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Abstract. Rat thymocytes displayed robust regulatory volume decrease (RVD)
when suspended in NaCl-based hypotonic Ringer solutions. The RVD of thymo-
cytes was completely abolished upon replacement of external Na™t ions with KT,
indicating a role of coupled efflux of K™ and CI~ ions as a driving force of regu-
latory volume decrease. Osmotic water permeability (P;) measured in KCl-based
hypotonic solutions was (1.3 £ 1.0 x 107 c¢m/s at 25°C and was temperature-
dependent with low activation energy (E, = 4.65 & 0.77 kcal/mol) characteristic
to water transport through pores. HgCls and a sulfhydryl-blocking reagent, methyl
methanethiosulphonate (MMTS), modulated the water permeability of thymocytes
in a biphasic manner: inhibited at low dose (0.1-1 pmol/l) and restored or even
enhanced at higher (10-100 pmol/1) concentrations. RVD paralleled the P;: it was
greatly suppressed at low dose of MMTS (sufficient to attenuate the water trans-
port), but recovered at higher dose, when the water movement was restored. There-
fore we suggest that thymocytes require the effective water transport for functional
regulatory volume decrease.
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Introduction

Virtually all cells go through osmotic transitions during lifetime, since both intra-
cellular metabolism and membrane transport are expected to produce fluctuations
in concentrations of osmotically active constituents. Cell volume regulation is a
widespread phenomenon and enables cells to maintain their normal volume. In
most cells, hypotonic stimulation activates potassium and chloride transporting
pathways resulting in eflux of both ions and osmotically obligated water from the
cells, a process termed regulatory volume decrease (RVD) (Strange et al. 1996;
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Nilius et al. 1997; Okada 1997; Rouzaire-Dubois et al. 1999; Bostel et al. 2001).
Recent studies have shown that RVD machinery in general and volume-activated
ion channels in particular are involved not only in volume regulation, but also in
cell proliferation (Voets et al. 1995, 1997; Rouzaire-Dubois and Dubois 1998; Won-
dergem et al. 2001) and apoptosis (Maeno et al. 2000; Okada et al. 2001; Okada
and Maeno 2001). During cells swelling and shrinkage, one may anticipate massive
transport of water through the cell plasma membrane. Recent studies have shown
that basal lipid matrix water permeability is not sufficient for effective volume reg-
ulations, and expression of specialized water channels is required for effective RVD
process in epithelial cells (Kida et al. 1998; Morishima et al. 2001).

Thymocytes are immature lymphocytes that undergo negative selection by
T-cell-receptor (TCR)-induced apoptosis in thymus before being released to the
bloodstream. Developing T-cells proliferate in thymus during maturation and later
upon antigen-stimulation (Savino and Dardenne 2000). Although it is expected
that RVD machinery is involved in these processes, cell volume regulation of thy-
mocytes and water movement during their volume changes is poorly studied. In
the present paper we have shown that the osmotic water permeability (Pr) of rat
thymocytes and its activation energy is similar to water channel-mediated trans-
port. The water permeability was suppressed by the water channel blockers, HgCl,
and metyl methanethiosulphonate (MMTS), suggesting involvement of specialized
water channels. The RVD efficiency paralleled the water permeability modulation
by MMTS suggesting the necessity of effective water transport for thymocyte cell
volume regulation.

Materials and Methods

Solutions

Normal NaCl-based Ringer solution contained (mmol/1): 140 NaCl, 6 KCl, 15
HEPES, 1 CaCly, 1.5 MgCl,, pH = 7,4. Osmolality of this solution was 300 + 2
mosmol/kg HoO as measured by a freezing-point depression osmometer (OM802,
Vogel, Germany). In KCl-based Ringer solution, all NaCl was replaced with KCI.
Hypotonic solutions were prepared by mixing these Ringer solutions with H-buffer
of following composition (mmol/1): 15 HEPES, 1 CaCly, 1.5 MgCly, pH = 7,4
(34 £+ 2 mosmol/kg Hy0). Osmolalities of hypotonic solutions were calculated from
the formula:

Il = {xVe + OuVa)/(Va + Vi) (1)

where Iz and Iy are osmolalities of Ringer and H-buffer solutions and Vx and
Vi are respective volumes. The ratios and calculated final osmolalities of these
solutions are given in Table 1. Glucose was not added in these solutions in order
to exclude the effect of glucose transport in cell volume changes.
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Table 1. Composition and tonicity of hypotonic solutions

No. Ringer H-buffer Final osmolality Osmotic gradient

(ml) (ml) (mosmol/kg H20) (mosmol/kg H20)
1 7 0 300 0
2 6 1 262 38
3 5 2 224 76
4 4 3 186 114
5 3 4 148 152
6 2 5 110 190

The final osmolalities of hypotonic solutions were calculated according to the formula (1)
as described in Materials and Methods.

Cells

Cell isolation was performed as described previously (Sabirov et al. 1993). Briefly,
thymi were dissected from 100-150 g weighing Wistar rats (6-8 weeks old) ac-
cording to a standard procedure (Hunt 1990). The cells were washed 2-3 times
by NaCl-based Ringer solution containing in addition 5 mmol/] glucose and resus-
pended in this medium at a final concentration of 100 x 106 cell/ml. The suspension
contained no more than 5% of damaged cells as assayed by trypan blue exclusion.

Cell volume measurement

Light transmittance measurement was used as an indicator of lymphocyte cell vol-
ume changes (Hempling et al. 1977; Sabirov et al. 1993). 900 ul of medium was
added to the 1.5 cm®glass cuvette thermo stated with a water jacket and equili-
brated for 10 min. An aliquot (100 ul) of cell suspension was added to this medium
and the light transmittance was measured at 610 nm (band-pass filter) using a
photometer MKMF-01 (LOMO, St. Petersbourg, Russia). The output signal was
continuously recorded using a chart recorder, scanned and digitized using Graph
Digitizer 2.15 software (a shareware from N. Rodionov). In some experiments, cell
diameter was determined by light microscopy using ocular micrometer with linear
resolution of 0.1 pm.

Chemicals

Methyl methanethiosulphonate (MMTS) from Sigma (St. Louis, MO, USA) was
diluted from 100 mmol/1 stock solution to the final concentrations indicated. Vehicle
dimethylsulfoxide (DMSO) at the same dose (no more than 0.1%) did not have any
effect on the recorded signals. HgCly was dissolved in water.

Data analysis

Data were analyzed with Origin 5.0 (MicroCal Software, Inc., Northampton, MA,
USA). Pooled data are given as means + SEM of n observations. If not indicated,
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the data plotted in figures represent mean values of triplicate measurements from
two different animals (n = 6).

Results

The light transmittance signal of thymocytes suspension in isotonic solution was
stable during 20-30 minutes of recording indicating that cell sedimentation rate is
low and does not contribute to the light transmittance change in these experimen-
tal conditions. Since osmotic cell swelling and following regulatory volume changes
occurred within this time period, we did not use stirring throughout this study. Thy-
mocytes suspended in NaCl-containing hypotonic medium displayed fast swelling
followed by a robust regulatory volume decrease in osmotic gradient-dependent
manner (Fig. 1A). At relatively low osmotic gradients (solution with final osmolal-
ity of 262 mosmol/kg HoO) cell volume recovery was complete whereas at higher
gradients cells remained partially swollen even after long period of recording. In
general, this residual swelling was larger for higher osmotic gradients, although the
absolute level was variable and in some instances we observed full recovery even in
hypotonic 148 mosmol/kg H2O solution. Substitution of Na™ ions with K ions in
hypotonic solutions completely abolished the regulatory volume decrease and cells
remained swollen for all along the experiments (Fig. 1B). This result suggests that
potassium ion gradient is a driving force for the whole RVD process, consistent
with previous findings of Soler et al. (1993) and Arrazola et al. (1993).

