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Measurements and modeling of water transport and osmoregulation in a single kidney cell
using optical tweezers and videomicroscopy
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With an optical tweezer installed in our optical microscope we grab a single Madin Darby Canine kidney
cell and keep it suspended in the medium without touching the glass substrate or other cells. Since the optically
trapped cell remains with a closely round shape, we can directly measure its volume by using videomicroscopy
with digital image analysis. We submit this cell to a hyperosmotic shock~up-shock! and video record the
process: the cell initially shrinks due to osmotic efflux of water and after a while, due to regulatory volume
increase~RVI!, an osmoregulation response, it inflates again~water influx! until it reaches a new volume~the
regulatory volumeVR). In addition to considering standard osmotic water transport, we model RVI using a
simple phenomenological model. We obtain an expression for cell volume variation as a function of time that
fits very well with our experimental data, where two characteristic times appear naturally: one related to water
transport and the other related to RVI. From the fit we obtain water permeability, osmolyte influx rate for RVI,
and regulatory volume. With the addition of the hormone vasopressin, water permeability increases while the
regulatory volume decreases until inhibition of RVI. In summary, we present a technique to measure directly
volume changes of a single isolated kidney cell under osmotic shock and a phenomenological analysis of water
transport that takes into account osmoregulation.

DOI: 10.1103/PhysRevE.68.041906 PACS number~s!: 87.16.Dg, 87.64.2t, 87.80.Cc, 89.40.Cc
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I. INTRODUCTION

Pure lipid biological membranes are poorly permeable
water (1025–1024 cm/s), while water permeability o
plasma membranes of epithelial cells involved in fluid tra
port can be much higher (1023–1021 cm/s) @1#. This obser-
vation led to the identification of a family of molecular wat
channels~aquaporins! that mediate and regulate water tran
port across plasma membranes@2,3#. In order to determine
whether water channels can account quantitatively for
water permeability observed in epithelial cell plasma me
branes, several model systems and different techniques
recently been developed to measure water permeab
@4–8#. Water transport is ubiquitous in cells; therefore t
technique described here is of general applicability in c
biology. In particular, precise measurements of water per
ability in kidney cells are important as part of the unde
standing of renal disorders, hypertension, and how drugs
affect them. The central idea of most experiments is to s
mit layer of cells or tissues to an osmotic up- or down-sho
and measure variation of cell volume as a function of tim
From the fit of the data to some model function one c
obtain water permeability@4#. The main difference betwee
the various techniques is how cell volume change as a fu
tion of time is measured. The experiments carried out to n
were performed on layers of kidney cells or on tissues
used light interference, fluorescence, and other optical te
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niques where assumptions about the shape of the cells
to be made in order to obtain the variation of cell volum
@4–8#. To circumvent such problems and have a complet
isolated cell we use an optical tweezer that consists o
single laser beam focused by a high numerical aperture
jective ~1.4! that can trap dielectric particles near its foc
@9–11#. With an optical tweezer installed in our microscop
~see Fig. 1! we grab a single Madin Darby Canine Kidne
~MDCK! cell @12,13# and keep it suspended in the mediu
without touching the glass substrate or other cells. The o
cally trapped cell remains with a closely round shape, s
that we can directly measure its volume by using videom
croscopy with digital image analysis. We submit this cell to
hyperosmotic shock~up-shock! and video record the proces
the cell initially shrinks~see Fig. 2! and after a while, due to
osmoregulation, there is a reuptake of water@regularly vol-
ume increase~RVI!#, and the cell inflates again until i
reaches a new volume~regulatory volumeVR). A plot of the
time evolution of the normalized volume of a single MDC
cell after an osmotic up-shock of 200 mOsm—change
external osmolarity from 300 to 500 mOsm—is shown
Fig. 3. The response time for equilibration of the extern
osmolarity around the cell in our chamber is of the order
1–2 s. The final external osmolarity is kept constant due
continuous circulation of the medium with the new osmol
ity through the chamber with the cell. Our data in Fig.
cannot be fitted by the standard model that has been use
most of the analysis in the literature up to now@4–8#, since
the standard model only takes into account passive osm
water transport and not uphill water transport that leads
RVI as clearly shown in our data. The standard model p
dicts, for our experimental conditions, a single decaying
d-
©2003 The American Physical Society06-1
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ponential function, for the variation of volume as a functi
of time, which is incompatible with our experimental da
Electrophysiological studies of MDCK cells after osmo
up-shocks have been done in an attempt to identify the
croscopic mechanisms responsible for RVI. A sudden ex
sure of MDCK cells to hypertonic extracellular fluids lea
to an increase of the cell membrane K1 selectivity, paralleled
by a marked decrease of cell membrane conductance inv
ing both K1 and Cl2 conductances. The reduction of ce
membrane conductances tends to reduce cellular loss of
and is supportive of RVI. However, the accumulation of io
required by RVI cannot be achieved by inhibition of io
conductance alone but must involve mechanisms increa
cell osmolarity@14#. More recently, an electron microprob
analysis indicates a pronounced increase of K, Cl, and

