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ABSTRACT
We have previously demonstrated that in renal cortical collecting duct cells (RCCD1) the expression of the water channel Aquaporin 2 (AQP2)

raises the rate of cell proliferation. In this study, we investigated the mechanisms involved in this process, focusing on the putative link

between AQP2 expression, cell volume changes, and regulatory volume decrease activity (RVD). Two renal cell lines were used: WT-RCCD1

(not expressing aquaporins) and AQP2-RCCD1 (transfected with AQP2). Our results showed that when most RCCD1 cells are in the G1-phase

(unsynchronized), the blockage of barium-sensitive Kþ channels implicated in rapid RVD inhibits cell proliferation only in AQP2-RCCD1 cells.

Though cells in the S-phase (synchronized) had a remarkable increase in size, this enhancement was higher and was accompanied by a

significant down-regulation in the rapid RVD response only in AQP2-RCCD1 cells. This decrease in the RVD activity did not correlate with

changes in AQP2 function or expression, demonstrating that AQP2—besides increasing water permeability—would play some other role.

These observations together with evidence implying a cell-sizing mechanism that shortens the cell cycle of large cells, let us to propose that

during nutrient uptake, in early G1, volume tends to increase but it may be efficiently regulated by an AQP2-dependent mechanism, inducing

the rapid activation of RVD channels. This mechanism would be down-regulated when volume needs to be increased in order to proceed into

the S-phase. Therefore, during cell cycle, a coordinated modulation of the RVD activity may contribute to accelerate proliferation of cells

expressing AQP2. J. Cell. Biochem. 113: 3721–3729, 2012. � 2012 Wiley Periodicals, Inc.
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C ell growth and proliferation are closely associated with

changes in cell volume [Meyer et al., 1991; Lang et al., 2000,

2005]. In fact, previous reports indicate that factors that affect cell

volume also have an effect on mechanisms that control cellular

proliferation [Rouzaire-Dubois and Dubois, 1998; Kunzelmann,

2005]. It is well accepted that during progression through the cell

cycle, cellular volume increases as a result of the accumulation

of diverse substrates, protein synthesis, and DNA duplication

[Kunzelmann, 2005]. As cells are assumed to have a volume set point

which, if exceeded, leads to the activation of regulatory mechan-

isms; to enhance their volume, cells must inhibit their regulatory

volume decrease mechanisms (RVD) and/or activate regulatory

volume increase (RVI) mechanisms by readjusting their volume set

point to a higher level. In line with this proposal, several reports

demonstrate that, in many cell types, RVI mechanisms are up-

regulated during cell growth [Lang et al., 1991, 1998; Ritter and

Wöll, 1996] and that RVD capacity is actively modulated throughout

the cell cycle [Chen et al., 2002; Wang et al., 2002]. In addition, the

pharmacological blockage of some channels involved in the RVD

response has shown to inhibit cell proliferation [Arcangeli et al.,

2009]. Other reports, in tumor ras-oncogene-expressing cells,

suggest that both RVD and RVI mechanisms are necessary for

cell cycle progression, since the initial activation of channels

involved in RVD triggers later on an intracellular signalization

response that results in an RVI response [Lang et al., 1991; Ritter and

Wöll, 1996]. Data have also proved that an active size threshold

mechanism exists in the G1-phase, which induces adjustment of the

length of the following cell cycle, thus ensuring maintenance of

a proper balance between growth and proliferation rates in

vertebrates. However, the nature of this process is completely
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unknown [Dolznig et al., 2004]. Therefore, all current evidence

indicates that cellular proliferation would require mechanisms for

cell volume regulation, and thus the movement of ions and water.

However, little is known regarding the sequence of events leading

from cell volume changes to cell cycle progression. Moreover,

despite the fact that water channels (aquaporins, AQPs) have been

proposed to play a key role not only in the control of cell volume but

also in cell proliferation and apoptosis [Jablonski et al., 2004, 2007;

Ford et al., 2005; Galizia et al., 2008; Verkman, 2008; Rivarola et al.,

2010], no studies have been carried out so far as to evaluate the

putative role of AQPs throughout the cell cycle.

