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Abstract Light scattering is an empirical technique
employed to measure rapid changes in cell volume. This
study describes a new configuration for the method of
light scattering and its corroboration by measurements of
cell height (as a measure of cell volume). Corneal
endothelial cells cultured on glass cover-slips were
mounted in a perfusion chamber on the stage of an
inverted microscope. A beam of light was focused on the
cells from above the stage at an angle of 40� to the plane
of the stage. The scattered light intensity (SLI), captured
by the objective and referred to as forward light scatter
(FLS), increased and decreased in response to hyposmotic
and hyperosmotic shocks, respectively. The rapid increase
and decrease in SLI corresponded to cell swelling and
shrinkage, respectively. Subsequently, SLI decreased and
increased as expected for a regulatory volume decrease
(RVD) and increase (RVI), respectively. These data are in
agreement with measurements of cell height, demonstrat-
ing that the method of light scatter in FLS mode is useful
for monitoring rapid changes in cell volume of cultured
cells. Changes in SLI caused by gramicidin were consis-
tent with cell volume changes induced by equilibration of
NaCl and KCl concentrations across the cell membrane.
Similarly, an additional decrease in SLI was recorded
during RVD upon increasing K+ conductance by valino-
mycin. Decreasing K+ conductance of the cell membrane
with Ba2+ changed the time course of SLI consistent with
the effect of the K+ channel blocker on RVD. Bumetanide
and dihydro-ouabain inhibited increases in SLI during
RVI. In conclusion, FLS is a valid method for qualitative

analysis of cell volume changes with a high time
resolution.

Keywords Light scattering · Cell height · Regulatory
volume decrease · Regulatory volume increase · Corneal
endothelial cells · Cell volume

Introduction

Changes in the volume of animal cells following an
osmotic shock are characterized by two dynamic compo-
nents [16, 19]. The first component is the approach
towards osmotic equilibrium by either the influx or efflux
of water across the plasma membrane through water
channels and lasts only a few seconds. The second
component is a volume regulatory phenomenon, that,
through either regulatory volume decrease (RVD) or
increase (RVI), leads to restoration of the original
volume. Unlike the first component, RVD and RVI are
coupled to the net movement of electrolytes and are
realized through a number of active and passive volume-
sensitive ion transport mechanisms [16, 19, 22]. As a
result, characterization of mechanisms underlying RVD
and RVI provide an alternative approach for investigating
factors regulating various mechanisms of ion transport in
epithelia.

A direct approach for characterization of RVD and
RVI is to follow changes in cell volume in response to
acute osmotic shocks. A number of methods have been
developed to measure rapid changes in cell volume during
RVD/RVI, including those based on the principles of dye
dilution [1, 11, 26], light scattering [6, 9, 12, 13, 42],
dynamic fluorescence quenching (DFQ) [35, 37], fluo-
rescence self-quenching [15], cell height [5, 17, 33, 39,
40], morphometry [10, 25], atomic force microscopy [14,
27, 28, 31, 32], laser scanning reflection microscopy [21],
scanning conductance microscopy [18], ion-sensitive
electrodes [8] and electrical impedance [30]. Although
the dye dilution method is suitable for real-time mea-
surements, this technique is limited by poor volume
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sensitivity (especially in thin cells), inevitable dye loss,
photobleaching and the requirement of a confocal micro-
scope for optical sectioning [1, 26]. The principle of DFQ
was demonstrated previously using the Cl�-sensitive
fluorescent dye 6-methoxy-N-(3-sulphopropyl)quinolini-
um (SPQ) [35, 37]. The volume-sensitive fluorescence of
SPQ was obtained through substitution of Cl� in the
Ringers’ with NO3

�. This method has high sensitivity and
temporal resolution. However, quencher-dye pairs insen-
sitive to Cl� have not been discovered, limiting the broad
use of this approach. The light scattering method is an
empirical approach and requires complementary cell
volume measurements of comparable temporal and vol-
ume sensitivity for corroboration. Correlating relative
changes in cell height to those in cell volume is a direct
method applicable to confluent cell monolayers [5, 17, 33,
40, 43]. Such measurements have been made in real-time
by determining cell height as the distance between bright
fluorescent microspheres attached to the apical and basal
surfaces of a cell. This method relies on the location of
the microspheres rather than on intensity of fluorescence
[40]. As a consequence, the method of cell height is less
vulnerable to optical artefacts than other fluorescence/
scatter-based methods.

The objective of this study was to demonstrate the
implementation of a new optical configuration to measure
cell volume through light scattering. Our results show that
changes in the intensity of the scattered light along the
forward path of the incident beam, called forward light
scatter (FLS), are related to changes in cell volume. We
confirmed the volume sensitivity of FLS by measure-
ments of cell height and by using certain well-established
pharmacological manoeuvres that yield predictable vol-
ume changes. The FLS configuration became necessary
as the scattered light collected at acute angles in the
direction opposite to that the illumination beam, as
described earlier [9], gave poor volume sensitivity with
confluent corneal endothelial cells.

