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ABSTRACT

The transwell chamber migration assay and CCD digital camera imaging techniques were used to investigate the

relationship between regulatory volume decrease (RVD) and cell migration in nasopharyngeal carcinoma cells (CNE-2Z

cells). Both migrated and non-migrated CNE-2Z cells, when swollen by 47% hypotonic solution, exhibited RVD which

was inhibited by extracellular application of chloride channel blockers adenosine 5'-triphosphate (ATP), 5-nitro-2-(3-

phenylpropylamino) benzoic acid (NPPB) and tamoxifen. However, RVD rate in migrated CNE-2Z cells was bigger than

that of non-migrated cells and the sensitivity of migrated cells to NPPB and tamoxifen was higher than that of non-

migrated cells. ATP, NPPB and tamoxifen also inhibited migration of CNE-2Z cells. The inhibition of migration was

positively correlated to the blockage of RVD, with a correlation coefficient (r) = 0.99, suggesting a functional relation-

ship between RVD and cell migration. We conclude that RVD is involved in cell migration and RVD may play an

important role in migratory process in CNE-2Z cells.
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INTRODUCTION

Tumor cell migration is one of the crucial steps in the

metastatic cascade. Cell migration is accompanied by

changes in shape and volume of cells that are thought to

be involved in the cells' ability to move through the nar-

row space [1] and is accompanied by cytoskeletal

reorganization, morphological polarization and membrane

ruffling [2,3].

Two distinct phenomena, regulatory volume decrease

(RVD) and regulatory volume increase (RVI), contribute

to the controls of cell volume by different mechanisms

[4]. RVD is mainly achieved by the activation of separate

volume-regulated K+ and Cl– channels in many cell types

[5]. It has been reported that K+ and Cl– channels are

involved in cell migration, although the exact roles of K+

and Cl– channels in the cell migration is not clear [6]. For

example, spreading of granulocytes, a process related to

migration, depends on Cl– efflux [7]; Locomotion of trans-

formed renal epithelial (MDCK-F) cells is regulated by the

activity of K+ and Cl– channels [8]; Volume-activated Cl–

current contributes to cell shape and volume changes re-

quired for glioma cell migration through brain tissue [9,

10]. Moreover, our previous study also indicate that the

volume-activated Cl– current is involved in migration of

nasopharyngeal carcinoma (CNE-2Z) cells [11].

The aim of this work was to study the role of RVD in

CNE-2Z cells migration. Our results suggest that RVD is

required for the CNE-2Z cells migration.

MATERALS AND METHODS

Cell  preparation
The poorly differentiated nasophyaryngeal carcinoma cells (CNE-

2Z) were prepared by a method described previously [12]. CNE-2Z

cells were grown in culture medium (RPMI 1640 with 10% new-born

calf serum, 100 IU/ml penicillin, and 100 µg/ml streptomycin) at 37ºC

in a humidified atmosphere of 5% CO2 and were subcultured every

other day.

Cell migration
The migration ability of CNE-2Z cells was assessed by an in vitro
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model, transwell migration assay [11]. Cells (3×105) were plated on

top of a culture insert with 12 µm pores (Costar Corporation,

Cambridge, MA), which was situated in a well of a 24-well culture

plate and immersed in the culture medium. The bottom side of the

insert was covered with 10 µl of fibronectin (0.5mg/ml) before

experiments. The cells were incubated at 37ºC for 6 h. The cells on

the upper surface of the insert were then removed using cotton

swabs and those on the bottom side, the migrated cells, were col-

lected by trypsinizing and resuspended in culture medium. The num-

ber of migrated cells was obtained by cell counting using

hemocytometers.

The percentage of migrated cells (migration rate) was calculated

by dividing the total seeded cells (3×105) with migrated cells. The

degree of inhibition of cell migration by inhibitors was calculated by

the equation:

 Inhibition of migration (%) = (Migctrl – Migt) / Migctrl × 100%,

which Migctrl is the migration rate of control cells, Migt is the

migration rate of treated cells.