Since RVD may mask the passive osmotic response to hypotonic stress, we
used KCl-based hypotonic solutions for further measurement of Pr. Fig. 2A shows
the steady-state light transmittance (measured 10 min after osmotic challenge) as a
function of medium osmolality. The signal was roughly linear in the range of 200—
300 mosmol/kg H2O, but deviated from linearity at very low osmolalities (seen
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<1 262 <
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Figure 1. Representative records of light transmittance T of thymocyte suspension in the
medium with different osmolality. A. Cells were suspended in NaCl-based Ringer solutions
with indicated osmolalities. B. Cells were suspended in KCl-based Ringer solutions with
indicated osmolalities.
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Figure 2. A. Relation between steady-state light transmittance and osmolality of KCl-
based medium. B. Linear correlation between cellular volume measured by light mi-
croscopy and light transmittance. Numbers next to data indicate solution osmolality.

also in Fig. 1B) possibly due to cell damage upon sever osmotic shock. Cell volume
calculated from the cell diameter measured by light microscopy (see Methods)
was a linear function of light transmittance (Fig. 2B). The linear regression (solid
line in Fig. 2B) was further used for calculation of cell swelling rate from initial
slope of light transmittance changes upon hypotonic stress (0.5-3 min after osmotic
challenge) in KCl-based solutions.

Cell swelling rate was a linear function of osmotic gradient in whole range
of osmolalities and temperatures tested (Fig. 3A). This result suggests that even
at very low osmolalities, the initial (within 1 min after osmotic challenge) stage
of cell swelling was not deteriorated considerably. We suppose that prolonged ap-
plication of severe osmotic stress (necessary for steady-state light transmittance
measurements in KCl-based solutions) leads to cell damage and results in nonlin-
ear dependence of light transmittance on medium osmolality shown in Fig. 2A.

P; was obtained from the relationship (Zhang and Verkman 1991; Sabirov et
al. 1998):

dV/dt = P:SV, Al (2)

where dV/dt is the cell swelling rate; S is the lymphocyte surface area (cm?)
calculated from cell diameter d as S = m - d?, Vi, is the partial molar volume
of water (18 cm®/mol) and Al is the osmotic gradient (mosmol/kg H20).

Linear slope of the data at 25°C yielded P; = (11.3 £ 1.0) x 10~* c¢m/s. This
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Figure 3. Temperature-dependence of water permeability of thymocytes. A. The rate
of cell swelling as a function of osmotic gradient at different ambient temperatures. B.
Osmotic water permeability of rat thymocytes was calculated from the linear slope of rate
of cell swelling as a function of osmotic gradients ranged from 76 to 190 mosmol/kg HoO
(data from Fig. 3A; see Eq. 2) and plotted as a function of temperature. Inset: the same
data are shown as an Arrhenius plot.

value is within the range found for various cell types (Verkman et al. 1996). P of ar-
tificial lipid bilayers can be as low as 2.3 x 104 cm/s for sphingomyelin/cholesterol
membranes and as high as 48 x 10~% ¢cm/s for egg phosphatidylcholine at 25°C (Fet-
tiplace and Haydon 1980). Therefore, the absolute value of Pt is not informative in
terms of mechanism of water transport.

The apparent activation energy is commonly used to distinguish between mech-
anisms by which water traverse the membrane. In our experiments, cell-swelling
rate decreased when the ambient temperature was lowered down to 8°C, and in-
creased when the temperature was raised up to 45°C (Fig. 3A). Pr was a hyperbolic
function of temperature. The inset in Fig. 3B shows an Arrhenius plot for deter-
mination of the activation energy (E,) of Pr. The slope of this linear function gave
E, = 4.65 £ 0.77 kcal/mol. This value is lower than that typically found for water
movement through artificial lipid bilayers and natural membranes without water
channels (10-15 kcal/mol, Fettiplace and Haydon 1980; Verkman et al. 1996). The
E, in our experiments was close to the activation energy of viscose water flow and
water movement through membranes containing aquaporins (4-5 kcal/mol, for re-
view see Verkman et al. 1996). Therefore, our data suggest that thymocyte plasma
membrane may contain specialised water channels, aquaporins, to facilitate osmotic
water transport.
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Aquaporins are sensitive to Hg?T ions due to presence of highly conserved
cystein residue in the water-permeating pathway (Kozono et al. 2002). In our ex-
periments, relative cell swelling rate was inhibited by app. 20% in the presence of
1 pmol/1 HgCly (Fig. 4A). Increasing the concentration of HgCly led to recovery of
cell swelling rate to its initial level (10 pmol/1) or even slightly higher (100 pmol/1).
A selective SH-modifying reagent, MMTS, can be alternatively used as a relatively
specific inhibitor of aquaporin water transport (Kida et al. 1998; Morishima et al.
2001). In our experiments, low dose of MMTS (0.1 pmol/l) inhibited the P: by
about 20% (Fig. 4B). This result indicates that a sulfhydryl group (presumably of
a specific water channel) is involved in water transport through thymocyte plasma
membrane. At higher concentrations of MMTS (1-10 gmol/1), the cell-swelling rate
restored to its initial value and even increased when higher dose of 100 ymol/1 was
applied. Recent studies have shown that some aquaporins (AQP6) can be activated,
not inhibited, by Hg?t (Yasui et al. 1999). We suppose that MMTS effect at high
concentrations may reflect opening of AQP6-like water transporting pathway in
thymocytes plasma membrane.