Materials and methods

Cell culture

As described earlier [35, 37], second or third passage cultures of
bovine corneal endothelial cells (BCEC) were grown to confluence
on glass cover-slips (25 mm diameter, 150 �m thick) or permeable
Anopore filter supports (pore size 0.2 �m, Nunc Intermed,
Roskilde, Denmark). Primary cultures from fresh cow eyes were
established in DMEM and supplemented with 10% fetal calf serum
and an antibiotic-antimycotic mixture (penicillin 100 U/ml, strep-
tomycin 100 mg/ml and fungizone 0.25 mg/ml). The cells were
maintained at 37 �C in a CO2 (5%)/air (95%) incubator and fed
every 2–3 days.

Solutions

All experiments were conducted using HCO�3 -free Ringer’s
solutions equilibrated with air. Isosmotic solutions for cell height
experiments consisted of (mM): 153.5 Na+, 4 K+, 0.6 Mg2+, 1.4
Ca2+, 118.2 Cl�, 1 HPO2�

4 , 10 HEPES, 31.3 gluconate, 6 glucose,

pH 7.4, adjusted to 320 mOsm/(kg H2O) with sucrose. The
hyposmotic solutions were obtained by removing 63.5 Na+, 35 Cl�

and 28.5 gluconate, and adjusted to 230 mOsm/(kg H2O) by
sucrose.

Light scattering experiments were performed using two types of
solutions: type 1 was similar to the solutions in cell height
experiments, but adjusted to 297 mOsm/(kg H2O). Hyposmotic
solutions were made by dilution with de-ionized water. Type-2
Ringer’s was similar to type 1 with the exception of 85 Na+ and 85
Cl� and more sucrose to adjust to 297 mOsm/(kg H2O). Hyposmotic
solutions were here obtained by including less sucrose.

Low-Na+ Ringer’s contained 8 Na+, 4 K+, 1.4 Ca2+, 0.6 Mg2+,
28.5 N-methyl-d-glucamine (NMDG+), 10 TRIS, 1 HPO2�

4 , 10
HEPES, 116.2 Cl�, 2.8 gluconate, 107 choline, 14.25 SO2�

4 and 6
glucose. pH was adjusted to 7.4. Hyposmotic solutions were made
by removing 27 choline, 27 Cl�.

Perfusion system for light scattering

The cell-covered cover-slip was sealed at the bottom of an
aluminium perfusion chamber (volume 80 �l). A plain cover-slip
served as the top cover. The chamber was held in a brass
thermostatic collar maintained at 37 �C and placed on the stage of
an inverted microscope (Nikon Diaphot 200). The solutions were
perfused via gravity flow in excess of 4–6 chamber volumes/min.

Perfusion system for cell height measurement

We used an Ussing-type chamber (volume 0.3 ml), made of
Plexiglass and designed for cell height measurement with an
upright microscope [40]. The bottom of the chamber was sealed
with a standard glass cover-slip. Cell-coated glass cover-slips were
placed upside down. This eliminated disturbances in image quality
caused by changes in the refractive index of the perfusate between
the objective and the cells (especially during hyperosmotic shocks).
Uniform perfusion of the cells was obtained via gravity flow at a
rate of 8 ml/min. A custom-built bubble trap prevented the
formation of air bubbles. Pressure changes in the chamber caused
by switching solutions were avoided by using non-interrupting
valves. The temperature of the solutions was maintained at ~34 �C.
A few experiments were conducted with cells grown on Anopore
filters by placing them between the two halves of the perfusion
chamber.

Measurement of light scattering

Light from a halogen lamp (20 W) was filtered (>420 nm) and
focused onto the cells through an achromatic lens from above the
stage (Fig. 1) at an adjustable angle of incidence (qi). In most
experiments, the beam subtended qi=40� to the plane of the cover-
slip and had a spot size of approximately 1 mm. Light scattered in
the forward direction (Fig. 1) was collected by a long-working-
distance objective (Olympus PL2; 20�; working distance 1.2 cm;
NA=0.4) with a field of view of approximately 600–800 cells. The
scattered light intensity (SLI) was then directed to a photomultiplier
tube (HC125-01, Hamamatsu, Bridgewater, N.J., USA) by a
dichroic mirror centred at 520 nm (made for fluorescein isothio-
cyanate fluorescence by Nikon). Several variations of this config-
uration included in the experiments are as follows:

1. The illumination beam was mechanically chopped (400 Hz;
SR800 Optical Chopper; Stanford Research Systems, Sunny-
vale, Calif., USA) and corresponding photomultiplier responses
were demodulated using a lock-in amplifier (SRS 830; Stanford
Research Systems). The inclusion of the lock-in amplifier in the
setup enabled sensitive detection of changes in SLI, especially
when the signal at the photomultiplier tube was low under
isosmotic conditions.
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2. The halogen lamp output was filtered using interference filters
(530€10 nm) to determine the wavelength sensitivity of scatter
responses. Although extensive experiments were not conducted,
the general pattern of SLI in response to cell swelling or
shrinkage was not affected by choosing an illumination beam of
narrow spectrum.

