cy-
tochalasin D) were used for further experiments.
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Fig. 3. Effect of cytochalasin D (cyto D), cold (0°) and nocodazole
(noco) treatments on transepithelial conductance (Gyg) across A6-Cl
monolayers. The bars represent means * s from 3 to 15 filters. The
concentration of cytochalasin D (cyto D) is given in UM and that of
nocodazole (noco) was 20 uM. The cold treatment was for one hour at
0°C. Test values considered significantly different from the control are
indicated (*P < 0.03).

Microtubular (MT) disruption required the use of a
combination of cold treatment (one hour on ice) and
nocodazole (20 pum for 50 min at 28°C) to efficiently
depolymerize the supra- and subnuclear MT networks
(Fig. 4c and g). With nocodazole alone, the number of
MTs appeared only slightly reduced (Fig. 4a and e),
while the cold treatment followed by a 50-min incuba-
tion at 28°C in the absence of nocodazole (Fig. 4b and f)
appeared to increase the number of supranuclear MTs
(repolimerization). In contrast to the cytochalasin D
treatment used for the MF disruption, the cold plus no-
codazole treatment used to induce the MT disruption
decreased the transepithelial conductance (Gr) (Fig. 3).
A smaller but significant decrease in G was produced
by nocodazole alone,

MF anD MT DisrupPTION DECREASE ADH-INDUCED
APICAL PROTEIN SECRETION

Biosynthetically labeled proteins secreted into the apical
and basolateral media during the first 30 min of control
and ADH treatments were recovered, visualized and
quantified, as an indirect approach to evaluate exocytic
movements (Fig. 5). Since a long labeling time was used
(16-20 hr), the content of vesicles belonging to consti-
tutive and regulated secretory pathways was expected to
be labeled (at least in part) [46]. As previously shown,
ADH increased the apical protein sectetion by 37 to 48%
[46].

Pattern and amount of basolaterally secreted pro-
teins were not affected by the cytoskeletal disruption
procedures nor by the ADH treatment (nor shown and
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[46]). In contrast, apical baseline and ADH-induced pro-
tein secretion were affected by MF and MT disruption
(Fig. 5). The MF disruption per se produced an increase
in baseline protein secretion (plus 18%). The ADH-
induced increase was not additive to that effect and
therefore smaller in cytochalasin D treated than in con-
trol cells (minus 35%).

The treatment with cold only (1 hr on ice followed
by a 50 min recovery phase at 28°C in the absence of
nocodazole), which tended to increase the number of
MTs (see above), per se reduced the baseline protein
secretion (minus 37%). However, unlike the baseline se-
cretion, the ADH-induced secretion was not decreased
by this treatment. In contrast, when nocodazole was
given after the cold incubation to maintain the MT net-
works disrupted, the ADH-induced secretion was drasti-
cally reduced (minus 70%), with respect to the ‘‘cold
only’’ situation.

In summary, the depolimerization of MF (cytocha-
lasin D vs. control) and of MT networks (cold plus no-
codazole versus ‘‘cold only’’) each prevented part of the
regulated (ADH-induced) increase.

MT But nor MF DisruprtioNn DECREASES ADH-INDUCED
FLuUID PHASE ENDOCYTOSIS

The uptake of horseradish peroxidase (HRP) from the
apical medium was measured for periods of 10 min start-
ing five min after the addition of ADH (or diluent) [46].
As expected, there was an increase of these endocytic
movements (by approximately 70%) after ADH addition
(Fig. 6) [46].

The procedures of MF and MT disruption had op-
posite effects on baseline HRP uptake: MF disruption
increased the uptake, while MT disruption (cold plus
nocodazole treatment) decreased it. Similarly, ADH-
induced fluid phase endocytosis was also differentially
affected: it was unchanged after MF depolimerization
(additive effect), while it was decreased after MT dis-
ruption (minus 44% relative to the “‘cold only” situa-
tion).