FIG. 1. Setup. The optical tweezer is mounted on a Nik
TE300 Eclipse Microscope and consists of an IR laser beam fro
diode-laser SDL-5280 that goes through an oil objective and
cells near the objective focus. Visualization is accomplished w
the same objective and a charge-coupled device camera~DAGE
MTI !. Images are recorded with a videocassette recorder~EVO
9650 SONY!. Later, images are digitized with a frame grabb
~Data Translation!, stored in a PowerPC microcomputer, and p
cessed using the programNIH IMAGE. Our chamber allows a con
tinuous flow of the medium solution.

FIG. 2. Left: Bright-field image of an optically trapped MDCK
cell in equilibrium in a medium of 300 mOsm. Right: Image of th
same cell 15 s after a hyperosmotic shock of 200 mOsm.
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contents in MDCK cells during RVI after a hyperosmot
stress. However, the long term volume regulation in MDC
cells is achieved by osmolytes not detectable by elect
microprobe analysis@15#. A complete set of microscopic
mechanisms to explain RVI in MDCK cells is still lacking. A
discussion of general models for water transport with R
across leaky epithelia can be found in the paper by Zeut
@16# and for bacterial cells in the paper by Csonka and E
stein@17#. In this paper we propose a simplified phenomen
logical model of transport where all microscopic mech
nisms for RVI are lumped into a single constanta that
introduces a new time scale into the problem. Our model
very well with our experimental data, and in addition to w
ter permeability we can obtain the constanta and the regu-
latory volumeVR . This seems to be a good way of quan
tatively characterizing RVI in our system and may be use
for deciding among the main microscopic mechanisms
RVI. Measurements can also be done in the presence
drugs. One can use our model to determine how RVI is
fected by such drugs. An example will be provided from
up-shock in MCDK cells treated with the antidiuretic ho
mone vasopressin. Our model provides one step beyond
standard analysis of water transport in cells by including
simple phenomenological model of RVI, which fits very we
with our experimental data for MDCK cells. Therefore, w
have a good experimental model system, since it consist
a well-known kidney cell~MDCK!, completely isolated from
the substrate and from other cells, and a technique tha
turns direct measurements of cell volume as a function
time.

II. MATERIALS AND METHODS

A. Cell culture and loading

MDCK cells ~provided by Dulce Cazarine-UNIFESP!,
passages 28–35, are grown in cell culture flasks~by Nalge

a
p
h

-

FIG. 3. Time evolution of the normalized volume of the sing
MDCK cell of Fig. 1, under osmotic up-shock from 300 mOsm
500 mOsm. Circles are the experimental points and continu
curve is the fit using Eq.~13!. The fit returnsP56.660.3 mm/s,
a5(8.560.4)310210 mol/s cm2, VR /V050.9560.04, andb/V0

