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Abstract We have developed a method for measurement
of plasma membrane water permeability (P;) in intact
cells using laser scanning confocal microscopy. The
method is based on confocal recording of the fluores-
cence intensity emitted by calcein-loaded adherent cells
during osmotic shock. Pris calculated as a function of the
time constant in the fluorescence intensity change, the
cell surface-to-volume ratio and the fractional content of
the osmotically active cell volume. The method has been
applied to the measurement of water permeability in
MDCK cells. The cells behaved as linear osmometers in
the interval from 100 to 350 mosM. About 57% of the
total cell volume was found to be osmotically inactive.
Water movement across the plasma membrane in intact
MDCK cells was highly temperature dependent. HgCl,
had no effect on water permeability, while amphotericin
B and DMSO significantly increased Prvalues. The water
permeability in MDCK cells transfected with aquaporin
2 was an order of magnitude higher than in the intact
MDCK cell line. The water permeability of the nuclear
membrane in both cell lines was found to be unlimited.
Thus the intranuclear fluid belongs to the osmotically
active portion of the cell. We conclude that the use of
confocal microscopy provides a sensitive and reproduc-
ible method for measurement of water permeability in
different types of adherent cells and potentially for cov-
erslip-attached tissue preparations.
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Introduction

Water movement across the plasma membrane can oc-
cur via two pathways: by diffusion through the lipid
bilayer (Finkelstein 1987) and via membrane-inserted
water channels (aquaporins) (King and Agre 1996;
Knepper et al. 1997; Sasaki et al. 1998). The number of
identified members of the aquaporin protein family is
persistently growing (Park and Saier 1996). Since the
main feature of these proteins is their ability to transport
water across the membranes, the characterisation of
aquaporin function, abundance, regulation pathways,
tissue- and cell-specific distribution necessarily involves
quantitative studies of aquaporin-expressing cell mem-
brane water permeability.

Aquaporins account for an osmotic water perme-
ability of cell membranes, which is significantly higher
than the diffusional water permeability accounted for by
water conductance of the membrane lipid bilayer. One
of the main parameters in the characterisation of os-
motic water permeability is the osmotic water perme-
ability coefficient, Py (Verkman et al. 1996). All known
methods for Py measurements in living cells or mem-
brane vesicles are based on a common principle: cells,
tissue or vesicle preparations are exposed to hypo- or
hyperosmotic shock, and the time course of the changes
in cell/vesicle volume or in marker compound concen-
tration is registered. Methods based on cell volume
monitoring are more widely used compared to tracing of
a marker compound, since they are usually faster and do
not need the use of radioactivity.

Changes in cell volume can be monitored either
through direct observation of the cell geometry (Lopes
and Guggino 1987; Oliet and Bourque 1993; Roberts
et al. 1994; Yano et al. 1996; Zhang et al. 1990), or
through registration of changes in fluorescence intensity
emitted by fluorescent dye-loaded (or labelled) cells. The
latter group of techniques is more often used, since it can
be applied to a wider spectrum of cell preparations.
Within this group, the techniques differ mostly by the
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method of registration of the emitted fluorescence,
which to a great extent determines the accuracy of the Py
measurements and the type of biological samples the
method can be used for.

Here we present a technique for real-time monitoring
of changes in cell volume based on confocal imaging of
living cells loaded with a membrane-impermeable fluo-
rescent dye. The suggested method combines most of the
advantages and overcomes certain limitations in previ-
ously described methods. The method can be used for
osmotic water permeability quantification in different
types of adherent cells and potentially for coverslip-
attached tissue preparations.

Materials and methods
Cell culture and loading

MDCK cells (ICN Biomedicals Europe; purchased from
In Vitro Biomedical Products, Stockholm, Sweden;
subpassages 3—16) were grown on round glass coverslips
(40 mm diameter, Bioptechs, Butler, PA, USA) in min-
imum essential medium (MEM) containing 2 mM L-
glutamine and supplemented with 10% (vol/vol) fetal
calf serum (FCS) at 37 °C in 5% COs,.