3. The halogen lamp, chopper assembly and light-guide assembly
were replaced by blue- (LNG992CF9; Panasonic; peak l
470 nm) or red-light-emitting diodes (LEDs) and were sine-
or square-wave modulated by an electronic function generator
(model CFG253; Tectronix) at 1–4 kHz. Scattered light was
detected using a photomultiplier, while the output was demod-
ulated with the lock-in amplifier. The use of LEDs enabled the
detection of FLS by modulating the illumination at higher
frequencies enabling additional noise rejection.

4. The illumination beam from the halogen lamp was directed
from below the microscope stage to yield a configuration
similar to that in [9] (Fig. 4B). This was the first configuration
tested and yielded a very low volume sensitivity after more than
150 trials (also see Results).

Measurement of cell height

Cell height was measured as the distance between fluorescent
microspheres (1 �m diameter), which served as high-contrast
landmarks for top and bottom surfaces of an individual cell
(Fig. 2B). Details of the experimental setup, along with the depth-
scanning algorithm employed in the study, have been discussed
earlier [40, 41]. Microspheres were localized in real-time through
depth scanning with a fluorescence imaging microscope. The focal
plane was placed ~30 positions across the endothelial monolayer
with a piezoelectric nanopositioner (PIFOC Model 721; Physik
Instrumente, Waldbronn, Germany; see Fig. 2A) coupled to the
microscope objective (Achroplan, 40�, NA=0.75, water-immer-
sion, working distance 1.9 mm). At each focal plane, an image of
the microspheres was acquired in the field of view (Fig. 2B, left of
the panel). The position of the microsphere along the z-axis was
ascertained using a computer algorithm that identified the maxi-
mum fluorescent intensity corresponding to each microsphere in the
field of view (Fig. 2B; right of the panel). The distance between the

focal planes corresponding to maximum intensity of any top
microsphere to that of a specified reference bottom microsphere is
taken as a measure of cell height (Fig. 2B; right of the panel). The
computer program permitted simultaneous tracking of up to 20 top
microspheres in real-time.

Attachment of microspheres

For bottom microspheres, a suspension of fluorescent
latex microspheres (F-8852, Molecular Probes, Eugene,
Ore., USA; ~1 �m diameter) was prepared in ethyl
alcohol (4 �l microspheres suspension in 10 ml ethanol)
and plated on cover-slips. The cells were seeded after the
ethanol evaporated. For porous filters, a suspension of the

Fig. 2A, B Diagram showing the set-up for measuring cell height.
A Monolayers of bovine corneal endothelial cells (BCEC) were
coated at the apical and basolateral surfaces with fluorescent
microspheres and excited by blue light. The distance between the
top fluorescent beads on any given cell was measured relative to a
common bottom microsphere designated as the reference. The
relative locations of the top microspheres along the z-axis were
determined by depth scanning accomplished by the piezoelectric
drive attached to the objective. Cells cultured on permeable
supports (Anopore filters) as well as grown on cover-slips can be
used. In this study, we mostly used monolayers cultured on cover-
slips that were mounted upside-down in the chamber. This avoided
solution changes between the objective and the cells as well as
disturbances in image quality caused by changes in the refractive
index of the perfusate. B The focal plane of the objective was
stationed every 150 nm and an image of the entire field of view was
acquired using an image acquisition program (left). The same
program also controlled the piezoelectric drive and determined the
peak intensity of each microsphere in the field of view. The
distance between the peak intensity of a top microsphere on any
given cell and that of the reference microsphere represents the cell
height (Tc) of the cell to which the top microsphere adheres (right)

Fig. 1 Schematic diagram of the set-up for forward light scattering
(FLS). Light from a halogen lamp was filtered (>420 nm) and
focused on a monolayer of cells grown to confluence on glass
cover-slips and perfused continuously with Ringer’s at 37 �C. The
scattered light collected by the objective was detected by a
photomultiplier (PMT) and demodulated by a lock-in amplifier.
Other variations of this configuration were also employed (see
text). The apparatus shown here achieved the highest volume
sensitivity
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same microspheres in 1% gelatine solution (4 �l micro-
spheres suspension in 10 ml gelatine) was applied.
Microspheres at the apical surface of the cells, referred
to as top microspheres, were biotin-coated (F-8768,
Molecular Probes) or avidin-coated (F-8776, Molecular
Probes). These were suspended in an isosmotic Ringer’s
solution (5 �l/ml), applied to the monolayer of cells, and
allowed to adhere for approximately 45–60 min. Non-
adherent microspheres were removed by repeated re-
placement of the Ringer’s before measurements.