MF AND MT DISRUPTION ONLY MARGINALLY AFFECT
ADH-mwpucep Cl CONDUCTANCE

Figure 7 shows the typical biphasic action of ADH (2.5
X 1078 M (arginine)-vasotocin) on the short-circuit cur-
rent of an A6-Cl epithelium pretreated with aldosterone
(107® m). As previously shown, the early short-circuit
current peak (after approximately 1 min) corresponds to
the rapid appearance of an apical Cl conductance [45].
This Cl conductance which leads in short-circuit config-
uration to Cl secretion leads in open-circuit configuration
to net Cl reabsorption. After a lag of two to five min, an
increase in amiloride-sensitive short-circuit current ap-
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Fig. 4. Microtubular disruption in A6-Cl cells cultured on filters. Pieces of filter culture were incubated at 28°C for 50 min with 20 j1m nocodazole
(panels a and e), or for one hour on ice and 50 min at 28°C in the absence (panels & and ) or in the presence (panels ¢, d, g and h) of 20 UM
nocodazole, prior to processing for fluorescence microscopy as in Fig. 1. Disruption of the subapical and the subnuclear microtubular (MT) networks
was achieved with the combination of a cold treatment and nocodazole (panels ¢ and g), while the microfilaments (MF) were left intact by the same

treatment (panels d and &). Magnification: x1050.

peared which was due to an increase in apical Na con-
ductance and lead to Na reabsorption with a maximal
three- to four-fold increase after approximately 20 min
(amiloride addition). We have previously shown that, in
open-circuit configuration, these sequential conductance
changes lead to an increase in NaCl reabsorption [45].
Figure 8 shows the effect of cytoskeletal disruption
onto the early ADH-induced increase in transepithelial
conductance (Gyg) which corresponds to the opening of
an apical Cl conductance [45]. The cytochalasin D treat-
ment (0.25 and 0.5 um) produced a small (minus 11%),
insignificant decrease of the induced conductance. Fur-
thermore, the early short-circuit current peak (4 to 9 pA/
cm?) (see Fig. 7) was always proportional to the conduc-
tance (Figure 8). It can be concluded that cytoskeletal
disruption had no significant effect on the ADH-induced
Cl conductance and that the driving force for the early
peak current was not modified by these treatments.

MF anD MT DisrupTION DECREASE ADH-INDUCED
Na TRANSPORT

The amiloride-sensitive transepithelial conductance re-
flects the number and open probability of the apical
amiloride-sensitive Na channels. The influx of Na from
the apical side depends on the apical Na conductance and
on a favorable electrochemical potential. This influx

represents the rate-limiting step for transepithelial Na
transport (measured as amiloride-sensitive short-circuit
current), provided that the basolateral Na transport ca-
pacity is sufficient.

The disruption of MFs with cytochalasin D (0.25
and 0.5 pum) did not modify the baseline amiloride-
sensitive transepithelial conductance (Grz) (Fig. 9) and
short-circuit current (control: 10.1 £ 2.2 vs. 10.6 + 1.7
uA/cm? for 0.25 pm cytochalasin D), indicating that nei-
ther the apical Na conductance nor the driving force for
Na influx were significantly changed. However, the
ADH-induced conductance (Fig. 9) and short-circuit cur-
rent (20 £ 5.5 vs. 10.1 2.0 pA/cm? for control and 0.25
um cytochalasin D) were both decreased by the MF dis-
ruption to the same extent (minus 63% for 0.25 and 0.5
UM cytochalasin D).

In contrast to the MF disruption, the cold treatment
and nocodazole used for MT disruption affected the
baseline Na conductance (Fig. 9). Interestingly, the cold
treatment alone with a 50 min period of recovery at
28°C, induced a significant decrease in baseline Na con-
ductance (minus 26%). When nocodazole was given af-
ter the cold treatment to prevent MT repolimerization
there was a further decrease by 46% of baseline Na con-
ductance. It should be mentioned that the effect of the
cold treatment on baseline Na conductance and transport
was, to a large extent, reversible after longer recovery
periods, also in the presence of nocodazole (not shown).