MDCK cells transfected with aquaporin 2 (AQP2)
(clone WT-10) were kindly provided by Dr. Peter M.T.
Deen (University of Nijmegen, The Netherlands) (Deen
et al. 1997). The cells were grown in DMEM containing
25 mM HEPES, 4.5 g/l glucose, 2 mM L-glutamine and
supplemented with 5% (vol/vol) FCS at 37 °Cin 5% CO,.

Both MDCK and WT-10 cells were used at 80-90%
confluence. Dye loading was carried out as described
(Farinas et al. 1995). Briefly, the cells were rinsed with
PBS (in mM: 137 NaCl, 0.9 CaCl,, 0.49 MgCl,, 2.7 KCl,
1.5 KH,POy, 8.1 Na,HPOy, pH 7.35) and incubated for
30 min at 37 °C in corresponding culture medium con-
taining 5 uM of the fluorescent dye calcein-AM
(Molecular Probes Europe, Leiden, The Netherlands).
Calcein-AM was added to the medium just before use
from a 10-mM stock solution in DMSO. Following dye
loading, the coverslips were rinsed with PBS. In some
experiments, calcein-loaded cells were rinsed with PBS
and incubated in MEM containing 0.5 mg/ml ampho-
tericin B for 10 min at 37 °C in 5% CO,/95% air.
Amphotericin B was added from a 25-mg/ml stock so-
lution in DMSO just before use. To the control cells,
only vehicle (DMSO) was added. After incubation the
cells were rinsed with PBS.

Data acquisition and analysis

Coverslips with calcein-loaded cells were mounted in a
closed perfusion chamber (Focht Live Cell Chamber
System, Bioptechs, Butler, PA, USA) on the stage of a
Zeiss 410 invert laser scanning microscope (LSM). Per-

fusion solutions were gravity pumped (flow rate approx-
imately 5 ml/min) and switched using two-way valves.

PBS (300 mosM) was used for isoosmotic perfusion.
Anisoosmotic solutions were prepared by varying the
PBS NaCl content (187, 162, 87, 62, and 37 mM NaCl
for 400, 300, 200, 150, and 100 mosM solutions, re-
spectively). In experiments with HgCl, the chemical was
present both in iso- and anisoosmotic perfusion solu-
tions at a concentration of 0.3 mM.

Images were recorded by the LSM using a 63%/1.4 oil
immersion objective. Fluorescence was excited by the
argon laser line 488 nm and emitted fluorescence was
detected using a bandpass filter at 515-525 nm. The
focal plane was set at a distance of about 1/3 of the cell
height from the bottom of cell monolayer.

Square-shaped regions of interest (ROIs) were set
inside the cytoplasmic area of several (up to 10) cells,
and the mean intensity within the ROIs was recorded
every 2 s. At the beginning of the measurements, the
standard deviation of the fluorescence intensities be-
tween individual cells did not exceed 15%.

The cells were perfused by isotonic PBS for at least
10 min before confocal scanning and during the first
50 s of data acquisition. The linear slope of this first part
of the intensity curve was used for photobleaching and
leakage correction.

The part of the recorded intensity curve corre-
sponding to the first 20 s after osmotic shock was fitted
with a single exponential function and used for calcu-
lation of the time constant of the fluorescence intensity
changes (see below). The part of time course corre-
sponding to the steady state before the regulatory vol-
ume decrease was used for the calculation of the final
relative volume for the calibration curve.

Cell surface and volume measurement

Calcein-loaded cell monolayers were scanned with a
focus displacement of 0.2-0.4 pm. Recorded stacks of
images were processed using the Imaris image processing
toolkit (Bitplane, Zurich, Switzerland) on a Silicon
Graphics workstation. Cells were outlined in consecutive
images ranging from the bottom to the top of the cells.
Both the surface area and the volume of the outlined
geometric objects were calculated automatically by the
software.