Measurements of cell volume and RVD
Cell volume and RVD rate were measured using the methods

described by us previously [13, 14].  Cell suspension of control cells

was obtained by trypsinizing cultured cells in a flask and resuspend-

ing them in culture medium. Migrated cells were collected by the

tripsinizing method described above (see Cell migration in Methods).

Control cells or migrated cells was plated onto round coverslips with

22-mm diameter and incubated for about 1-2 h. The coverslips con-

taining cells were then stuck to the base of a perfusion chamber and

mounted onto an inverted microscope (Olympus, Japan). The bath

volume was 0.5 ml. Solutions were supplied and exchanged by a

continuous perfusion system with an inflow rate of 4 ml/min. All

experiments were carried out at room temperature (20-24ºC). Cell

images were captured by a CCD digital camera (4910, Cohu Inc.,

USA) that was connected to the microscope. During the RVD

experiments, cell images were taken every 60 s. The acquisition of

cell images was controlled by the Scion image processor and analysis

software (Scion Corporation, USA). RVD experiments were per-

formed using the following protocols: cells were bathed in an iso-

tonic solution for 10 min (only 5 images of the last 5 min were

taken), in a hypotonic solution (or a hypotonic solution with Cl-

channel blockers) for 20 min and then in isotonic conditions for 5

min. The cell images were analyzed by the computer software and

RVD levels were calculated. Cell volume was computed from cell

diameter. The level of regulatory volume decrease (RVD) was calcu-

lated using the equation:

RVD (%) = (Vmax – Vmin) / (Vmax – V0) × 100%,

which V0 is the cell volume in isotonic solution before hypotonic

shock, Vmax the peak volume in hypotonic solutions and Vmin the

volume before returning to isotonic solution.

The percentage of block of RVD by inhibitors was calculated

using the equation, inhibition of RVD (%) = ( RVDctrl – RVDt ) /

RVDctrl × 100%, which RVDctrl is the RVD in control cells, RVDt is

the RVD of cells treated with inhibitors.

Solutions and chemicals
The isotonic bath solution contained (mM): 70 NaCl, 0.5 MgCl2,

2 CaCl2, 10 HEPES, and 140 D-mannitol. The osmolarity was mea-

sured by depression of the freezing point using an osmometer

(Osmomat 30, Gonotec, Berlin, Germany). The isotonic solution

was adjusted to 300 mOsM with D-mannitol. The hypotonic bath

solution was obtained by omitting 140 mM of D-mannitol from the

solution, giving an osmolarity of 160 mOsM (47% hypotonicity).

The pH of the bath solutions was adjusted to 7.4 with Tris base. The

buffer used to wash cells contained (mM): 125 NaCl, 5 KCl, 10

NaHCO3, 10 HEPES, 5 glucose, 20 sucrose and was adjusted to pH

7.4. Stock solutions of 100 mM Adenosine Triphosphate (ATP),

100 mM 5-nitro-2-(3-phenylpropylamino)benzoic Acid (NPPB) and

50 mM tamoxifen were prepared, respectively, by distilled water,

DMSO or methanol. All chemicals were purchased from Sigma.

Statistics
Values were expressed as mean ± S.D. (number of observations).

ANOVA was used to test for significant differences and P < 0.05 was

taken to be significant. All experiments were repeated at least four

times.

RESULTS

Up-regulation of RVD capacity in migrated CNE-2Z

cells

Migrated and non-migrated cells were harvested, re-

suspended in normal culture medium, plated onto glass

coverslips and incubated for 1-2 h. RVD experiments were

A  Iso B  Hypo 1min

C Hypo 20min D 5min after return to Iso

20 µm

Fig. 1 Cell images in 47% hypotonic challenges. Phase-contrast im-

ages showed the response of CNE-2Z cells to a hypotonic solution.