The ADH-induced amiloride-sensitive conductance
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Fig. 5. Effect of cytoskeletal disruption on baseline and ADH-induced
apical protein secretion by A6-Cl cells cuitured on filters. Cytoskeletal
disruption procedures on intact filter cultures with cytochalasin D (0.25
or 0.5 pum) (Cyto D), cold (0°) and cold plus nocodazole (0°/noco) were
as for Figs. 2 and 4. Filter cultures were labeled for 16 to 20 hr with a
mixture of [**S]methionine and [**S]eysteine. Cells were then washed
and chased for a period of 30 min. Apical and basolateral media were
collected after a 30-min incubation in the presence or absence of ADH
(2.5 x 107® (arginine)-vasotocin; *AVT). To visualize the labeled se-
creted proteins, equal amounts of apical and basolateral medium were
precipitated with trichloroacetic acid and run on 7.5% SDS-
polyacrylamide gels. Panel a shows fluorographs. The position and the
molecular mass (in kilodaltons) of marker proteins are indicated. Panel
b shows the result of the densitometric analysis of the 55-80 kD protein
smear (see Materials and Methods). The bars represent means * SE of
relative values (control set as 1.0) from 3 or 4 independent experiments
(n =3 to 8). The ADH-induced increase (A= +ADH minus —~ADH) was
considered significant in all cases (P < 0.03) with the exception of the
0°/noco condition. Values obtained after a cyto D or 0° treatment which
are considered significantly different from the corresponding control
(*P < 0.03) and values from the 0°/noco condition considered signif-
icantly different from the 0° condition (°P < 0.03) are indicated.
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Fig. 6. Effect of cytoskeletal disruption on baseline and ADH-induced
apical fluid phase endocytosis by A6-Cl cells cultured on filters. Mono-
layers of A6 cells were incubated for 10 min with 10 mg/mi HRP given
from the apical side, starting 5 min after the addition of ADH (2.5 x
1078 M (arginine)-vasotocin, +AVT) or diluent (~AVT). After washing
the cells at 4°C, cell-associated peroxidase activity was determined.
Volumes of accumulated fluid are indicated. These volumes were ob-
tained by converting peroxidase activities into corresponding fluid vol-
umes using the specific activities of the HRP-media. Background val-
ues obtained for filters treated at 4°C were subtracted. Bars represent
the means ¥ SE of 6 to 12 filters from 3 to 6 independent experiments.
Cytoskeletal disruption procedures were as for Fig. 5. The ADH-
induced increase (A=+ADH minus —~ADH) was considered significant in
all cases (P < 0.03). Values obtained after a cyto D or 0° treatment
which are considered significantly different from the corresponding
control (*P < 0.03) and values from the 0°/noco condition considered
significantly different from the 0° condition (°P < 0.03) are indicated.

(Fig. 9) and short-circuit current were both inhibited by
MT disruption (cold plus nocodazole) to an extent of
60% relative to the ‘“‘cold only”’ treated cells (73% rel-
ative to the control cells). This ADH-induced conduc-
tance remained, in contrast to the baseline conductance,
at the same low level when the recovery period (in the
presence of nocodazole) was extended to 4 hr. These
results show that MF and MT disruption procedures both
inhibit approximately 60% of the ADH-induced conduc-
tance. Interestingly, these effects are not additive (not
shown).

Discussion

CYTOSKELETAL STRUCTURE AND DEPOLIMERIZATION

The subnuclear and lateral microfilament and microtu-
bular networks of A6-Cl epithelia show similar patterns
in all cells (Fig. 1). In contrast, the subapical actin (MF)
and tubulin (MT) networks are more variable between
cells. Viewed by scanning electron microscopy the sur-
face structure of A6 cells is very similar to that of mam-
malian cortical collecting duct cells which also have a
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Fig. 8. Effect of cytoskeletal disruption on ADH-induced apical Ci
conductance in A6-Cl cells cultured on filters. The transepithelial con-
ductance (Gpz) (US cm™2), which is 1/transepithelial electrical resis-
tance (Ryg), was calculated from the current required for a 10 mV step
just before and 2 min after the addition of ADH (2.5 x 10°® m (argi-
nine)-vasotocin, AVT) (see Fig. 7). This early ADH-induced increase
in Gg has been previously shown to correspond to an increase in apical
ClI conductance [45]. The bars represent means * St of four indepen-
dent experiments (n = 4 to 8). Cytoskeletal disruption procedures were
as for Figs. 2 and 4. None of test values was considered significantly
different from the control (P < 0.03).

single cilium [25]. However, the presence of multiple
cilia in some cells recalls the amphibian origin of the cell
line since some segments of the frog tubule have this
type of surface differentiation. Because the A6-Cl cell
line is of clonal origin [46], the differences in subapical
cytoskeletal networks and in the number of cilia must
result from a differential differentiation during cell cul-
ture. Whether these morphological variations are ac-
companied by differences at the level of ion transport
properties is not known.