We have previously demonstrated in renal cortical collecting duct

cells (RCCD1) that the water channel AQP2 plays a key role in cell

volume regulation after an osmotic swelling (RVD), by rapidly

activating barium-sensitive Kþ channels [Ford et al., 2005]. In fact,

the presence of a functional AQP2 is critical in the translocation of

calcium channel transient receptor potential vanalloid 4 (TRPV4) to

the plasmatic membrane, which in turn switches on a Ca2þ-
activated Kþ channel that leads to solute and water efflux, thus

eliciting a rapid RVD response [Ford et al., 2005; Galizia et al., 2008,

2012]. A functional interaction between AQP2 and RVD mechan-

isms would also explain the increase in the apoptotic volume

decrease of cells expressing AQP2, as compared to those not

expressing AQPs [Flamenco et al., 2009]. Furthermore, our group

previously demonstrated that AQP2 expression enhances renal cell

proliferation rate by decreasing the transit time through S- and G2/

M-phases of the cell cycle [Rivarola et al., 2010]. In the present

study, we investigated the mechanisms that could account for the

AQP2-increased renal cell proliferation. Particularly, we focused on

the putative link between AQP2 expression, cell volume changes,

and regulatory volume response (RVD) during cell cycle progres-

sion. For this purpose, we used two renal cell lines: one not

expressing AQPs (WT-RCCD1) and another one stably transfected

with AQP2 (AQP2-RCCD1) that constitutively expresses AQP2 in the

apical plasmamembrane [Capurro et al., 2001; Ford et al., 2005]. Our

results showed that only in the presence of AQP2, the blockage of

rapidly activated RVD mechanisms reduces cell proliferation by

arresting cells in the G1-phase. Cells in the S-phase had a remarkable

increase in size but this enhancement was higher and was

accompanied by a significant down-regulation in the rapid RVD

response in AQP2-RCCD1 cells. We propose that during cell cycle a

coordinated modulation of RVD activity, in response to changes

usually occurring in cell volume, may contribute to accelerate

proliferation of cells expressing AQP2.

MATERIALS AND METHODS

CELL CULTURE

WT-RCCD1 cells were grown in a modified-DMEM (DM) medium

(Dulbecco’s modified Eagle’s medium/Ham’s F-12, 1:1 v/v; 14mM

NaHCO3, 2mM glutamine; 50 nM dexamethasone; 30 nM sodium

selenite; 5mg/ml insulin; 5mg/ml transferrin; 10 ng/ml epidermal

growth factor; 50 nM tri-iodothyronine; 100U/ml penicillin–

streptomycin; 20mM Hepes; pH 7.4) and 2% fetal bovine serum

(Invitrogen, San Diego, CA) at 378C in 5% CO2/95% air atmosphere

[Blot-Chabaud et al., 1996]. AQP2-RCCD1 cells, stably transfected

with cDNA coding for rat AQP2, were maintained in DM medium

containing geneticin (200mg/ml; Invitrogen) as previously reported

[Ford et al., 2005]. All experiments were performed on WT- and

AQP2-RCCD1 cells between the 20th and 40th passages.

CELL CYCLE SYNCHRONIZATION

Cells were synchronized in the S-phase of the cell cycle by the

double-block technique, using thymidine as an inhibitor of DNA

synthesis [Harper, 2005]. Both WT- and AQP2-RCCD1 cells in

exponential growth were first exposed for 12 h to 2mM thymidine

and then released in fresh media for another 12 h, later followed by a

second thymidine block for another 12 h. To determine the

percentage of cells in each stage of the cell cycle, cells were

stained with propidium iodide (PI; Sigma–Aldrich, St. Louis, MO)

and the DNA content was measured by flow cytometry.

CELL GROWTH MEASUREMENT

For cell number counting WT- and AQP2-RCCD1 cells were first

seeded onto a 24-well plate with a density of 10� 103 cells/ml,

allowing them to attach for 24 h. After that, cells were harvested by

trypsinization, resuspended in PBS-trypan blue to exclude non-

viable cells, and counted in a Neubauer hemocytometer. To evaluate

the participation of volume regulation channels in cell proliferation,

cell number was estimated in the presence and the absence of

specific inhibitors. Thus, cells were seeded, and, after giving them

enough time to attach, they were incubated for 48 h in the presence

of 0.2mM BaCl2 or 10mM ruthenium red (RR; Sigma–Aldrich).