Perfusion of the cells with 47% hypotonic solution swelled the cells

(B, Hypo 1 min). Cell swelling induced an incomplete regulatory

volume decrease (C, Hypo 20 min). On returning to isotonic

conditions, cell volume decreased below its control value (D). Iso,

cells in isotonic condition (A). Hypo 1, or Hypo 20: cell images

acquired at 1 min or 20 min after bathing in 47% hypotonic solution.
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then performed. Under the experiment conditions, cells

were round (Fig. 1). Cell volume was computed from cell

diameter.

Both migrated and non-migrated cells exhibited a simi-

lar style of responses in RVD experiments. Cell size was

stable when cells were bathed in isotonic condition. Ex-

posing cells to 47% hypotonic solution swelled the cells.

Cell swelling appeared in 30-60 s and reached a peak in 1-

2 min. Cell volume increased by 47.6 ± 1.8% in non-mi-

grated cells (22 cells in 4 experiments, P < 0.01) and by

47.1 ± 3.0 % in migrated cells (21 cells in 4 experiments,

P < 0.01). There was no significant difference between

the two groups in swelling (P > 0.05). After the peak of

swelling, each cell showed a subsequent RVD response.

Cell volume decreased gradually although cells were still

bathed in hypotonic solution, but cells could not regain

completely their initial size. When the bath was returned

to the isotonic condition, cells shrank before they regained

the control size in both groups. Fig. 1 showed the re-

sponses of non-migrated CNE-2Z cells during a 47% hy-

potonic challenge.

As shown above, migrated and non-migrated cells re-

sponded to the hypotonic stimulation in a similar style.

The degree of cell swelling was not significantly different

between the two groups. However, the rate of cell volume

regulation was differentiated. The RVD rate in migrated

cells was higher than that in non-migrated cells (Fig. 2).

In migrated cells, the standardized cell volume decreased

from 147.1 ± 3.0% on the swelling peak to 114.1 ± 2.3%

in 20 min although still bathed in the hypotonic solution

(n=21, P < 0.01). Cell volume recovered by 70.9 ± 4.2%,

which was significantly different to that in non-migrated

cells (P < 0.05). The volume of non-migrated cells recov-

ered only by 52.8 ± 5.6 % (from the standardized volume

of 147.6 ± 1.8 % on swelling peak to 122.5 ± 1.9 % in 20

min, n = 22, P < 0.01).

Susceptiveness of migrated CNE-2Z cells to Cl–chan-

nel blockers

As shown above, RVD capacity was up-regulated in

migrated CNE-2Z cells. Our previous study demonstrated

that Cl– outflow via volume-sensitive chloride channels was

one of the key mechanisms of RVD in CNE-2Z cells [15].

Would the susceptiveness of migrated CNE-2Z cells to Cl–

channel blockers also be modifided?

The results demonstrate that extracellular application

Cl– channel blockers ATP, NPPB and tamoxifen inhibited

RVD in both migrated and non-migrated CNE-2Z cells (Fig.

3). ATP in the final concentration of 10mM inhibited RVD

by 95.9 ± 7.7% (20 cells in 5 experiments) in migrated

cells, which was not significantly different from that of

91.2 ± 2.5 % (15 cells in 5 experiments) in non-migrated

cells (P > 0.05). However the inhibitory effects of NPPB

and tamoxifen were different between the migrated and

non-migrated cells. NPPB (100 µM) and tamoxifen (20

µM) inhibited respectively the RVD by 91.2 ± 1.9% (22

cells in 5 experiments, P < 0.01) and 98.2 ± 6.5% (20

cells in 5 experiments, P < 0.01) in migrated cells, but

only by 60.1 ± 3.1% (20 cells in 5 experiments, P < 0.01)

and 61.2 ± 2.1% (29 cells in 8 experiments, P <0.01) in

non-migrated cells. The results indicated that the inhibi-

tory effects of NPPB and tamoxifen were stronger on

migrated cells than those on non-migrated cells (P < 0.

01).