For the disruption of the microfilament network

Fig. 9. Effect of cytoskeletal disruption on ADH-induced apical Na
conductance in A6-Cl cells cultured on filters. The transepithelial con-
ductance (Gyg) was calculated as for Fig. 8, just before and 10 min after
the addition of amiloride (5 x 107 M) (see Fig. 7). The amiloride-
sensitive G value, which corresponds to the Na conductance, was
obtained by subtracting the Gig obtained after, from that obtained
before the addition of amiloride, in control (~AVT) and ADH-treated
(+AVT) filters. The ADH-induced (A) Na conductance was calculated
for each individual experiment by subtracting the amiloride-sensitive
Gy of the control filter from that of the treated filter. The bars repre-
sent the means * SE of 4 or 8 independent experiments. Cytoskeletal
disruption procedures were as for Fig. 5. The ADH-induced increase (A
= +ADH minus —~ADH) was considered significant in all cases (P <
0.03). Values obtained after a cyto D or 0° treatment which are con-
sidered significantly different from the corresponding control (*P <
0.03) and values from the 0°/noco condition considered significantly
different from the 0° condition (°P < 0.03) are indicated.

structure we have used low cytochalasin D concentra-
tions (0.25 or 0.5 um) because they were sufficient to
disrupt the filamentous structure of the MF network
without having a large effect on transepithelial electrical
conductance. Whether the effect of higher cytochalasin
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concentrations on transepithelial conductance was due to
an opening of a transcellular pathway or to the appear-
ance of a paracellular leak has not been investigated.
In this context, it is interesting to mention that the lowest
concentration of cytochalasin D used (0.25 um) has been
shown to maximally decrease the relative F-actin content
of toad bladder cells, yet, in contrast, high concentrations
(above 2 um) increase it [16].

Interestingly, nocodazole alone was not effective in
disrupting the microtubular network, similar to the situ-
ation found in mammalian epithelial cells. Such a resis-
tance to nocodazole has been recently shown to be con-
ferred to microtubuli by a microtubule binding protein
(E-MAP-115) which was cloned from a HeLa cell library
and shown to be preferentially expressed in epithelial
cells [30]. Whether an amphibian homologue to
E-MAP-115 is expressed in A6 cells is not known. Since
the microtubules of A6 cells turned out to be cold-labile,
as those of mammalian epithelial cells [26], we used for
the depolimerization a cold treatment (one hr on ice)
which was followed by a recovery period in the presence
of nocodazole, to prevent the repolimerization of micro-
tubules.

MICROFILAMENT DEPOLIMERIZATION COULD BE INVOLVED IN
THE REGULATION OF Exocytosis BY ADH

The role of the cytoskeleton for endo- and exocytosis has
been investigated in various epithelia using pharmaco-
logical agents for the disruption of actin microfilaments
and microtubules. Concerning the role of microfila-
ments, for instance, it has been shown that their integrity
is required for fluid phase and coated vesicles mediated
endocytosis at the apical surface of Madin-Darby canine
kidney (MDCK) cells [21]. This stands in contrast to our
observation in A6 cells where MF depolimerization leads
to an increase in the rate of baseline fluid phase endocy-
tosis. This difference could be due to a different role
played by the actin filaments in MDCK cells in which
the microvilli are more prominent. Alternatively, the
difference could be due to the concentration of cytocha-
lasin D used (0.25 or 0.5 um in A6 cells versus 25 UM in
MDCK cells) since high concentrations of cytochalasin
D induce actin polymerization, in contrast to low con-
centrations [16].

As in the case of toad bladder epithelial cells, where
the depolimerization of actin microfilaments by cytocha-
lasin D leads to an increase in the fusion with the apical
membrane of water channel-containing vesicles (aggre-
phores) [16], we observed in A6 cells an increase in
apical protein secretion which indicates an increase in
exocytic movements.

The fact that the disruption of the subapical actin
network by cytochalasin D is accompanied in A6 cells by
an increase in apical endo- and exocytosis suggests the
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possibility that the subapical actin network could some-
how regulate these vesicular membrane movements. In-
terestingly, the ADH-induced apical secretion is not ad-
ditive to the effect of cytochalasin D, indicating that (part
of) the ADH-induced stimulation of the secretion could
be mediated by an effect on microfilaments. Indeed, it
has been shown in the toad bladder that ADH per se has
a depolimerizing action on microfilaments [16].

In contrast to the effects on protein secretion, the
effects of ADH and cytochalasin D on endocytosis were
additive, indicating that different mechanisms were in-
volved. This difference is not a surprise, since we had
already observed that the action of ADH on exo- and
endocytic membrane movements were not always coreg-
ulated, in particular, that maximal stimulation of secre-
tion was achieved at lower levels of cellular cAMP than
maximal endocytosis [46].