CELL PROLIFERATION AND CELL CYCLE ANALYSIS BY FLOW

CYTOMETRY

Cell cycle phases and hence the degree of synchronicity was assessed

by flow cytometry. WT- and AQP2-RCCD1 cells were grown either in

normal conditions or in the presence of the cell cycle arrest agent

thymidine. For flow cytometry analysis, cells were harvested by

trypsin digestion, centrifuged, and washed with PBS. Cells

(�1� 106 cells) were then fixed by adding chilled 70% ethanol

and later stored at 48C. For PI staining, the fixed cells were washed

twice with PBS and incubated in the presence of PI (50mg/ml) and

RNase A (1mg/ml) in PBS for up to 4 h at 48C in the dark. The

fluorescence intensity of PI-stained individual nuclei was measured

using a FACS Calibur flow cytometer (Becton-Dickinson, Mountain

View, CA). Cell debris was excluded from analysis by appropriately

raising the forward scatter threshold. The cell fractions in sub-G0-

(apoptotic cells), G1-, S-, and G2/M-phases were quantified with

WinMDI 2.9 software after exclusion of cell doublets (Joseph Trotter,

The Scripps Research Institute, La Jolla, CA).

For cell proliferation analysis, cells were pulsed with 20mMof the

thymidine analog 5-Bromodeoxyuridine (BrdU; Sigma–Aldrich) for

2 h. Cells were harvested and fixed in 70% ethanol, as described

above. BrdU content was analyzed after DNA denaturation with 2N

HCl and 0.1% Triton X-100 at room temperature, followed by

neutralization with 0.1M Na2B4O7 buffer, pH 8.5. The cells were

labeled using specific anti-BrdU monoclonal antibodies (Sigma–

Aldrich) and Cy2-conjugated secondary antibodies (Jackson

Immuno, Pennsylvania, PA). BrdU/DNA content was obtained
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collecting Cy2 green fluorescence and analyzed with WinMDI 2.9

software.

CELL VOLUME MEASUREMENTS

WT- and AQP2-RCCD1 cells were grown on glass coverslips and

stained with the plasma membrane marker Alexa 488-conjugated

wheat germ agglutinin (WGA; Molecular Probes, Life Technologies,

Grand Island, NY). Then, cells were fixed in 3% p-formaldehyde for

30min and nuclei were counterstained with Hoechst 33258

(Molecular Probes). The coverslips were mounted on glass

microscope slides with Vectashield mounting media (Vector

Laboratories Inc., Burlingame, CA). Images were acquired using a

confocal microscope Olympus FluoView (FV1000). A z-stack

consisting of series of 0.5mm optical slices was taken from top to

bottom of the cells. These two-dimensional slices were then three-

dimensionally reconstructed and cell volume was estimated using

Imaris 7.1.0 software (Bitplane, Zurich, Switzerland).

FLUORESCENCE VIDEOMICROSCOPY MEASUREMENTS OF

REGULATORY VOLUME DECREASE (RVD) ACTIVITY AND OSMOTIC

WATER PERMEABILITY (PF)

Confluent WT- and AQP2-RCCD1 cells grown on glass coverslips

were mounted on a chamber and loaded with 2mM 20,70-
Bis (2-carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethylester

(BCECF-AM; Molecular Probes) for 45min at 378C. The chamber

was then placed on the stage of a Nikon TE-200 epifluorescence

inverted microscope (Nikon Plan Fluor 40� oil immersion objective

lens) as previously described [Ford et al., 2005]. Fluorescence

intensity was recorded by exciting BCECF at the isosbestic point

(440 nm), where the fluorochrome is pH insensitive. Fluorescence

data were acquired every 10 s using a charge coupled-device camera

(Hamamatsu C4742-95) connected to a computer and the Metafluor

acquisition program (Universal Imaging Corporation, PA). Cells

were incubated in an isosmotic solution (311� 6mOsM) containing

(mM): 90 NaCl, 10 NaHCO3, 5 KCl, 1 CaCl2, 0.8 MgSO4, 1 MgCl2, 100

mannitol, 20 Hepes, and 5 glucose. Hypotonic solutions

(214� 6mOsM) were prepared by mannitol subtraction to obtain

the desired osmolality, thus maintaining the ionic strength.