Cell volume regulation is associated with massive flux of water during swelling
and recovering phases of RVD, and inhibition of water transporting pathways can
greatly suppress the whole RVD process (Kida et al. 1998; Morishima et al. 2001).
Our attempts to test the effect of HgCls on thymocytes cell volume regulation
were unsuccessful. The poor reproducibility of cell volume recovery observed in the
presence of HgCls might be due to known toxicity of this drug. In contrast, less
toxic MMTS produced more reproducible results. We found that MMTS at low
dose completely abolished the volume recovery of rat thymocytes after swelling
upon hypotonic stimulation in NaCl-based Ringer solution (Fig. 4C). Consistent
with the increase in water permeability at higher dose (Fig. 4B), further increase
in MMTS concentration restored the regulatory volume decrease of thymocytes
(Fig. 4C). Therefore, we conclude that Pr is one of key determinants of regula-
tory volume decrease machinery of rat thymocytes. Degree of volume recovery
estimated 15 min after the hypotonic challenge is summarized in Fig. 4D. Note
that RVD restoration required higher dose of MMTS than cell swelling rate: at 1
pmol/1 MMTS water permeability was already close to the control value (Fig. 4B)
while no signs of volume recovery could be observed on Fig. 4C. Such quantita-
tive discrepancy might be related to the different time scale of the experiments:
volume recovery needed much longer observation during which the effective local
concentration of the drug could change. MMTS at 100 pumol/l not only restored
the initial cell volume but also induced cell shrinkage after about 5 min (Fig. 4C
and D). Such overshoot might be related to the function of AQP6-like channels
as poorly selective anion channels (Yasui et al. 1999; Hazama et al. 2002) that
may mediate additional eflux of cytosolic osmolytes. Neither HgCl, nor MMTS
affected the thymocyte cell volume in isotonic conditions at the concentrations
used, excluding a possible non-specific effect of these drugs on plasma membrane
permeability.
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Figure 4. Effect of water channel blockers, HgCl, and MMTS, on water permeability
(A and B) and cell volume regulation (C and D) of thymocytes. A. and B. KCl-based
Ringer solution (148 mosmol/kg H2O) was used to assess the water permeability in the
presence of HgCla and MMTS, respectively. Relative cell swelling rate is expressed as
percentage of cell swelling rate measured in control medium without the drugs. C. Rep-
resentative traces of light transmittance change for cells suspended in NaCl-based Ringer
hypotonic solution (Hypo) (148 mosmol/kg H20O) in the absence (Hypo, 0 pmol/l) and
presence of MMTS at indicated concentrations. The time course of light transmittance in
isotonic solution (ISO) (300 mosmol/kg H20) is shown as Iso, 0 gmol/l. Vertical scale bar
represents light transmittance change (AT). D. Cell volume recovery was estimated as
(Tmax — To)/(Tmax — T15) x 100 %, were T and Tmax are the light transmittances before
the hypotonic challenge and at the peak of cell swelling, Ti5 is the light transmittance
measured 15 min after the hypotonic challenge.