Measurement of cell height by confocal microscopy

In addition to real-time measurement of cell height,
microspheres on the cell surface were visualized using a
confocal laser scanning microscope (LSM 510; Zeiss;
equipped with a Plan-Neofluar 40�/1.3 oil-immersion
objective). Cells with attached microspheres were loaded
with the pH-sensitive fluorescent dye 20,70-bis(car-
boxyethyl)-5(6)-carboxyfluorescein (BCECF), by expo-
sure to the dye’s acetoxymethyl ester (BCECF-AM;
Molecular Probes), as previously described [3]. BCECF
and microspheres were excited at 488 nm. Fluorescence
images from cells and microspheres were collected
through a band-pass filter centred at 530 nm at intervals
of 0.21 �m to construct a z-stack under computer control.

Chemicals

Cell culture supplies were obtained from Gibco BRL
(Grand Island, N.Y., USA). All other chemicals were
obtained from Sigma (St. Louis, Mo., USA). Stock
solutions of gramicidin D (10 mM) and valinomycin
(10 mM) in dimethylsulphoxide were stored desiccated at
�20 �C.

Results

Typical light scattering responses to osmotic shocks

Cells were focused with a 20� objective using phase-
contrast illumination and the illumination beam for light
scattering measurements switched on. With the incident
beam at an angle (qi) of ~40� in the FLS mode (Fig. 1),
the measured SLI increased with cell swelling and
decreased with cell shrinkage. Typical SLI responses
with type-1 solutions, shown in Fig. 3A and B, were
obtained in response to hyposmotic and hyperosmotic
shocks, respectively. The characteristics of these respons-
es did not change as the wavelength of the incident beam
was altered, or when anisosmotic shocks were induced
using type-2 Ringer’s (data not shown). Due to the high
plasma membrane water permeability, the first compo-
nent of the response corresponding to osmotic equilibrium
across the plasma membrane was complete within a few
seconds. In typical responses shown in Fig. 3A and B, a

50 mOsm/(kg H2O) anisosmotic shock resulted in a
change of SLI equivalent to ~10% of that observed under
isosmotic conditions. The magnitude of this change is the
measure of volume sensitivity of the scatter response, and
varied among cover-slips. This variability can be attribut-
ed partly to small differences in the angle of incidence
from cover-slip to cover-slip and to the thickness of the
basement membrane. Although a detailed analysis of this
angle sensitivity was not undertaken, very high sensitivity

Fig. 3A, B Characteristics of the scattered light responses caused
by anisosmotic conditions. Osmolality of the perfusate in isosmotic
conditions was 295 mOsm/(kg H2O). Scattered light intensity (SLI)
is given in arbitrary units (A.U.) A FLS response to a reduction of
the osmolality by 50 mOsm/(kg H2O) (HYPO). Concomitant with
the fast approach to osmotic equilibrium, increased light scatter
(cell swelling) ensued immediately after the shock. The subsequent
slow decrease in SLI towards its original value is the regulatory
volume decrease (RVD). B SLI response to an increase of the
osmolality by 50 mOsm/(kg H2O) (HYPER). The Ringer’s was
made hyperosmotic by adding sucrose. The subsequent slow
increase in SLI towards its original value is the regulatory volume
increase (RVI). The results shown in A and B are typical of more
than 20 independent experiments
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to volume change was observed in most trials with the
lock-in amplifier, with which small signals could be
detected reliably. A typical response to an osmotic shock
of 10 mOsm/(kg H2O) is shown in Fig. 4A. In contrast to
the high sensitivity achieved in the FLS mode, volume
sensitivity was relatively low with the illumination in the
backward scattering mode. Figure 4B illustrates a typical
backward scatter response to a 150 mOsm/(kg H2O)
shock. The apparent volume-sensitive scatter is less than
0.1% of the isosmotic scatter. All experiments discussed
below were therefore conducted in the FLS configuration
with an qi of ~40�. Despite variable scatter responses

between cover-slips, the change in SLI was inversely
proportional to the change in osmolarity (€50 mOsm/(kg
H2O)) for any given cover-slip and configuration of the
illumination beam, as expected from Van’t Hoff’s law
(Fig. 5A and B).

Typical cell height responses to osmotic shocks

The bottom microspheres remained un-endocytosed by
endothelial cells after 3–4 days of cell culture. The

Fig. 5A, B Linearity of the scattered light response. A SLI
response during hyperosmotic treatment and hyposmotic challenge.
Under isosmotic conditions SLI was 3.36 A.U. Hypertonicity
decreased SLI to 3.24 A.U. Hypotonicity increased SLI to
3.50 A.U. B Normalized SLI as a function of the reciprocal of
osmolality (p). SLI was normalized by reference to SLI under
isosmotic conditions. The data were obtained from two osmotic
shocks on the same cover-slip. SLI values at the peak of the
response (i.e. immediately after the osmotic shock) were chosen to
represent the cell volume in response to immediate osmotic
equilibrium resulting from a shock