Solutions osmolality were routinely measured in a pressure vapor

osmometer (Vapro; Wescor, Logan, UT). All solutions were titrated

to pH 7.40 using Tris (Sigma–Aldrich) and bubbled with atmospheric

air.

Cell water volume was estimated with a procedure similar to the

one described for retinal pigment epithelial cells [Hamann et al.,

2002]. The change in cell water volume can be calculated as:

V

V0
¼ ðFt=F0Þ � fb

1� fb

where V is the cell water volume at time t; V0 is V when t¼ 0; F0
represents the signal obtained from a small region of the cell

(pinhole) equilibrated with isotonic medium with an osmolality

OsM0; Ft is the fluorescence from the same region at time¼ t in a

solution with an osmolality OsMt and fb is the relative background.

This last parameter corresponds to the y intercept of a plot of Ft/F0
versus OsM0/OsMt, which is the relative fluorescence when no

osmolality change is performed.

RVD at t¼ 20min, associated with the volumetric response of

cells exposed to hypotonic medium, was calculated using the

following equation:

RVD20 ¼ ðV=V0Þmax � ðV=V0Þ20
ðV=V0Þmax � 1

� �
� 100

where (V/V0)max is the maximal value of V/V0 attained during

hypotonic swelling (peak) and (V/V0)20 represents the value of V/V0

observed at time¼ 20min. RVD20 thus denotes the magnitude of

volume regulation at time¼ 20min with 100% RVD indicating

complete volume regulation and 0% indicating no volume

regulation.

The time course of V/V0 for each experiment was fitted with a

single exponential function. The osmotic water permeability

coefficient (Pf) was calculated using the exponential time constant

(t) through the equation:

Pf ¼ V0

t � A� DOsM� Vw

where A is the cell surface area; V0 is the initial cell water volume;

DOsM is the osmotic gradient; and VW is the partial molar volume of

water (18 cm3/mol).

CELL SURFACE BIOTINYLATION ASSAY AND WESTERN BLOT

STUDIES

90–95% confluent WT- and AQP2-RCCD1 cells were washed three

times in cold PBS and cell surface biotinylation was performed with

a Cell Surface Protein Isolation kit (Pierce, Rockford, IL) following

the manufacturer’s instructions. Briefly, the cells were rinsed with

PBS and then biotynilated using EZ-Link Sulfo-NHS-SS-Biotin

(Pierce) in PBS for 30min on ice. After quenching, the cells were

harvested and solubilized in Lysis Buffer (Pierce) and incubated for

30min on ice. After centrifugation at 10,000g for 2min at 48C, the
supernatant was added to Immobilized NeutrAvidinTM gel (Pierce)

and incubated for 60min at room temperature. After being washed,

the biotinylated proteins were eluted in SDS–PAGE sample buffer

containing 50mM dithiothreitol. These plasma membrane proteins

were subjected to 12% SDS–polyacrylamide minigels electrophore-

sis using the Tris–Tricine buffer system [Rivarola et al., 2010], and

then transferred to nitrocellulose membranes (Mini Protean II; Bio-

Rad, Hercules, CA). Blots were blocked with 1% BSA and then

probed using either mouse polyclonal anti-b-actin (dilution

1:2,000, Sigma–Aldrich) or rabbit polyclonal anti-rat AQP2

(dilution 1:1,000) generated against a peptide corresponding to

amino acids 250–271 of AQP2, conjugated with keyhole limpet

hemocyanin [Shi et al., 2001]. After being rinsed with PBS-T,

membranes were incubated with the appropriate secondary

antibody (goat anti-mouse or anti-rabbit IgG conjugated to

horseradish peroxidase, dilution 1:25,000; Santa Cruz Biotechnolo-

gy, Santa Cruz, CA and Sigma–Aldrich, respectively) and visualized

using the chemiluminescence method (SuperSignal Substrate;

Pierce). Images were captured on a G:BOX (Syngene, Frederick,

MD) and the bands corresponding to AQP2 or b-actin proteins were

quantified by a densitometric analysis using Gel-Pro Analyzer

software (Media Cybernetics, Bethesda, MD) and expressed as the

AQP2/b-actin ratio.
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STATISTICAL ANALYSES

Values are reported as mean� SEM, and n is the number of

experiments, which include at least a total of 40–70 cells each.