In the experiments, DMSO and methanol were used to

prepare NPPB and tamoxifen solutions respectively. The

final concentrations of them in experiments were 0.1%

and 0.04%. The effects of these chemicals on RVD were

tested. The results showed that 0.1% DMSO or 0.1%

methanol in these concentrations did not significantly alter

the RVD.

Inhibition of CNE-2Z cell migration by Cl– channel

blockers

The results of transwell migration assay demonstrated
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Fig. 2  Regulatory volume decrease (RVD) in migrated and non-

migrated CNE-2Z cells. The figure shows the time courses of re-

sponses of migrated and non-migrated cells to 47% hypotonic stimu-

lus (21 and 22 cells, respectively, in four experiments). The hypo-

tonic solution swelled the cells and induced an RVD when still bathed

in the hypotonic solution. RVD level was higher in migrated cells

than in non-migrated cells. Data in the figure represents the mean ± S.

D.  *, P < 0.01 (vs migrated cells).
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that CNE-2Z cells possessed the ability to migrate across

the pored filter membrane. 11. 7 ± 1.6% (5 experiments)

of seeded cells migrated to the bottom side of the filter

membrane in 6 h. However in the presence of Cl– channel

blockers, tamoxifen, NPPB or ATP, cell migration was sig-

nificantly inhibited. Fig. 4 showed representative fields of

CNE-2Z cells that successfully migrated across the cham-

ber filters in the presence (Fig. 4C) or absence (Fig. 4B)
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Fig. 3 Effects of Cl- channel blockers on RVD in migrated and non-migrated CNE-2Z cells. A 47% hypotonic solution activated RVD

in migrated cells and non-migrated cells (indicated by migrated and non-migrated, copied from Fig. 2). In both groups, the RVD was

inhibited by extracellular application of Cl– channel blockers ATP (A, 10 mM), NPPB (B, 100 µM), or tamoxifen (C, 20 µM). NPPB

and tamoxifen are less effective in non-migrated cells than in migrated cells. (D) The blockers were added to the bath solutions 5 min

before and during the hypotonic shocks (showed by the bar). Data in the figure represents the mean ± S.D.
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of 20 µM tamoxifen. Migration of CNE-2Z cells was re-

duced in the presence of tamoxifen. In Fig. 4B and 4C,

attractant fibronectin was presented on the bottom side of

the filter membranes. In the absence of fibronectin (Fig.

4A), cells did not migrate or only a few cells migrated

through the pores. Fig. 4A showed the pores of the filter

membrane without migrated cells.

The quantitative effects of Cl– channel blockers NPPB,

ATP and tamoxifen on migration of CNE-2Z cells were

shown in Tab. 1. All three blockers, which had been shown

to suppress RVD process of CNE-2Z cells, exhibited in-

hibitory effects on CNE-2Z cell migration. The inhibition

by 20 µM tamoxifen (43.20 ±2.47 %, n = 5) was stronger

than that by 100 µM NPPB (28.81 ±3.71 %, n = 5) and

Tab. 1 Effects of Cl– channel blockers on CNE-2Z cell migration

Group

Control

ATP

NPPB

Tamoxifen

DMSO

Methanol

Number (n)

      5

      5

      5

      5

      5

      5

Concentration

    1000 µM

      100 µM

        20 µM

        0.1 %

        0.1 %

Migration (%)

11.67 ± 1.64

  8.47 ± 1.58*

  8.31 ± 1.09*

  6.79 ± 0.83**

11.64 ± 1.52

  11.8 ±  2.11

Inhibition (%)

27.48 ± 3.69

28.81 ± 3.71

43.20 ± 2.47

–0.85 ± 0.14

  1.53 ± 0.15

Data are mean ± S.D. * P < 0.05, ** P <0.01 (vs control).
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Fig. 4 Inhibitory effects of Cl- channel blockers on CNE-2Z cell migration. Figures show the migrated cells on the bottom side of the

polycarbonate membranes stained with hematoxylin and eosin. They were observed by light microscopy at a magnification of ×100

and captured by the CCD digital camera. A-C, photomicrographs of the bottom side of filters without attractant fibronectin (FN) (A),

with fibronectin (B), and with fibronectin plus 20 µM tamoxifen (C). D is the quantitated summary of the experiment illustrated in

A-C. A shows the pores of the filter membrane without migrated cells.