Fig. 4A, B Sensitivity of the scattered light responses to volume
changes in the forward and the backward light scattering config-
urations. Initially, cells were perfused with isosmotic Ringer’s and
subsequently exposed to hyposmotic Ringer’s. A FLS response to a
10 mOsm/(kg H2O) hypotonic shock. Inset display optical config-
uration for FLS. B Typical backward light scatter (BLS) response
to a 150 mOsm/(kg H2O) hyposmotic shock showing RVD. Inset
demonstrate optical configuration for BLS. qi is the angle of
incidence of the light beam
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bottom microspheres applied to the gelatine layer and
plain glass surface were used as reference for determining
cell height. One bottom microsphere served as the
reference for measuring the displacement of top micro-
spheres upon changes in cell height (see Fig. 2B).
Figure 6A shows an optical section (confocal image) of
the bottom microspheres in focus. Figure 6B shows an
optical section located below the nuclear dome of the cell,
while Fig. 6C is a section near the top of the dome. Note
that the endothelial cells are relatively flat (2–4 �m) at the
periphery and have a dome-shaped morphology, being
tallest over the nucleus. This dome-shaped morphology is
also evident in the reconstruction of the z-stacks shown in
the side panels of Fig. 6A–C. Due to the dome-shaped
morphology, many microspheres were found downhill
from the domes. However, in general, a sufficient number
of microspheres remained attached close to the top of the
dome. Under isosmotic conditions, the average distance
between bottom and top microspheres (centre-to-centre)
was 2.96€0.6 �m (n=79). Since the microspheres attach
frequently on the slope of the dome, this average only
represents an “apparent cell height”. In fact, based on z-
stacks from confocal observations, peak cell height was
4.5€0.4 �m (n=11) (Figs. 6A–C).

Figure 7 illustrates typical cell height responses to
hyposmotic (Fig. 7A and D) and hyperosmotic (Fig. 7B)
shocks. Exposure to hyposmotic shock resulted in a cell
height profile consistent with the predicted cell volume

response. Thus, the initial rise in apparent cell height
(33.3€3.9%; n=64; eight independent cover-slips) corre-
sponds to an immediate rise in cell volume, due to
osmotic water equilibrium, similar to that of the light
scattering response (Fig. 3). The return to isosmotic
Ringer’s led to a precipitous decrease in apparent cell
height concomitant with cell shrinkage. Responses shown
in Fig. 7B to hyperosmotic shocks were collected with a
water-immersion objective mounted on an upright micro-
scope where the bottom microspheres are closer to the
objective. This manoeuvre circumvents disturbances in
image quality caused by changes in the refractive index of
the perfusate due to the addition of sucrose. Exposure to
hyperosmotic Ringer’s decreased apparent cell height by
24.3€1.16% (n=81; N=10 independent cover-slips), fol-
lowed by a slow and slight increase (over 20 min)
(Fig. 7B). A typical response to anisosmotic shocks with
cells grown on permeable filters is shown in Fig. 7D. The
hyposmotic and hyperosmotic responses from various
experiments were consolidated to assess the linearity of
response. It was assumed that the change in apparent cell
height is proportional to the change in cell volume. The
resulting Van’t Hoff’s plot is illustrated in Fig. 7C. The
linear profile over a 200-mOsm/kg H2O osmotic range
indicates that apparent cell height is a valid indicator of
cell volume.

Fig. 6A–D Confocal images of the fluorescent microspheres. Cells
were grown on glass cover-slips that had been coated with
microspheres (bottom microspheres). The cells were loaded with
20,70-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF) and the
upper surface also labelled with microspheres (top microspheres).
Next, depth scans were conducted under computer control. z-Stacks
were viewed with Zeiss LSM viewing software. A Optical section
at the centre of the reference microsphere that was chosen among
many bottom microspheres. Top (T) and bottom (B) microspheres

are indicated by filled arrows. B Optical section at the centre of a
top microsphere. C Optical section taken at a point downhill on the
cell surface. D Apparent cell height (Ta) is the distance between a
top and a bottom microsphere. The true cell height Tc is given by
the position of the top microsphere at the top of the dome. DT is the
actual change in cell height, DTa the apparent change in cell height.
A single cell may have many adherent bottom beads but only one
(Br) was chosen as reference. Volume increase is proportional to
DTa
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Changes in light scattering in response
to pharmacologically induced cell volume changes