IMPACT OF MICROTUBULAR NETWORK DISRUPTION ON
Enpo- anDp ExocyTosis

Using the depolimerizing agents nocodazole or colchicin
it has been shown that the integrity of the microtubular
network plays a role in epithelial cells, such as MDCK
and Caco-2 (colon) to support efficient apical protein
secretion and membrane protein delivery from the bio-
synthetic, transcytotic and recycling pathways indepen-
dent of their correct targeting [4, 12, 20, 33, 36]. In
MDCK and LLC-PK1 cells the depolimerization of mi-
crotubules leads also at the basolateral side to a decrease
in secretion which, in contrast to the apical effect, con-
cerns only a subset of proteins and leads to mistargeting
[3, 9]. These results are compatible with the view that
vesicular movement along microtubules, mediated by
dynein-like molecular motors plays, in certain secretory
pathways, an important role for the efficient delivery of
vesicles to the cell surface [15].

From the present experiments with A6-Cl epithelia,
it is not clear to what extent the apical baseline secretion
is affected by the MT depolimerization. However, it
clearly appears that the integrity of the MTs is required
for an efficient ADH-induced secretion. In the case of
the endocytosis, both the baseline and the ADH-induced
uptake appear to depend on MT integrity. But since the
disruption of MTs induced larger changes in ADH-
regulated apical secretion than endocytosis, it could be
that the latter change was secondary to the first one.
These results suggest that intact microtubules play a role
in supporting the efficient apical delivery of vesicles be-
longing to the (ADH-)regulated apical secretory path-
way(s).

PARALLEL EFFECT OF CYTOSKELETAL DISRUPTION ON
PROTEIN SECRETION AND NA TRANSPORT

The apical Na channel, which is the main site of Na
transport regulation across distal nephron cells (see In-
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troduction), is controlled at the level of its expression and
functional state by several hormones via complex net-
works of intracellular signaling. The present study fo-
cuses on the effect of ADH, a hormone which is known
to increase the number of active Na channels at the apical
surface of A6 cells via a cAMP-mediated pathway [28].
It should be remembered that the epithelia used in this
study have been pretreated with aldosterone (10°% m) a
hormone which potentiates the ADH action both at the
level of the epithelial Na channel and at that of the cAMP
production [42, 45, 46]. At the level of the Na channel of
A6 cells, aldosterone and other adrenal steroids exert two
distinct transcriptionally mediated effects which act syn-
ergistically with the ADH effect [2, 18, 40]. Adrenal
steroids act on the total number of cellular channels by
increasing their mRNAs (late or chronic aldosterone ef-
fect) [39] and, more acutely, on the open probability of
active cell-surface channels (early aldosterone effect)
[23]. Concerning the mechanism by which ADH pro-
duces the appearance of active channels at the cell sur-
face, it has been postulated that the translocation of chan-
nels or channel components from an intracellular pool to
the cell surface could be involved (see Introduction).

Besides its action at the level of apical Na channels,
ADH also increases an apical Cl conductance. This api-
cal Cl conductance, which in short-circuit configuration
leads to the net secretion of Cl, appears prior to the
increase in Na conductance (maximum approximately
one vs. 20 min after ADH addition, see Fig. 7) and pro-
duces, in open circuit configuration, a large stimulation
of the (electroneutral) reabsorption of NaCl [8, 45, 49].
This conductance could be due to an increase in open
probability of a 3 pS Cl channel and possibly also to an
increase in the number of active 8 pS Cl channels [27,
29].

Because of its interference with efficient apical exo-
cytosis the disruption of the microtubular network has
often been used as a strategy to investigate the possible
role of transport protein translocation in regulated trans-
ports. For example, microtubular disruption has been
shown to interfere with the correct surface expression of
the proton pump of intercalated cells [5], with low phos-
phate-induced phosphate uptake of proximal kidney cells
[22], and with forskolin-evoked Cl secretion of T84 in-
testinal cells [17].

Microfilaments have been shown to play a major
role in the regulation of transport proteins, in many cases
probably independent of endo- and exocytosis move-
ments. For instance, the actin cytoskeleton has been im-
plicated in the activation of stretch-regulated Cl and K
channels [43, 7], in the inhibition by serum deprivation
of the Na/H-exchanger of Caco-2 cells [48] and in the
cAMP induced activation of the Na/K/2Cl cotransporter
of T84 cells [31]. With respect to epithelial Na channels,
the disruption of actin filaments with cytochalasin D has
been shown to produce a transient increase in the activity
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of a 9 pS channel expressed in A6 cells grown on non-
porous supports and to prevent its activation by protein
kinase A [38]. Another report shows that cytochalasin D
specifically inhibits the increase in channel number in-
duced by hypo-osmolarity in frog skin [13]. Whether
these effects can be ascribed to the interference of MFs
with translocation events or whether the Na channels are
regulated via actin (networks) independent of vesicular
movements (and/or fusion) is not established. In this
context, it is interesting to note that the three subunits of
the epithelial Na channel recently cloned by Canessa et
al., [6] belong to a novel gene superfamily which in-
cludes genes involved in mechanosensitivity [10].