D



376

Regulatory volume decrease and cell migration

 Cell Research, 15(5):371-378, May 2005 | www.cell-research.com

0               20             40              60             80

0                20               40               60               80

Inhibition of RVD (%)

Inhibition of RVD (%)

50 µΜ  NPPB

10 µM  tamoxifen

20 µΜ  tamoxifen

30 µΜ  tamoxifen

100 µm NPPB

Control

10 µM

20 µM

30 µM

1 mM  ATP

Tamoxifen

Control

Concentration of tamoxifen (µM)

0        10        20        30 0        10        20        30

60

40

20

0

60

40

20

0

In
h
ib

it
io

n
 o

f 
m

ig
ra

ti
o
n
 (

%
)

In
h
ib

it
io

n
 o

f 
m

ig
ra

ti
o
n
 (

%
)

80

60

40

20

0

60

40

20

0

In
h

ib
it
io

n
 o

f 
R

V
D

 (
%

)

In
h

ib
it

io
n

 o
f 

m
ig

ra
ti

o
n

 (
%

)

A B

C

D

Fig. 5 Correlation between CNE-2Z cell migration and RVD. (A, B)

present dose-dependent inhibitions of RVD and migration by

tamoxifen. Plotting of the inhibition of cell migration against the

inhibition of RVD by various concentrations of tamoxifen (C) or by

different blockers (D) indicated that the inhibition of RVD was posi-

tively correlated to the inhibition of migration. The lines in C and D

were obtained by fitting the data with a linear equation. Data are

mean ± S.D. of at least three experiments for each group.

1mM ATP (27.48 ±3.69 %, n = 5). Because of the toxicity

of ATP in high concentration (10 mM of ATP decreased

significantly cell viability), the effect of 10 mM ATP on

cell migration rate was not tested.

In the experiments, the effects DMSO and methanol,

which were used to prepare NPPB and tamoxifen solu-

tions were evaluated. Treatment of cells with 0.1%DMSO

or 0.1% methanol did not significantly affect cell migration.

Moreover, neither of them in the indicated concentrations

showed any cellular toxicity in the period of 6 h.

Correlation between RVD and cells migration dem-

onstrated by chloride channel blockers

As shown above, the RVD rate of migrated CNE-2Z

cells was larger than that of non-migrated cells. Chloride

channel blockers ATP, NPPB and tamoxifen inhibited cell

migration as well as RVD. To analyze the relationship be-

tween the RVD and cell migration, the effects of chloride

channel blockers on RVD and on cell migration were stud-

ied further.

Fig. 5A and 5B showed that both RVD and migration of

CNE-2Z cells were inhibited by tamoxifen in a dose-de-

pendent manner. Plotting of the inhibition of cell migration

against the inhibition of RVD indicated that the inhibition

of RVD was positively related to the inhibition of migra-

tion (Fig. 5C). The correlation coefficient (r), obtained by

fitting the data in the figure with a linear equation y = y0 +

ax, was 0.99 (P < 0.01).

Analysis of all the data obtained (1 mM ATP; 50 and

100 µM NPPB; 10, 20 and 30 µM tamoxifen) also indi-

cated a linear correlation between the inhibition of RVD

and that of cell migration, with a correlation coefficient of

0.93 (P < 0.01) (Fig. 5D).