In many cell types, RVD is induced partially by K+ and
Cl� loss through conductive pathways, the latter often
activated by cell swelling [16, 19]. Gramicidin increases
permeability to K+/Na+ and valinomycin, a K+ ionophore,
can be used to alter whole-cell cation (Na+, K+) conduc-
tance, and induce predictable patterns of cell volume
changes. This paradigm has been demonstrated through
the DFQ technique [35, 37]. Specifically, BCEC undergo
secondary cell swelling when cells are exposed to
gramicidin a few minutes after hyposmotic shock. Similar
experiments were conducted while measuring SLI or
changes in cell height. Accordingly, exposure to grami-
cidin (2 �M) led to swelling when cells were perfused
with Na+-rich Ringer’s. Typical responses are shown in
Fig. 8A and B with the light scattering and cell height
methods, respectively. Conversely, Fig. 9 shows volume
decrease (indicated by a decrease in light scatter) upon
exposure to gramicidin when cells were perfused with
low-Na+ Ringer’s. This additional volume decrease in
low-Na+ Ringer’s indicates the whole-cell cation conduc-
tance is limiting for RVD in BCEC. Consistent with these
findings, Fig. 10A shows that exposure to valinomycin
(0.3 �M) accelerated the decrease in SLI, indicating a
rapid RVD when cells were perfused with Na+-rich
Ringer’s. In further confirmation of the role of K+

conductance, Fig. 10B shows that RVD decelerated when

cells were perfused with Ringer’s containing Ba2+ (5 mM)
as a K+ channel blocker.

Involvement of Na+-K+-2Cl� in RVI

In the absence of HCO�3 RVI in BCEC is brought about
by activated Na+-K+-2Cl� cotransport [2, 7, 16], as in
other cell types. Cells were exposed to bumetanide and
ouabain to test whether or not FLS was capable of
detecting altered RVI. Figure 11A illustrates a control
RVI response followed by an RVI response in the
presence of 100 �M bumetanide, a specific inhibitor of
the cotransporter. Bumetanide inhibited the apparent RVI
significantly, whilst the apparent RVI response returned
when bumetanide was removed. Similarly, reducing the
activity of Na+-K+ATPase disrupts the Na+/K+ gradients
for the cotransporter, and can therefore be expected to
inhibit RVI. Slowing of the Na+-K+ATPase can be
expected to cause cell swelling. This swelling is due to
the net influx of Na+ through leakage pathways, and Cl�

through resting anion channels in the endothelium [29].
Under isosmotic conditions, SLI increased slowly after a
few minutes of exposure to 100 �M dihydro-ouabain
(Fig. 11B). The immediate response was a small decrease
in SLI that indicated a volume decrease. The latter could
be secondary to immediate depolarization in the mem-
brane potential and a consequent loss of K+. This response
was not investigated further. During the slow swelling
phase, cells were exposed to hyperosmotic shocks in order

Fig. 7A–D Changes in cell height (shown as cell height Tc, as a
percentage of the cell height prior to the first osmotic perturbation)
in response to anisosmotic Ringer’s. In A, B and D, the solid line is
the average of n beads from N experiments. The dotted lines are
€SEM. A Response to hyposmotic Ringer’s; n=16, N=1. Tc under
isosmotic conditions prior to the hyposmotic challenge was
2.72€0.31 �m. Osmolality was reduced from 320 to 230 mOsm/
(kg H2O). B Response to hyperosmotic Ringer’s; n=58, N=6. Tc
under isosmotic conditions prior to the hyperosmotic challenge was
3.39€0.22 �m. Osmolality was increased from 320 to 430 mOsm/

(kg H2O). C Van’t Hoff plot constructed from experiments similar
to those shown in A and B. The maximal initial change in Tc
(expressed as a percentage of isosmotic values) recorded in hypo-
or hyperosmotic conditions is shown as a function of the reciprocal
of the osmolality (p). D As in A, but with the cells grown on a
permeable support. Both basolateral and apical surfaces were
exposed simultaneously to hyposmotic Ringer’s; n=9, N=1. Tc
under isosmotic conditions prior to the first hyposmotic challenge
was 1.94€0.40 �m. Osmolality was reduced from 320 to
230 mOsm/(kg H2O)
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to determine the apparent RVI response. As expected, the
RVI was very small. However, the cells continued to
swell at a rate matching swelling even before osmotic
shock. Upon removal of dihydro-ouabain, SLI decreased
slowly towards the baseline under isosmotic conditions.

Discussion

Forward light scattering (FLS) vs. backward light
scattering (BLS)

In this study, we examined a modified optical configu-
ration for a microscope-based implementation of the
method of light scattering to measure rapid changes in
cell volume. Although Echevarria and Verkman [9] also
used an inverted microscope the illumination beam in

their set up made an acute angle with the optical axis of
the objective (depicted in Fig. 4B, inset). Since the
direction of propagation of the collected scattered light is
not along the illumination beam, but rather back towards
the source itself, we refer to Echevarria and Verkman’s
configuration as backward light scattering. Conversely,
we refer to the configuration demonstrated in Fig. 1A
(also depicted in the inset of Fig. 4A) as forward light
scattering since the scattered light captured by the
objective is in the direction of propagation of the
illumination beam. Our references to configurations
shown in the insets of Fig. 4A and B as FLS and BLS,
respectively, are consistent with reports on flow cytom-
etry in which FLS is also employed for the measurement
of cell size [4, 34].