50.5260.02.
6-2
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Nunc International! in D-MEM/F-12 medium~GIBCO! con-
taining 1mM HEPS and 10 ml antibiotic-antimycot
~GIBCO! supplemented with 10% fetal calf serum at 37 °
in 5% CO2 atmosphere. The cell culture medium was e
changed three times per week. MDCK cells were used
50–70 % confluence. Cells grown to confluence were lift
the culture chamber by tripsinization; cells were washed w
phosphate-buffered saline~PBS - GIBCO BRL! and exposed
to 0.2-ml trypsin solution~0.25% flesh trypsin and 0.03%
EDTA! in 0.4-ml PBS,pH57.2 for 4 m. Isolated cells were
suspended and 50% of the solution was immediately tra
ferred to 5-ml cell culture medium containing, 0, 18, 36,
54 mM of AVP (Arg8 vasopressin—Bachem!; the 50% re-
mainder was transferred to a new cell culture flask conta
ing 5 ml of cell culture medium. Cell culture medium~500
mOsm! containing 0-, 18-, 36-, or 54-mM AVP was used f
hyperosmotic perfusion. This solution was prepared w
D-MEM/F-12 medium adjusted to 500 mOsm by addition
100-mM NaCl.

B. Flow chamber

Details of our flow chamber are shown in Fig. 4. T
chamber is composed of two sections to minimize fluct
tions in the region where the cell under study is located. T
chamber contains the cell in equilibrium with its medium
The ability to measure the permeability with accuracy d
pends on the response time for equilibration of the system
a new osmolarity after the osmotic shock. To have the fas
possible response time for equilibration of the osmola
around the cell, the cell grabbed by the optical tweezer
put around 50mm from the flow entrance and as close
possible from the bottom of the chamber. The flow rate
adjusted to maximum before the cell pops out from the tw
zers. From the time we turn the flow with the medium with
new osmolarity until the cell starts to shrink it takes 1–2
Since the kidney cell used is much smaller than the flow in

FIG. 4. Flow chamber.
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area (1.534.5 mm2), the osmolarity around the cell equili
brates very rapidly to the nominal value of the osmolar
of the flow-in solution, even though the osmolarity in th
whole flow chamber is highly nonuniform. An estima
for the equilibration time around the cell can be done
~equilibration time!5~diameter of the cell!/~flow velocity!
'20 mm/25 mm/s;1 s. Since the fast decay times me
sured are around 15 s, we are in fact measuring cell per
ability which are little affected by the equilibration tim
around the cell.

C. Optical tweezers and videomicroscopy setup

We use a Nikon TE300 microscope with an oil immersi
microscope objective with magnification of 1003 and nu-
merical aperture 1.4, in a bright field configuration. Measu
ments were performed at 25 °C. Visualization is made w
the same objective and recorded with a digital cam
~DAGE MTI! and a videocassette recorder~EVO 9650-
SONY!. The optical tweezers consists of a collimated be
of infrared laser~SDL 5280! that goes through the objective
The influence of the optical tweezer IR laser on the cell,
to the local power of 20 mW, was checked using Tryp
Blue. Until 2 h of cell exposition to the laser, no appare
damage was observed. Details of our experimental setup
be obtained from Vianaet al. @11#.

D. Image analysis

Recorded images were digitized as movies with 8-
graylevels, using a Data Translation frame grabber a
stored in a PowerPC microcomputer. The movies of the c
under osmotic shock were analyzed with the programNIH

IMAGEJ. The program extracts the cell area and then the v
ume is obtained.

III. MODEL OF WATER TRANSPORT
WITH OSMOREGULATION

For an osmotic up-shock the cell volume initially d
creases due to outflow of water. In the previous studies, R
was not taken into account such that the initial cell volum
variation as a function of time was fit to a single exponen
function whose decay time is related to water permeabi
@4–8#. If, however, the cell volume is left to evolve for
longer time, like in Fig. 3, the cell inflates due to reuptake
water ~RVI!. As mentioned before, RVI in MDCK cells ca
be caused by the uptake of several osmolytes after the
perosmotic shock, but a clear picture of all mechanisms le
ing to RVI is still lacking. Our model contains the standa
term for passive osmotic water transport plus a term rela
to RVI, as described below.