Discussion

Bone marrow-derived T-cell precursors rapidly proliferate in thymus. Most of them
eventually die by apoptosis during positive and negative selection for self-reactive
cells, and this culminates in the production of correctly selected, non-autoreactive,
peripheral T lymphocytes (Savino and Dardenne 2000). Both cell proliferation and
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apoptosis require fully functional cell volume regulation system, as impairing RVD
by blocking volume-sensitive channels was shown to inhibit cell proliferation and
differentiation (Voets et al. 1995, 1997; Rouzaire-Dubois and Dubois 1998; Won-
dergem et al. 2001), as well as apoptotic cell death (Maeno et al. 2000; Okada and
Maeno 2001; Okada et al. 2001). Consistent with previous findings (Arrazola et al.
1993), we observed robust regulatory volume decrease of thymocytes suspended in
NaCl-based hypotonic Ringer solutions. The RVD of thymocytes was completely
abolished upon replacement of external Nat ions with K, indicating a role of cou-
pled efflux of KCl as a driving force of regulatory volume decrease. The pathway for
KCl extrusion was suggested to be KT-Cl~ cotransporter based on its sensitivity
to a specific KT-Cl~ cotransport inhibitor, DIOA (Arazola et al. 1993; Soler et al.
1993). This feature differentiates the immature thymic T-cells from peripheral lym-
phocytes, where a role of separate potassium and chloride channels was proposed
(Grinstein and Foskett 1990; Cahalan et al. 2001).

Feray et al. (2000) observed extensive magnesium efflux associated with cell
swelling when thymocytes were placed in 150 mmol/1 KClI solution. In contrast, we
did not detect any swelling in isotonic high potassium Ringer solution (Fig. 1B).
This difference appears to be due to difference in divalent cation content of extra-
cellular solutions: no divalents were added by Feray et al. (2000), whereas in our
experiments high-K* solutions contained millimolar concentration of Ca?* and
Mg?*, potent regulators of multitude of cell physiological functions (Chattopad-
hyay and Brown 2000).

Cell volume changes are associated with a massive movement of water in and
out of the cells. Physiologically meaningful water transport usually occurs via spe-
cialised water channels, aquaporins (Verkman et al. 1996; Kozono et al. 2002).
In our experiments, thymocytes displayed a moderate osmotic water permeability
with low activation energy characteristic to water transport through pores. More-
over, the sulthydryl-blocking reagents, HgClo and MMTS, modulated the water
permeability of thymocytes in a biphasic manner: inhibited at low dose and en-
hanced at higher concentrations. This result may suggest that different types of
water transporting proteins are expressed on the plasma membrane of thymocytes.

Recent findings showing that inhibition of water permeability of human in-
testinal epithelial cells results in complete abolishing of regulatory volume decrease
(Kida et al. 1998; Morishima et al. 2001) prompted us to verify this hypothesis
in case of thymocytes. Indeed, in our experiments, RVD was coupled to the F; :
MMTS at low dose attenuated water transport and greatly suppressed the RVD,
whereas at higher dose the water movement was restored, as well as regulatory
volume decrease. Therefore we suggest that thymocytes resemble epithelial cells
in their requirement for the effective water transport during RVD. It remains to
be verified whether such requirement is a common property of regulatory volume
decrease machinery in other cell types.

It should be noted, that neither Hg?* nor MMTS are highly selective for
aquaporins. Thus, Hg?* inhibits ROMK and HERG potassium channels as well as
various transporters (Moschen et al. 2001), whereas MMTS was reported to affect
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ryanodine receptors (Quinn and Ehrlich 1997) and K-Cl fluxes in sheep erythrocytes
(Lauf 1988; Ryu and Lauf 1990). As potassium and chloride channels as well as
K-CI cotransport system are known to contribute to RVD in variety of cells, direct
effect of HgClo and MMTS on channels and transporters functionally expressed
in thymocytes needs to be assessed in separate electrophysiological and ion flux
experiments.

Most of the water channel expression studies focus on specialised water trans-
porting tissues, such as kidney and intestinal epithelium, etc. Erythrocytes were
the first cells shown to express aquaporins (Verkman et al. 1996; Kozono et al.
2002). Leukocytes are expected to experience same osmotic perturbations as ery-
throcytes, and water channels AQP3 (Ishibashi et al. 1995) and AQP9 (Ishibashi
et al. 1998) were reported to present in peripheral leukocytes. The molecular na-
ture and physiological regulation of water channels in thymocytes is not studied at
present and remains to be elucidated.
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