Angle sensitivity of the scatter response

In attempts to duplicate Echevarria and Verkman’s
configuration [9], initial experiments were conducted in
the BLS mode. Although we succeeded in recording
volume-sensitive responses after a considerable number
of trials, the volume sensitivity could not be improved
(Fig. 4B). This is presumably due to the limited range of
the incidence angle (qi) of the illumination beam.
Mechanical limitations imposed by the size of the
illumination optics beneath the microscope stage pre-
cluded a detailed investigation into the dependence of the
volume sensitivity on qi. However, the FLS scheme
permitted the same illumination optics to be held from
above the stage and to be manoeuvred readily to yield a
wider range of incidence angles (qi=30–50�; Fig. 1). In
this configuration, we obtained consistently higher vol-
ume sensitivity with a qi of approximately 40�. This is

Fig. 8A, B Secondary cell swelling in response to gramicidin.
Cells were perfused initially with isosmotic Ringer’s and then
exposed to a hyposmotic shock and subsequently to gramicidin
(GC; 2 �M). A Response recorded with the FLS method (N=6). B
Time course of Tc. The solid line is the mean from five cells from
one experiment. The dotted lines are €SEM. Tc under isosmotic
conditions prior to the hyposmotic challenge was 5.98€0.21 �m

Fig. 9 RVD is limited by K+ conductance. Swollen cells were
exposed to gramicidin (2 �M) in low-Na+ Ringer’s (extracellular
[Na+] 8 mM, the remainder of Na+ was replaced by equimolar N-
methyl-d-glucamine (NMDG+), to which the gramicidin-formed
cation channels are impermeable. The rapid decrease in SLI
indicates cell shrinkage
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evident from results illustrated in Figs. 3A and B and 4A,
which demonstrate that the apparent volume sensitive
scatter is much larger than with the BLS approach
(Fig. 4B). Furthermore, although the SLI intensity varied
with large changes in qi, small changes around qi=40�
(within €4�) did not result in a significant loss of volume
sensitivity. This lack of local sensitivity is evident in
measurements with consistently higher volume sensitiv-
ity, despite inevitable repositioning of the illumination
optics from experiment to experiment.

Taking the above observations on FLS and BLS
together, it seems that the volume sensitivity of the scatter
is affected significantly by large changes in qi. Specifi-
cally, the large changes affect even the sign of the slope
of the relationship between D[scatter intensity] and D[cell
volume]. Thus, scatter intensity increased with cell
swelling and vice versa (Fig. 3A and B) in FLS mode,
but decreased with cell swelling and vice versa (Fig. 4B)

Fig. 11A, B RVI response is inhibited by bumetanide. Cells
perfused with isosmotic Ringer’s were exposed to hyperosmotic
Ringer’s and the cell volume response recorded by light scattering
in the FLS mode. A Control RVI response is followed by RVI in
the presence of bumetanide (100 �M). Note that the presence of
bumetanide completely inhibits RVI. However, when bumetanide
is removed, the RVI response returns. B Exposure to dihydro-
ouabain (100 �M) leads to an immediate decrease in SLI followed
by a slow increase. In the presence of dihydro-ouabain and
consequent swelling, RVI in response to hyperosmotic shock is not
apparent in two subsequent shocks. Removal of dihydro-ouabain
resulted in a slow return of SLI towards the baseline. The results
shown in each panel are typical of at least three independent
experiments

Fig. 10A, B RVD is limited by K+ conductance. A Exposure to
valinomycin (Val; 0.3 �M) during RVD led to an accelerated
volume loss indicating potentiation of RVD. B Fractional recovery
(FR) of SLI, calculated as [100 (SLIMAX�SLI)]/[SLIMAX�SLIISO],
where SLIMAX is the peak SLI after imposing the osmotic challenge
and SLIISO the SLI under isosmotic conditions prior to the
hyposmotic shock. Extent of RVD was reduced by Ba2+ (5 mM).
In the same cover-slip, valinomycin showed increased RVD after
Ba2+ removal. The results shown in each panel are typical of at least
three independent experiments
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in BLS mode. These findings suggest that at illumination
angles between those comprising the FLS and BLS
modes, scatter sensitivity to cell volume becomes negli-
gible and an inflection point is reached. Consistent with
this argument is the fact that scatter intensity varied
inversely with cell volume in the BLS mode as in [9], as
well as in this study with BLS configuration (Fig. 4B).
Reduced sensitivity observed in the BLS mode could
suggest that the qi chosen for experiments similar to those
shown in Fig. 4B may have been near an inflection point
indicated above. It may be noted that several non-
microscopic studies have shown both an inverse propor-
tionality between cell volume and light scatter [12, 13, 24,
38] as well as direct proportionality between light scatter
and cell volume [6].