Let us assume that the water permeabilityP(cm/s) for a
given plasmatic membrane is constant during an osm
shock. Using Fick’s law and the difference in osmotic pre
sures between intra cellular and extracellular regions,
variation of the mass of waterMw ~mol! inside the cell can
be written as

dMw

dt
5A0P~f i2fe!, ~1!
6-3



.
g
e
r.

a
m

du
e

.
a-
-
o

e

re

th
of

I
m

m

d

qs.

nal
wo
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wheref i is the internal cell osmolarity (moles/cm3), fe is
the external cell osmolarity (moles/cm3), A0 is the initial
membrane area (cm2), andP is water permeability (cm/s)
If f i is larger thanfe water flows into the cell increasin
Mw , whereas in the opposite case water flows out the c
The total cell volumeV is not completely occupied by wate
If b is the osmotically inactive volume (cm3) @4#, the volume
occupied by water that is osmotically active isV-b. It is
important to emphasize that the areaA0 is the total mem-
brane area assumed constant during the osmotic shock
not the cell area. This assumption implies that the total nu
ber of pores active for water transport remains constant
ing the osmotic shock@4#. Therefore, we can rewrite th
equation above to obtain

d~V2b!

dt
5

A0P

rw
F Ms

V2b
2feG , ~2!

whererw is the water density (1/18 mol/cm3) andMs is the
total osmolyte mass~mol! in the osmotically active regions
Solving Eq.~2! for an osmotic up-shock and for small vari
tions of volume, and keepingMs constant, leads to the stan
dard single exponential decaying function for the volume
the cell as a function of time as obtained by Farinaset al.
@4,6#. We model osmolyte transport for RVI by allowing th
variation ofMs following the equation below

dMs

dt
52aA0S V2VR

V0
D , ~3!

whereVR is the regulatory volume (cm3) anda is a constant
related to the rate of osmolyte transport for RVI per unit a
of the membrane (mol/s cm2); a may be different for an up
or down osmotic shock. Our proposal then is that the rate
osmolyte influx towards regions osmotically active inside
cell is proportional to the relative deviation of the volume
the cell in relation to the final volumeVR . The cell may
return to the initial volumeV0, but in general it returns to a
final equilibrium volumeVR that is close toV0 . VR is the
new equilibrium volume after the osmotic shock and RV
consequently it is independent of our model. After so
simple mathematical manipulation, Eqs.~2! and~3! result in
a nonlinear second-order differential equation for the ti
evolution of cell volume given by

1

2

d2~V2b!2

dt2
1g1

d~V2b!

dt
1g2~V2b!5g2~VR2b!,

~4!

where

g15
PwA0fe

rw
~5!

and

g25
PwA0

2a

rwV0
. ~6!
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For small volume variationsDV, we have

~V2b!5~V02b!1DV, ~7!

where V0 is the initial cell volume (cm3) and DV!(V0
2b). Then Eq. 4 can be linearized and written as

d2DV

dt2
1

g1

~V02b!

dDV

dt
1

g2

~V02b!
DV5

g2

~V02b!
~VR2V0!.

~8!

Equation ~8! is a differential equation of a single dampe
harmonic oscillator, with two characteristic time scales:

t15F g1

2~V02b!
1

1

2
AS g1

~V02b! D
2

2
4g2

~V02b!
G21

~9!

and

t25F g1

2~V02b!
2

1

2
AS g1

~V02b! D
2

2
4g2

~V02b!
G21

.

~10!

For the initial conditions (t50),

DV50, ~11!

f i2f252Df0 , ~12!

whereDf0 is the osmotic shock (mol/cm3) considered posi-
tive for an up-shock like in our experiments and using E
~8!–~10! an expression for the cell volumeV(t) as a function
of time predicted by our model is given by

V~ t !5Ae2t/t12Be2t/t21VR , ~13!

where

A5
t1t2

t22t1

PwA0Df0

rw
1

t1~VR2V0!

t22t1
~14!

and

B5
t1t2

t22t1

PwA0Df0

rw
1

t2~VR2V0!

t22t1
. ~15!

If g1
2@4.g2 .(V02b), then t2@t1 , a condition that is

usually satisfied by our experimental data, a simplified fi
equation is obtained with a simpler interpretation of the t
characteristic times, namely,

A5
~V02b!Df0

fe
, ~16!