DISCUSSION

RVD and cell migration

This study demonstrated that RVD rate was higher in

migrated cells than in non-migrated cells. The data impli-

cate that RVD process is involved in cell migration. Our

previous studies demonstrated that Cl– outflow through

volume-activated chloride channels was one of the key

factors involved in RVD in nasopharyngeal carcinoma cells

(CNE-2Z cells) [15]. In this study, we showed that chlo-

ride channel blockers inhibited cell migration as well as

RVD in CNE-2Z cells. The inhibition of cell migration was

positively related to the suppression of RVD in CNE-2Z

cells. The results suggest that RVD process is involved in

cell migration in CNE-2Z. How is RVD involved in cell

migration?

It is known that cells must change their shape during

migration, especially when migrating through narrow pores.

A migrating cell is typically polarized when the cell is crawl-

ing over a two-dimensional surface. The front is formed

by a flat, organelle-free, fan-like process, the so-called

lamellipodium. The rear end is formed by the prominent

cell body that extends into a uropod [6].
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It is proposed that salt and osmotically obliged water

uptake mediated by the parallel operation of Na+/H+ and

Cl–/HCO3
– exchange as well as Na+-HCO3

– cotransport at

the front of migrating cells contribute to the extension of

the lamellipodium [4, 16, 17]. Increasing volume and mem-

brane tension eventually trigger massive ion efflux, result-

ing in a local shrinkage of the rear part. The shrinkage of

the rear part is similar to the process of regulatory volume

decrease in a cell. Thus, RVD may be involved in cell

migration via the RVD process happening in the rear part

of cells. It has been reported that the distribution of ion

channels and transporters is polarized in migrating cells

[4].

 RVD may also affect cell migration by controlling cell

volume. It has been shown that cell volume changes is

associated with cell migration [18]. Among others, cy-

toskeleton may be an important factor to associate cell

volume with migration. Cytoskeleton is important for cell

migration as well as for cell volume regulation. Cell vol-

ume regulation and the cytoskeleton are closely interre-

lated with each other. Cell volume regulation depends on

an intact actin cytoskeleton [19], and perturbations of cell

volume themselves change the polymerisation of actin

filaments. Cell swelling is accompanied by a disintegra-

tion of actin filaments, and cell shrinkage is followed by

an assembly of actin filaments [20, 21]. Cell migration – a

process in which a complex and co-ordinated turnover of

actin filaments is of central importance [2, 22, 23] – also

relies on cell volume homeostasis. The interdependence

of actin filaments and cell volume indicates the impor-

tance of cell volume regulation in cell migration.

Chloride channels and cell migration

Our results showed that not only the rate of RVD in

migrated CNE-2Z cells was up-regulated, but also the sen-

sitivity of RVD to chloride channel blockers was changed.

The inhibition of RVD by chloride channel blockers, NPPB

and tamoxifen, was stronger in migrated CNE-2Z cells

than in non-migrated cells. This indicates that the mecha-

nisms underlying RVD were modulated during the pro-

cess of CNE-2Z cell migration or in migrated cells. This

modulation may facilitate cell migration.

Our previous studies demonstrated that the functional

expression of volume-activated chloride channels was up-

regulated in migrated CNE-2Z cells and the properties of

the volume-activated chloride current and the sensitivity

of the current to Cl- channel blockers were changed [11].

The inhibition of NPPB and tamoxifen on the current was

stronger in migrated cells than in non-migrated cells. These

changes were coincident with the changes of RVD in this

study. These suggest that modulation of volume-activated

chloride channels or their expression is one of the key

mechanisms underlying RVD change in migration and this

change was required for CNE-2Z cell migration.

The main mechanisms underlying RVD in many cells

are the activation of K+ channels and chloride channels,

followed by the osmotic outflow of water. It has been

reported that K+ channels play important roles in cell mi-

gration [6, 24, 25, 26] and are functionally and structur-

ally polarized distributed in the rear part of migrating cells

and this polarization facilitates cell migration [6]. In CNE-

2Z cells, activation of Cl- channels is one of the key fac-

tors for RVD process [12]. Block of Cl- channels inhibits

RVD and cell migration. Whether volume-activated chlo-

ride channels bear the polarizing property to facilitate cell

migration is not clear.
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