Linearity of the scatter response

It is apparent from previous studies that scattered light
contains information on size, shape and state of the
aggregation of the cells [9, 20, 23]. However, in the
absence of changes in cell shape and state of aggregation,
changes in the intensity of light scattering have been
shown to vary linearly with changes in cell volume
(Fig. 5B). Consistent with a rapid approach towards
osmotic equilibrium and slow volume changes in re-
sponse to regulatory volume control, our results (Fig. 3A
and B) show that changes in SLI follow two distinct
dynamic modes in response to acute osmotic shocks: (1)
immediate cell swelling or shrinkage due to osmotically
induced water movement and (2) regulatory volume
control mechanisms (i.e. RVD or RVI). If the FLS
method were corrupted by changes in the refractive index
between isosmotic and hyper/hyposmotic Ringer’s, RVD
and RVI would not have necessarily shown consistent
dynamic profiles. Whatever their origin, scattered light
responses during RVD and RVI are sensitive to changes
in cell volume. This is evident in the slow responses of
changes in SLI consistent with the longer time constant
(approximately minutes) of the RVD/RVI phenomenon.
These slow changes in SLI are not corrupted by
extracellular changes in the refractive index, which has
a time constant of the order of seconds due to the high
flow through the small (80 �l) chamber. In addition, peak
changes in SLI (a true measure of the osmometric change
in cell volume) after osmotic shocks were related
inversely to changes in predicted cell volume, according
to Van’t Hoff’s law (Fig. 5B). Taken together, these
findings suggest the scatter signal is volume sensitive.

SLI changes in response to gramicidin or valinomycin
are consistent with predicted changes in cell volume and
with previous findings by the DFQ technique and
intracellular [Na+] measurements [35, 36, 37]. Thus,
upon exposure to gramicidin at normal levels of extra-
cellular Na+ (Fig. 8A and B, light scattering and cell
height measurements, respectively), the secondary in-
crease in SLI (indicating increase in cell volume) is due to
a net Na+ influx through gramicidin channels facilitated

by an inwards gradient for Na+, as well as parallel Cl�

influx through volume-regulated anion channels [35, 36,
37]. After reversing the gradient for Na+, exposure to
gramicidin resulted in a precipitous decrease in SLI
(indicating rapid RVD; shown in Fig. 9). On the other
hand, the K+-selective ionophore valinomycin favours K+

loss and induces a decrease in SLI (indicating enhanced
RVD) in the presence of normal extracellular [Na+]
(Fig. 10A). Reduced FLS during RVD in response to Ba2+

(Fig. 10B) is also consistent with reduced RVD by a block
of K+ channels.

To validate the response during cell shrinkage, we
recorded SLI during the RVI response in the presence of
bumetanide and, prior to the exposure of cells, to dihydro-
ouabain. It is clear from Fig. 11A that bumetanide, a
known inhibitor of the Na+-K+-2Cl� cotransporter, re-
duced the rate of increase in SLI during RVI in a
reversible manner. Activation of the Na+-K+-2Cl� co-
transporter has been demonstrated in BCEC as a response
to hyperosmotic conditions [7]. Accordingly, the reduced
increase in SLI during RVI (Fig. 11A) is consistent with
reduced RVI by inhibition of Na+-K+-2Cl� cotransport.
Finally, ouabain, which induced a constant increase in
SLI, inhibited RVI by disrupting the gradients for Na+ and
K+ through inhibition of the Na+-K+-ATPase.

Cell height as a measure of cell volume and verification
of key FLS methodology

The principle of using cell height as a measure of cell
volume is applicable to cells in confluent monolayers [5,
17, 33, 40]. Since measurement of cell height is direct and
accomplished in real-time, we used this technique to
corroborate FLS measurements. The setup we have
chosen to measure cell height has been utilized exten-
sively to measure changes in volume of A6 cells (a
polarized and tight epithelial cell line from the distal
tubule of Xenopus laevis kidney) grown on permeable
supports [40, 41]. Although the specific type of labelling
microspheres (i.e. avidin-coated) was suitable for A6 cells
[40, 41], current experiments showed that they adhere less
avidly to BCEC. This lower affinity could be attributed to
the dome shape of the BCEC cells, leading to the
microspheres’ slipping downhill. Although small lateral
movements were handled adequately by a dynamic
selection of the region of interest in the image acquisition
program, the loss of microspheres from the dome region
made it difficult to conduct a large number of successful
experiments. No specific problems were noted from the
bottom microspheres. Results presented in this study
provide the first evidence to suggest that although BCEC
are dome-shaped, apparent cell height is indicative of cell
volume. For this study, the most important point is that
cell height measurements corroborated measurements by
FLS (Fig. 8A vs. B) and the DFQ method [35, 36, 37].

In conclusion, we have modified the configuration of
the light-scattering method for measuring changes in cell
volume [9]. This new FLS configuration was corroborated
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through cell height measurements. It yielded a higher
volume sensitivity for measurements of rapid changes in
cell volume of BCEC cells grown to confluence on glass
cover-slips compared with the BLS configuration. We
have demonstrated volume sensitivity of SLI using the
principles of RVD/RVI and predictable volume changes
using gramicidin, valinomycin, and ouabain. Many of the
results shown in this study have also been shown in
BCEC cells using DFQ, offering comparable temporal
resolution [35, 36, 37].
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