Student’s t-test for unpaired data was applied and P< 0.05 was

considered statistically significant.

RESULTS

MODULATION OF RVD ACTIVITY AFFECTS CELL CYCLE

PROGRESSION IN AQP2-EXPRESSING CELLS

Wefirst analyzed whether the AQP2-increased cell proliferation that

we have previously described [Rivarola et al., 2010] could be linked

to a specific activation of RVD mechanisms. Having previously

demonstrated that there is a calcium channel TRPV4-dependent

rapid RVD activity, which is only observed in the presence of AQP2

[Galizia et al., 2012], we now pretreated RCCD1 cells with RR, which

is a general blocker of TRPV-type channels. Our results showed that

48 h of cell treatment with 10mM RR did not affect WT-RCCD1 cell

growth but significantly reduced the number of AQP2-RCCD1 cells

to a level similar to that observed in WT cells (Fig. 1A). We then

investigated, by using flow cytometry measurements of PI stained

cells, the proportion of cells in each cell cycle phase after 48 h of

treatment with control solution (vehicle) or with RR (Fig. 1B).

Figure 1C shows the net effect of RR on the distribution of cells in

each phase of the cell cycle. As shown, the pretreatment of cells with

the blocker evoked an increase in the percentage of cells in G1-

phase, no changes in the S-phase, and a decrease in the percentage

of cells in the G2/M-phase. Note that even if RR apparently affects

both cell lines, the percentage in which cells in the G1-phase

increases is significantly higher in AQP2-RCCD1 cells (2% vs. 9%,

WT and AQP2, respectively), indicating that the activation of

calcium channels TRPV4 is necessary for cell proliferation. It is

important to note that the decline in cell proliferation was not due to

an increase in cell death since the rate of apoptosis was not affected

by the blocker (Vehicle vs. RR; WT: 11.7� 3.8 vs. 9.0� 2.2; AQP2:

16.7� 5.3 vs. 16.1� 3.5; n¼ 6, N.S.).

Since TRPV4 translocation/activation is necessary to trigger the

AQP2-dependent rapid activation of barium-sensitive Kþ channels

as an RVD mechanism [Ford et al., 2005; Galizia et al., 2012], the

next step was to investigate whether this response could be

implicated in the observed proliferation differences between WT-

and AQP2-RCCD1 cells. We first evaluated, by a videomicroscopy

fluorescence technique, the characteristic of the rapid RVD response

of cells incubated for 48 h with or without 0.2mM BaCl2 using a

hypotonic shock as a strategy (�100mOsM mannitol). Figure 2A,B

shows the time course of relative cell volume changes (V/V0) in WT-

and AQP2-RCCD1 cells. Note that in WT-RCCD1 cells there were no

changes in the kinetics of V/V0 after cell treatment with vehicle or

with BaCl2. In contrast, in AQP2-RCCD1 cells, the blocker

significantly inhibited the kinetics of V/V0 (Fig. 2B). Accordingly,

the RVD response was significantly reduced only in AQP2-RCCD1

cells (Fig. 2C). It is also important to point out that the 48 h exposure

to BaCl2 did not affect water permeability (Pf) neither in WT- nor in

AQP2-RCCD1 cells (Fig. 2D).