Py calculation

Pr was calculated by the following formula (Farinas
et al. 1995):

P = [d(F/Fo)/de)(1 = b/ Vo) [(4/V o VauAbg] ' (1)

where (F/Fy) is the relative fluorescence intensity, [d(F/
Fy)/df] is the initial rate of the relative fluorescence in-
tensity changes during cell swelling/shrinkage in re-
sponse to an osmotic shock, (/-b/V,) represents an



osmotically active portion of cell volume, y is the slope
of the calibration curve (relative fluorescence versus
relative osmolarity), (4/V)g is the initial cell surface-to-
volume ratio (in cm™'), Vy, is the partial molar volume of
water (18 cm’/mol), and A¢y is the initial osmotic gra-
dient (outside — inside) (in mol/cm?).

Data analysis and statistics

The photobleaching correction, exponential curve fitting
and statistical analyses were performed using Microsoft
Excel and KaleidaGraph (Abelbeck Software, USA).
Data are presented as means £+ SE. Statistical analyses
were made using Student’s z-test. A difference of
P < 0.05 was considered statistically significant.

Results

As follows from Eq. (1), determination of the osmotic
water permeability coefficient requires quantification of
several parameters. First, it is necessary to record the
changes in the relative fluorescence intensity emitted by
the intracellularly trapped fluorophore (F/F,) which
follow the changes in cell volume during response to an
osmotic shock.

In the suggested method, the fluorescence intensity is
measured in a thin (less than 0.5 pm) layer inside the
cell. Figure 1B shows the typical time course of fluo-
rescence intensity before and after hypoosmotic shock
(open circles). Although the intensity of the excitation
light was attenuated to a minimum value, the emitted
fluorescence slightly decreased over the time of the ex-
periment owing to calcein photobleaching and/or leak-
age from the cells. Each time course of cell swelling was
therefore corrected using the linear slope of the first part
(about 45 s, 20 recordings) of the curve just before the
osmotic shock (Fig. 1B, solid circles).

The part of the corrected curve (about 20 s) following
the change of perfusate osmolarity was fitted by a single
exponential function

y=atpe 2)

From this function the exponential time constant T was
used in Eq. (1) as the measure of the rate of osmotic cell
swelling:

Pr=1(1 = b/ o) o4/ V), o] (3)

The part of the corrected curve (Fig. 1, white bar) cor-
responding to maximal cell swelling before regulatory
volume decrease (or to maximal cell shrinkage before
regulatory volume increase in the case of hyperosmotic
shock) was used for plotting a calibration curve repre-
senting the dependence between relative osmolarity ¢/¢q
and relative fluorescence F/F, (Fig. 2). The curve fitting
of the obtained data (solid line) shows that the cells
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behave as linear osmometers, at least in response to
hypoosmotic shock. This means that changes in relative
fluorescence are linearly dependent on the changes in
relative osmolarity over a wide range of initial osmotic
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Fig. 1A Confocal micrographs of calcein-loaded MDCK cells under
osmotically induced volume changes. Images are from 0, 6, 12 and
18 s after changing the isotonic (300 mosM) superfusion solution 1 to
hypoosmotic (150 mosM) solution 2. Entire cells, including nuclei, are
loaded with the fluorescent dye. As the cells swell, the fluorescence
intensity in the cytoplasm and nuclei decreases. The cell swelling
occurs not only in the apical but also in the lateral direction, and the
intracellular spaces disappear. B Representative time course of
fluorescence intensity emitted by calcein-loaded MDCK cells before
and after hypoosmotic shock. The arrow indicates the time when the
isoosmotic superfusion solution has been changed to hypoosmotic.
(O) Raw data; (@) curve corrected for calcein photobleaching and/or
leakage of the dye from the cell. The white bar indicates the period of
maximal cell swelling; the shaded bar indicates the regulatory volume
decrease
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Fig. 2 Dependence of relative intensity (F/F;) of the fluorescence
emitted by calcein-loaded MDCK cells on the relative osmolarity
(¢p/¢o) of the superfusion solution. Relative osmolarity is calculated
as the osmolarity of solution 2 (see legend to Fig. 1) divided by the
osmolarity of solution 1. Relative fluorescence intensity is calculated
as the mean intensity during a period of maximal swelling (Fig. 1)
related to the initial fluorescence of the cell just before the solution
change. Values are means + SE of 17-28 cells. Solid line: linear fitting
of experimental data; dashed line: behaviour of ideal osmometer. Cells
behave as linear osmometers in a wide osmolarity range. The
difference between the experimental data and the behaviour of an
ideal osmometer implies that part of the cell volume is osmotically
inactive