The results of the present study show that the early
ADH-induced Cl conductance is not, or at least only
marginally, affected by MF and MT depolimerization.
This stands in contrast to the important effects measured
at the level of secretory and endocytic parameters.
Therefore it appears unlikely that the ADH-induced in-
crease in Cl conductance could be mediated by the trans-
location of Cl channels to the cell surface. However, this
possibility is not excluded, since the timing of the secre-
tion and endocytosis experiments did not correspond to
that of the rapid ADH effect on Cl conductance. It
should also be noted that a translocation of Cl channels
to the cell surface would not produce an increase in
channel open probability, as observed for the 3 pS chan-
nel [27, 29]. A channel translocation mechanism could
only play a role in the regulation of the number of active
8 pS channels [29].

The effect of cytoskeletal disruption was generally
parallel for apical Na conductance and protein secretion
both in control and ADH-stimulated conditions (com-
pare Figs. 5 and 9). This correlation indicates that both
events are at least coregulated in many conditions. It
supports the notion that Na channel expression is regu-
lated via endo/exocytosis and that the ADH effect on Na
conductance could be mediated by an increase in Na
channel (components) translocation to the cell surface.
Indeed, protein secretion, by reflecting exocytosis, would
function as an indicator for the rate of Na channel trans-
location to the cell surface. However, the number of
surface channels depends not only on the rate of overall
exocytosis but also on the presence of channels in the
exocytic vesicles as well as on the rate of channel en-
docytosis. Here again, the measurements of fluid phase
endocytosis are only a crude indication of the overall
vesicular uptake and do not necessarily reflect the en-
docytosis of channels. The availability of channel(s)
{components) for endocytosis might indeed be regulated
independently. However, it is interesting to note that the
baseline Na conductance is unchanged after MF disrup-
tion, possibly reflecting the equilibrium between in-
creases in channel exocytosis (increase in protein secre-
tion) and channel endocytosis (increase in fluid phase
uptake).
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The increase in Na conductance induced by ADH in
monolayers treated with cold only was smaller than ex-
pected from the effect observed at the level of the protein
secretion, in view of the general coregulation of protein
secretion and Na conductance. This slight discrepancy
might be due to the fact that the measured parameters of
vesicular movements are not necessarily proportional to
the rates of channel translocation (see above). It could
also be that other parameters, such as the intracellular Na
concentration, which is transiently modified by the cold
treatment, specifically influenced the Na conductance
and transport.

Transepithelial Na transport depends also on the ac-
tivity of the basolateral Na,K-ATPase which pumps Na
ions out of the cells and generates the driving force for
the apical Na influx. Since we have not addressed the
question of whether cytoskeletal disruption affects the
function and/or the subcellular localization of the Na,K-
ATPase, we cannot exclude that the decrease in ADH-
induced Na conductance was indirectly due to such an
effect. A decrease in Na pumping activity would pro-
duce a rise in the intracellular Na concentration, which in
turn would (indirectly) impact on the activity of the api-
cal Na channels [35]. However, the fact that the baseline
Na transport was not affected after MF disruption and
that it recovered after the cold treatment in the presence
of nocodazole (see Results), does not lend support to this
hypothesis.

In summary, microfilament disruption appears to fa-
cilitate apical endo- and exocytosis, while microtubular
disruption rather decreases these vesicular movements.
Both treatments reduce the ADH-induced protein secre-
tion and Na conductance but affect ADH-induced Cl
conductance only marginally. These observations are
compatible with the hypothesis that Na channel(s) (com-
ponents) are translocated to and from the cell surface by
exo- and endocytosis and that at least part of the ADH
action on Na transport is due to a shift of channel(s)
(components) from an intracellular pool to the cell sur-
face. However, it is possible that the regulation of the
apical Na conductance by ADH could also involve an
effect on channel activity, besides the regulation of chan-
nel surface expression suggested by this and other stud-
ies.
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