The next step was to evaluate the consequences that this RVD

inhibition may have on the rate of cell proliferation. Figure 3A

shows that the inhibition of barium-sensitive Kþ channels affects

the number of cells only in the presence of AQP2. Further studies

assessed BrdU incorporation by flow cytometry analysis in order to

evaluate the proliferation of growing cells (Fig. 3B). Results showed

that the percentage of BrdU positive cells (BrdUþ) was higher in

AQP2-expressing cells and was significantly reduced in the presence

of BaCl2, only in cells expressing AQP2. We then performed flow

cytometry measurements of PI-stained cells to determine whether

these disparities in cell growth could be due to differences in cell

cycle progression. Figure 3C illustrates the proportion of cells in

each cell cycle phase after 48 h of treatment with either control

Fig. 1. Effect of ruthenium red (RR) on cell proliferation and cell cycle

distribution in WT- and AQP2-RCCD1 cells. Cells were treated for 48 h with

control solution (Vehicle: DMSO) or with 10mM RR. A: Cell number quantifi-

cation using a hemocytometer. Values are presented as the mean� SEM from

n¼ 7 experiments, ��P< 0.01. B: Percentage of cells in G1-, S-, and G2/

M-phases of the cell cycle, obtained by flow cytometry analysis of PI-stained

cells and (C) net effect of RR treatment on the distribution of cells throughout

the cell cycle, presented as the difference between RR- and vehicle-treated

cells. Data represent the mean� SEM from n¼ 6 experiments, ��P< 0.01.
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solution (vehicle) or BaCl2. The net effect of BaCl2 on cell cycle

progression is summarized in Figure 3D. These results indicate that,

in the presence of BaCl2, AQP2 expression increases the percentage

of cells in G1-phase and decreases the percentage of cells in G2/M-

phase, both relative to WT-RCCD1 cells. This decline in cell

proliferation is not explained by an increase in cell death since, on

the contrary, BaCl2 decreases the rate of apoptosis (Vehicle vs. BaCl2;

14.4� 0.7 vs. 10.5� 1.3, n¼ 7, P< 0.05), as previously reported

[Flamenco et al., 2009]. Together, these results suggest that the

blockage of Kþ channels implicated in RVD inhibits cell prolifera-

tion by an arrest of the cell cycle and that this occurs only in AQP2-

expressing cells.

RVD ACTIVITY IS DOWN-REGULATED IN THE S-PHASE OF THE CELL

CYCLE IN AQP2-EXPRESSING CELLS

As stated above, evidence proved that cell cycle progression is

closely related with cell volume changes and that the increment in

cell volume during the G1-phase allows cell progression into the S-

phase [Dubois and Rouzaire-Dubois, 2004]. Therefore, to test our

hypothesis that RVD activity must be modulated before entering the

S-phase, synchronized and unsynchronized cells were used. The

percentage of cells in the S-phase was increased by the double

thymidine block technique (Fig. 4A,B). Figure 4C,D shows the effect

of thymidine synchronization on cell volume, measured with

confocal images after staining cell membranes with WGA. Results

indicate that the double thymidine blockage was effective to

enhance proportion of cells in the S-phase and to define that a

significant increase in cell volume occurs in both cell lines. This cell

size enhancement was higher in AQP2-expressing cells (76% vs.

92% WT- and AQP2-RCCD1, respectively).

We further investigated the RVD response in both experimental

conditions (Control vs. Thymidine) using the videomicroscopy

fluorescence technique. Results shown in Figure 5A indicate that the

rapid AQP2-dependent RVD mechanisms were down-regulated in

AQP2-RCCD1 synchronized cells and that no significant changes

were observed in WT-RCCD1 cells. However, the osmotic water

permeability (Pf), which is significantly higher in AQP2-RCCD1 cells

compared to WT-RCCD1 cells, was not affected in synchronized cells

(Fig. 5B). Figure 5C shows Western blot assays of biotinylated

plasma membrane samples, using a polyclonal anti-AQP2 antibody

in synchronized and unsynchronized AQP2-RCCD1 cells. The

quantification of the relative bands showed no differences in

AQP2 expression. All these results demonstrated that modulation of

RVD activity does not correlate with changes in AQP2 function or

Fig. 2. Effect of BaCl2 on the regulatory volume decrease activity and the osmotic water permeability in WT- and AQP2-RCCD1 cells. Cells were treated for 48 h with control

solution (Vehicle: PBS) or with 0.2mM BaCl2. A,B: Time course of relative volume changes (V/V0) in response to a hypotonic shock in WT- and AQP2-RCCD1 cells respectively,

obtained with a videomicroscopy fluorescence technique. Hypotonic solution (HYPO) was achieved by substracting 100mOsM mannitol (�100mOsM mannitol) from the

isotonic solution (ISO). C: Percentage of cell volume recovery at 20min (% RVD20) and (D) osmotic water permeability coefficient (Pf) calculated when the hypotonic shock

(�100mOsM mannitol) was applied in WT- and AQP2-RCCD1 cells. Values denote the mean� SEM from n¼ 4 experiments, ��P< 0.01.
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expression, thus supporting the idea that AQP2, besides increasing

water permeability, would play some other role in the modulation of

cell volume regulatory mechanisms.