gradients. The change in the osmolarity of the super-
fusing solution from 300 mosM to 150 mosM was
chosen for further Py measurements. The slope of the
obtained fitting line was used in Eq. (3) as a mean for .

The experimentally obtained dependence between
relative osmolarity ¢/¢o and relative fluorescence F/F
differs substantially from the behaviour of an ideal os-
mometer (Fig. 2, dashed line). This suggests that only
part of the cell volume is osmotically active.

Estimation of the osmotically inactive portion of the
cell is necessary for the Py calculation. In Eq. (1) and (3)
the osmotically inactive part of the cell volume is rep-
resented by b/ V. This factor has been believed to be the
fractional content of cell solids, and in some reports, b
has been set to zero to simplify calculation of P;(Farinas
et al. 1995; Valenti et al. 1996). However, with the use of
Boyle-van’t Hoff plot analysis it has been reported that
the osmotically inactive component of the cell volume is
approximately 20% of the total volume in rabbit kidney
proximal tubular cells (Meyer and Verkman 1987) and
about 50% in human sperm (Gilmore et al. 1995).
Moreover, b/V, obviously represents not only cell solids,
but also osmotically inactive water (about 8-9% of total
cell volume) (Gilmore et al. 1995).

The use of confocal microscopy and cell shape re-
construction allows estimation of the osmotically inac-
tive portion of the cell volume using the following
equation (Farinas et al. 1995):

(Yo = b)/(V = b) = ¢/ o (4)

where b is the osmotically inactive cell volume, V) the
initial cell volume, V the cell volume after swelling, ¢,
the initial osmolarity of solution and ¢ the final osmo-
larity. Replacing ¢/¢o with ¢, (relative osmolarity), we
get:

b= —¢.V)/(1— ), (5)
and
b/Vo= (Vo — ¢:V)/[(1 = ¢) V0] (6)

Thus, the osmotically inactive part of the cell volume can
be determined from cell volume measurements before
(Vo) and after (V') the change of perfusate osmolarity.

The same calcein-loaded cells were scanned in isoos-
motic conditions and 20 s after the solution switch. The
acquisition of one stack of images took about 40 s and
could be completed before the start of the regulatory
volume decrease. The obtained volume data for ¢, = 0.5
(osmolarity change from 300 to 150 mosM) gave b/V
equal to 0.57 £ 0.04 (n=7). This means that about
57% of the MDCK cell volume is osmotically inactive,
and only about 43% of the cell volume participates in
the response to acute hypoosmolarity. The intranuclear
fluid belongs to osmotically active cell volume (see be-
low).

The scanning of the cells in isotonic conditions and
subsequent cell volume and surface area calculations
allowed us to determine the initial cell surface-to-volume
ratio (4/V)g. For the MDCK cell monolayers this was
found to be 6920 + 460 cm™' (n = 7).

The mean values for (/-b/V,), y and (4/V)q calcu-
lated for MDCK cell monolayers were used for
calculation of Py in further experiments designed to
evaluate the suggested method of cell volume measure-
ments.

As shown in Fig. 3, water movement across the
membranes of MDCK cells is temperature-dependent.
Pris 1.01 + 0.43 x10™* cm/s (n=22) at 15 °C, and
2.73 + 0.26 x 10™* cm/s (n = 21) at 24 °C (P < 0.01).