B5
~V02b!Df0

fe
1~VR2V0!, ~17!

t15
rw~V02b!

PwA0fe
, ~18!
6-4
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t25
feV0

aA0
. ~19!

In this approximation the fast time constantt1 is associ-
ated with water transport while the slow time constantt2 is
associated with osmolyte transport for RVI. If we negle
RVI ( t25`), the simplified expressions above forA andt1
@Eqs.~16! and~18!# are those used by Farinaset al. @4# to fit
with their data. The same expression has since then b
used by all the other authors. Therefore our model is a g
eralization of previous models.

IV. EXPERIMENTS AND DISCUSSIONS

Equation~13! fits very well with our experimental data, a
shown in Figs. 3 and 5. We use a nonlinear square fit
routine to fit the data. From the fit, we obtain the parame
t1 ,t2 ,A,B, andVR , and using Eqs.~14! and~15! we obtain
the values for the water permeability, osmolyte influx ra
regulatory volume, and the volume osmotically inactive. F
the data of Fig. 3, this fit returnsP56.660.3 mm/s, a
5(8.560.4)310210 mol/s cm2, VR /V050.9560.04, and
b/V050.5260.02. Values obtained by Zeleninaet al. @7# are
P52.7360.26mm/s and b/V050.5760.04, by Farinas
et al. @6# from P5964 mm/s up to P52467 mm/s, de-
pending on which side of the cell in the monolayer~apical or
basolateral! the measurement is performed, a distinction t
we cannot make since we are measuring a single isol
cell. Since Zeleninaet al. and Farinaset al. did not investi-
gate RVI, they did not measure eithera or VR .

We also performed experiments with the addition of t
antidiuretic hormone vasopressin. Vasopressin is known

FIG. 5. Time evolution of the normalized volume of trapp
MDCK cells under an osmotic up-shock from 300 mOsm to 5
mOsm: lozenges are the data for vasopressin concentration o
nM, circles for 36 nM and triangles for 54 nM. Continuous curv
are the fits using Eq.~13!.
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activate a metabolic path that translocates aquaporins-2 f
an intracellular compartment to the apical membrane,
creasing the membrane number of pores and consequ
increasing its water permeability@18–21#. Data in Fig. 5 was
obtained after the addition of 18, 36, and 54 nM of vas
pressin. Concentrations of vasopressin are kept constant
ing the experiments since the medium with such concen
tions circulates continuously through the chamber. Equa
~13! also fits very well with the data with vasopressin
shown in Fig. 5. We observe that water permeability
creases while regulatory volume decreases, a parameter
has not been measured before. We observe also that
addition of vasopressin cells become structurally weaker
there is a greater chance of membrane ruptures occurrin
summary of the results is shown in Table I.

V. CONCLUSIONS

In conclusion, we presented a technique based on op
tweezing and videomicroscopy that allows us to follow d
rectly the time evolution of the volume of a single isolat
kidney cell under osmotic up-shock. In addition to osmo
water transport, we introduced a phenomenological term
takes into account RVI. In our simplified model the mech
nisms of RVI are lumped into a single constanta that intro-
duces a new time scale into the problem. The model fits v
well with the experimental data, indicating that just two tim
constants are sufficient to explain the observed transport:
time constant associated with water transport and the o
time constant associated to osmolyte transport. In additio
water permeability, novel parameters, such as osmoreg
tion, osmolyte influx rate, and regulatory volume were me
sured which might be useful for understanding the mec
nisms of RVI and the behavior of kidney cells and of oth
cells in the presence of hormones and drugs.
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18

TABLE I. NR—No or very slow RVI that could not be mea
sured for an experimental run time of around 10 min. Averag
were made over measurements from ten different cells for A
concentrations of zero and 54 nM and from five different cells
the other concentrations. The error bars correspond to the stan
deviations.

AVP a VR P b
~nM! (10210 mol/s cm2) (%V0) (mm/s) (%V0)

0 8.061.5 9466 5.262.1 6366
18 6.165.2 9063 9.463.5 56615
36 1363 8563 15.164.5 6864
54 NR NR 16.666.1 57612
6-5
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