DISCUSSION

Although there is consensus on accepting that the major role of

AQPs is to increase plasma membrane water permeability, the use of

different models—that express, or not, specific AQPs—provides new

insights on previously unrecognized roles, such as cell migration,

cell volume regulation, and apoptosis [Jablonski et al., 2004; Ford

et al., 2005; Galizia et al., 2008; Verkman, 2008; Flamenco et al.,

2009]. Nevertheless, AQPs participation in cell proliferation and cell

cycle progression still remains relatively unclear. An increasing

body of evidence proposes that the effect of AQPs expression on cell

growth would not be a general phenomenon of all AQP-expressing

cells, but may possibly depend on the cell type [Hoque et al., 2006;

Kang et al., 2008; Verkman, 2008]. Our previous results showed that

AQP2 expression in RCCD1 accelerates proliferation rate by

decreasing S- and G2/M-phase transit times during cell cycle

progression [Rivarola et al., 2010]. In the present study, the

mechanisms behind AQP2-increased cell proliferation in this cell

type were investigated for the first time.

Our results indicate that when most RCCD1 cells are in the G1-

phase (unsynchronized), both indirect (RR) and direct (BaCl2)

blockage of volume-regulatory Kþ channels implicated in RVD

inhibits cell proliferation only in AQP2-RCCD1 cells, producing an

arrest of the cell cycle. This decline in cell growth was not due to

changes in cell viability, since the rate of apoptosis was not

augmented. The observation that RVD mechanisms contribute to

renal cell proliferation is in close agreement with previous studies

performed in other cell types. These studies demonstrated that

swelling-activated Cl� or Kþ channels may play an important role in

controlling cell cycle progression since channels are expressed in a

cell cycle-dependent manner and their blockage affects the rate of

cell proliferation [Rouzaire-Dubois et al., 2000; Nilius, 2001; Wang

et al., 2004; Chen et al., 2007; Klausen et al., 2007; Tao et al., 2008].

Our data also proved that cells in the S-phase have a remarkable

increase in size but this enhancement was higher and was

accompanied by a significant drop in the rapid RVD activity in

cells expressing AQP2. This evidence favors the idea that in the

presence of AQP2 a coordinated modulation of RVD mechanisms

may contribute to accelerate cell cycle.

In addition, we demonstrated that the down-regulation of AQP2-

dependent RVD activity in the S-phase does not correlate with

changes in AQP2 expression or with changes in plasma membrane

Fig. 3. Effect of BaCl2 on cell proliferation and cell cycle distribution in WT- and AQP2-RCCD1 cells. Cells were treated for 48 h with control solution (Vehicle: PBS) or with

0.2mM BaCl2. A: Cell number quantification using a hemocytometer and (B) percentage of BrdUþ cells. Values are presented as the mean� SEM, n¼ 4 experiments,
���P< 0.001. C: Percentage of cells in G1-, S-, and G2/M-phases of the cell cycle, obtained by flow cytometry analysis of PI-stained cells and (D) net effect of BaCl2 treatment on

the distribution of WT- and AQP2-RCCD1 cells throughout the cell cycle, presented as the difference between treated and untreated cells. Data represent the mean� SEM, n¼ 8

experiments, ��P< 0.01.
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water permeability. The lack of AQP2 modulation during the cell