It is known that mercurials inhibit water permeability
of most aquaporins (Wintour 1997). In our experiments,
HgCl, had no effect on water permeability in MDCK
cells (data not shown). The low Py values, the absence of
a HgCl, effect, as well as the high temperature depen-
dence of P;suggest the absence of significant amounts of
water channels in MDCK cells. These data correspond
well to previous observations suggesting that, in this cell
line, water permeates the plasma membrane mostly
through the lipidic phase of the membrane (Giocondi
et al. 1990).

Amphotericin B, which forms artificial pores in the
plasma membrane (Fournier et al. 1998), significantly
(P < 0.001) increased P;in MDCK cells (Fig. 4). In the
presence of 0.3 mg/ml amphotericin B, Py was found to
be 6.15 + 0.59 x 10™* cm/s (n = 18), while in control
cells treated with vehicle (DMSO) it was
3.61 £ 0.21 x 107* cm/s (n = 20). DMSO itself has a
pronounced effect on water permeability (P < 0.05),
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Fig. 3 Plasma membrane water permeability of MDCK cells is highly
temperature dependent. Calcein-loaded cells were superfused by an
isoosmotic (300 mosM) solution which was changed to a hypoosmotic
(150 mosM) solution at time point 0. Data were recorded at 24 °C (O)
and 15 °C (@). Values are means £+ SE of 21 and 22 cells, respectively
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Fig. 4 Amphotericin B significantly increases plasma membrane
water permeability in MDCK cells. (@) Amphotericin B (0.3 mg/
ml); (O) vehicle (DMSO). Values are means + SE of 18 and 20 cells,
respectively

probably due to its solvation effects on the phospholipid
structure of the cellular membranes (Yu and Quinn
1998).

In transfected MDCK cells expressing aquaporin 2
(WT-10 clone; Deen et al. 1997), the water permeability
is dramatically increased compared to ordinary MDCK.
P is 2439 £ 0.94 x 107* ecm/s (n = 55) in transfected
and 2.32 + 0.12 x 107™* cm/s (n = 51) in nontransfected
cells (P < 0.001) (Fig. 5).

The rate of fluorescence intensity change measured in
nuclei of both WT-10 and MDCK cells, under different
experimental conditions, was the same as in the cytosol
(data not shown). This indicates that the water perme-
ability of the nuclear membrane is high and the intra-
nuclear fluid effectively participates in osmotic cell
volume changes. The nuclear membrane permits free
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Fig. 5 MDCK cells transfected with the aquaporin 2 water channel
(WT-10 clone; Deen et al. 1997) have significantly higher water
permeability than non-transfected cells. (@) WT-10 cells; (O) MDCK
cells. Values are means = SE of 55 and 51 cells, respectively

water transport, probably due to the nuclear pores
perforating the nuclear envelope (Alberts et al. 1994).

Discussion

The critical factor in determining Py in living cells is the
method used to measure the rate of cell volume change
in response to an osmotic shock.

Several methods for cell volume monitoring have
been developed during the last two decades. Direct
measurement of the cell linear size from light microscopy
images has been used in studies of cell suspensions, renal
tubule preparations or in model systems like frog
oocytes (Lopes and Guggino 1987; Roberts et al. 1994;
Yano et al. 1996; Zhang et al. 1990). This approach has
also been used for single adherent cells (Oliet and
Bourque 1993), although it is applicable only for cells
with a geometrically even shape.

Fluorescence quenching and light scattering methods
are mostly used for Py measurements in liposomes and
vesicles (Chen et al. 1988; van Heeswijk and van Os
1986). Light scattering can also be used for measure-
ments in cultured cells (Echevarria and Verkman 1992;
Fischbarg et al. 1989; McManus et al. 1993), although
this method has several potential problems in quantita-
tive data interpretation (Verkman et al. 1996). Fluores-
cence quenching techniques have recently been used for
cell volume monitoring in cell cultures, but the use of
this method might be restricted by ion sensitivity of the
fluorophores used (Srinivas and Bonanno 1997).