cycle could be simply due to the fact that this water channel is not

native, but stably transfected instead. However, we have shown

previously that in RCCD1 cells AQP2 expression can be largely

modulated in some conditions, such as alkalosis [Rivarola et al.,

2010]. Hence, it is likely that, at least for this cell type, changes in

AQP2 expression/function during the cell cycle are not key factors

to accelerate cell proliferation, supporting the hypothesis that AQP2

plays some other role. The absence of changes in AQP2 expression

between G1- and S-phases in RCCD1 cells contrasts with previous

reports for other AQPs in other cell types. In fact, it was shown that

AQP1 mRNA and protein levels in A5 cells or AQP4 expression in

astrocytes were maximal when most cells were in G1-phase

[Delporte et al., 1996; Yoneda et al., 2001]. However, as functional

assays were not performed in those studies, the question if such

variation in AQPs expression reflects a primary role in modulation

of cell growth remains uncertain.

Our results together with evidence implying a cell-sizing

mechanism that shortens the cell cycle for larger cells [Tzur

et al., 2009]; let us to propose that AQP2-dependent cell volume

control may explain the decrease in cell cycle length observed in the

presence of this water channel. In RCCD1 cells, as in other cell types,

early in the G1-phase volume tends to increase by the intracellular

accumulation of substrates. However, if AQP2 is expressed, a rapid

activation of RVD mechanisms is triggered—allowing an efficient

control of cell volume—to maintain proper concentrations of

Fig. 4. Thymidine synchronization of WT- and AQP2-RCCD1 cells. A: Typical flow cytometry profiles showing the distribution of cell cycle phases normally found in

unsynchronized cells (Control) and the increase of the percentage of cells in the S-phase after a double thymidine block (Thymidine) both in WT- and AQP2-RCCD1 cells.

B: Percentage of WT- and AQP2-RCCD1 cells in each cell cycle phase, either under control conditions or following treatment with thymidine, obtained by flow cytometry

analysis. Data are presented as the mean� SEM of four experiments, ���P< 0.001. C: Representative images ofWT- and AQP2-RCCD1 cells in control or synchronized conditions

(Thymidine). Cells were stained with the plasma membrane marker WGA and nuclei were counterstained with Hoechst. Confocal z-stacks of images were taken from top to

bottom of the cells and were analyzed with Imaris 7.1.0. These images illustrate the cell volume increase observed in both cell lines after thymidine synchronization. Scale bars:

30mm. D: Cell volume values (mm3) were obtained by analyzing three-dimensional reconstructions of the confocal images obtained along the z-axis using Imaris 7.1.0 software.

Data are presented as the mean� SEM for 40 cells from three experiments, ���P< 0.001.
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important factors needed for the regulation of the cell cycle

progression. At some point, AQP2 cell volume control would also

facilitates the down-regulation of RVD activity to let cells increase

their volume in order to proceed into the S-phase. Thus, the volume

of cells arriving into the S-phase will define the transit time through

this phase.

How can cells expressing AQP2 lead to the rapid activation of

specific volume-regulatory mechanisms that are not activated in the

absence of this water channel? Our group and others propose that

the AQPs may function as a component of a sensing-complex

required to activate RVD [Hill et al., 2004; Ford et al., 2005;

Fischbarg, 2006]. Therefore, it is tempting to speculate that during

the G1-phase any signal, such as changes in intracellular ionic

strength, cytosolic pH, membrane voltage, Ca2þ levels, and/or cell

volume, would be efficiently sensed by this complex, inducing the

rapid modulation of RVD channels. However, it cannot be discarded

that in order to increase their volume RVD mechanisms may be

overtaken by RVI ones as described in previous reports [Lang et al.,

1991; Ritter and Wöll, 1996]. We have preliminary data indicating

that AQP2-expressing cells have an increased in the levels of NHE2

isoform of the Naþ/Hþ exchanger, a mechanism involved in RVI

response, and that its blockage inhibits proliferation only in

AQP2-RCCD1 cells (Rivarola et al., unpublished results). Further

experimental efforts are needed to address this complex interplay

between AQPs and RVD/RVI activity at each phase of the cell cycle.

Clarify the mechanisms governing cell volume control by AQP2

would be very important in learning about correct cellular function

as well as about diseases associated with failure in AQP2 expression

and alterations in cell proliferation as in the case of Insipidus

Nephrogenic Diabetes induced by chronic lithium treatment.
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