Some other methods for recording cell swelling/
shrinkage have been established, based on single fluo-
rescent particle tracking (Kao and Verkman 1994),
electronic particle counting (Gilmore et al. 1995), laser
interferometry (Farinas and Verkman 1996) and on light
microscopy with spatial filtering (Farinas et al. 1997).
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The method suggested here is based on the recording
of swelling/shrinkage related changes in the fluorescence
intensity of intracellularly trapped membrane-imperme-
able fluorescent dyes. Two methods using the underlying
principle have been established so far. Fluorescence
video microscopy implies the imaging of fluorophore-
loaded cells with subsequent analysis of image intensity
data (Crowe et al. 1995; Tauc et al. 1990). Total internal
reflection (TIR) microfluorimetry uses the quantification
of the fluorescence emitted by the evanescent field in
a thin layer of cytosol adjacent to the glass-aqueous
interface (Farinas et al. 1995).

The limitation of fluorescence video microscopy as a
method for cell volume measurements is that it collects
the emitted light from a layer comparable to the cell
height. When thin cell monolayers are used, the thick-
ness of the layer may even exceed the cell height. Then,
as the cell is swelling, the decrease of fluorescence in-
tensity in the cytoplasm is neutralised by the increase in
cell height. Simple geometric consideration leads to the
conclusion that, if the relative change in cell volume is
the same, the thinner cell will demonstrate more relative
change in its height, and the effect of cell height increase
on the general change of fluorescent intensity will be
more significant in the thinner cell. This means that cell
volume measurements using fluorescence video micros-
copy are dependent on cell shape, and therefore on cell
line and confluency of the cell culture.

TIR microfluorimetry overcomes the limitation of
fluorescence video microscopy by recording the fluores-
cence intensity from a thin cell layer adjacent to a
coverslip. However, it is well known that the basal
membrane of the cell represents a complex-profiled
surface with grooves and convexities (Alberts et al.
1994). In our experiments, we observed that even in
confluent monolayers growing on coverslips there is
much free space under and between the cells, particu-
larly in the regions underlying tight junctions. In some
cell lines (especially after transfections disturbing cell
attachment properties) the cells can have rather small
areas contacting a coverslip and a lot of space between
the cell basal membrane and the glass surface (M. Ze-
lenina, unpublished observations). This space may con-
tain a significant amount of fluorescent dye entrapped
there during the loading procedure and as a result of
leakage from the loaded cells. Fluorescence emitted by
the entrapped dye causes artefacts disguising the true
signal related to cell volume changes. The use of TIR
microfluorimetry for cell volume measurements is
therefore not correct for all types of cells. Furthermore,
the TIR microfluorimetry method can be difficult to use
in heterogeneous cell populations.

Confocal microscopy for cell volume measurement
combines the advantages and overcomes the limitations
of fluorescence video microscopy and TIR microfluori-
metry. Fluorescent light emitted by intracellularly en-
trapped fluorophores is collected from a thin layer
within the cell, so that the measurements are not affected
by any fluorophore that might be entrapped between

and under the cells. In the described experimental con-
ditions, the thickness of the scanned layer was less than
10% of the initial cell height. The measured intensity of
the emitted light does not depend on cell shape changes
during swelling/shrinkage and on the cell growth man-
ner. Furthermore, the amount of the fluorophore sub-
jected to excitation light during the scanning is small
enough to avoid massive effects of photobleaching,
as the fluorophore is rapidly replenished from the sur-
rounding intracellular space.

The described method can easily be used in hetero-
geneous cell cultures, since the area chosen for analysis is
precisely controlled. It can also be applied to measure-
ments of the water permeability of membranes forming
intracellular structures like vacuoles, as the chosen ROI
can be small compared to the cell size. The method is
potentially applicable in studies of water permeability on
immobilised and perfused tubular structures, such as
kidney tubules, small blood vessels, bronchioli, etc., as
well as on preparations from plants. It might also be
used for separate Pr measurements of apical and baso-
lateral membranes in cells grown on porous support or
in tubules perfused/superfused by anisoosmotic solution.

We conclude that confocal laser scanning microscopy
provides a sensitive and reproducible method for the
measurement of water permeability that can be used in
different types of living cells.
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