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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 sHogkshock and video record the
process: the cell initially shrinks due to osmotic efflux of water and after a while, due to regulatory volume
increasgRVI), an osmoregulation response, it inflates adaiater influX until it reaches a new volumighe
regulatory voluméVg). 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.
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I. INTRODUCTION niques where assumptions about the shape of the cells have
to be made in order to obtain the variation of cell volume
Pure lipid biological membranes are poorly permeable td4—8]. To circumvent such problems and have a completely
water (10°-10 % cm/s), while water permeability of isolated cell we use an optical tweezer that consists of a
plasma membranes of epithelial cells involved in fluid trans-Single laser beam focused by a high numerical aperture ob-
port can be much higher (16-10"1 cm/s)[1]. This obser- jective (1.4) that can trap dielectric particles near its focus
vation led to the identification of a family of molecular water [9-11. With an optical tweezer installed in our microscope
channelgaquaporinsthat mediate and regulate water trans- (€€ Fig. 1 we grab a single Madin Darby Canine Kidney

port across plasma membrar@s3). In order to determine (MDCK) cell [12,13 and keep it suspended in the medium

é{vithout touching the glass substrate or other cells. The opti-
water permeability observed in epithelial cell plasma mem-CaIIy trapped cell remains with a closely round shape, such

branes, several model systems and different techniques ha;[/he"’lt we can directly measure its volume by using videomi-

.. croscopy with digital image analysis. We submit this cell to a
recently been developed to measure water permeabilit Py g g y

¥yperosmotic shockup-shock and video record the process:
[4—-8]. Water transport is ubiquitous in cells; therefore the b up u P

the cell initially shrinks(see Fig. 2 and after a while, due to

technique described here is of general applicability in Ce”osmoregulation, there is a reuptake of wdtegularly vol-

biology. In particular, precise measurements of water perme me increase(RVI)], and the cell inflates again until it
ability in kidney cells are important as part of the under-,ggches a new volumeegulatory volume/g). A plot of the
standing of renal disorders, hypertension, and how drugs cafine evolution of the normalized volume of a single MDCK
affect them. The central idea of most experiments is to subce|| after an osmotic up-shock of 200 mOsm—change in
mit layer of cells or tissues to an osmotic up- or down-shockexternal osmolarity from 300 to 500 mOsm—is shown in
and measure variation of cell volume as a function of timeFig. 3. The response time for equilibration of the external
From the fit of the data to some model function one canosmolarity around the cell in our chamber is of the order of
obtain water permeabilitj4]. The main difference between 1-2 s. The final external osmolarity is kept constant due to
the various techniques is how cell volume change as a fun@ontinuous circulation of the medium with the new osmolar-
tion of time is measured. The experiments carried out to novity through the chamber with the cell. Our data in Fig. 3
were performed on layers of kidney cells or on tissues and¢annot be fitted by the standard model that has been used in
used light interference, fluorescence, and other optical techmost of the analysis in the literature up to np#v8|, since

the standard model only takes into account passive osmotic

water transport and not uphill water transport that leads to

* Author to whom correspondence should be addressed. Email adRVI as clearly shown in our data. The standard model pre-

dress: mesquita@fisica.ufmg.br dicts, for our experimental conditions, a single decaying ex-

1063-651X/2003/6@}/0419066)/$20.00 68 041906-1 ©2003 The American Physical Society



LUCIO, SANTOS, AND MESQUITA PHYSICAL REVIEW E68, 041906 (2003

inlet T T T T
KA
outlet L o ]
CHAMBER MDCK CELL [—F o o ® ]
Y L Vodrmmmm e e §qo68
OP"['_[CA[:‘-. - X Region where passive water o B !' q
COVERSLIF TRAP transport drives the o @ h& C ]
I ] - 0.94 + 4 evnlutior ofcellvnlu;nezg & 5 0 ° 1
STAGE Z ‘ R &% % ]
> r ]
OIL
OBJECTIVE
0.89 [ .~ ' )
100X tne evoliion ofcellvalume ]
NA 14 ] ]
+ ]
0.83 Lt . . ) . ]
c---~<——13
\"\ IR LASER 0 400 800
¥ time (s)
CCD . . . .
FIG. 3. Time evolution of the normalized volume of the single
MDCK cell of Fig. 1, under osmotic up-shock from 300 mOsm to
VIDEQ 500 mOsm. Circles are the experimental points and continuous

curve is the fit using Eq(13). The fit returnsP=6.6+0.3 um/s,
FIG. 1. Setup. The optical tweezer is mounted on a Nikona=(8.5+0.4)x10 1 mol/s cnf, Vg/V,=0.95+0.04, andb/V,
TE300 Eclipse Microscope and consists of an IR laser beam from & 0.52+0.02.
diode-laser SDL-5280 that goes through an oil objective and trap
cells near the objective focus. Visualization is accomplished withcontents in MDCK cells during RVI after a hyperosmotic
the same objective and a charge-coupled device cafBA&E  stress. However, the long term volume regulation in MDCK
MTI). Images are re_corded with a y_ldeoca§sette recol®O  q|is is achieved by osmolytes not detectable by electron
9650 SONY. Later, images are digitized with a frame grabbermicroprobe analysi§15]. A complete set of microscopic
(Data Translatioh stored in a PowerPC microcomputer, and pro- e chanisms to explain RVI in MDCK cells is still lacking. A
Eﬁzzi(i_ ;lexgo:rt]sepr:?gém s”glﬁiih Our chamber allows a con- discussion of general models for water transport with RVI
' across leaky epithelia can be found in the paper by Zeuthen
[16] and for bacterial cells in the paper by Csonka and Ep-
ponential function, for the variation of volume as a function stein[17]. In this paper we propose a simplified phenomeno-
of time, which is incompatible with our experimental data. |ogical model of transport where all microscopic mecha-
Electrophysiological studies of MDCK cells after osmotic nisms for RVI are lumped into a single constamtthat
up-shocks have been done in an attempt to identify the mimtroduces a new time scale into the problem. Our model fits
croscopic mechanisms responsible for RVI. A sudden expoyery well with our experimental data, and in addition to wa-
sure of MDCK cells to hypertonic extracellular fluids leads ter permeab”ity we can obtain the constantind the regu-
to an increase of the cell membrané KelectiVity, paralleled |atory Vo|umeVR' This seems to be a good way of quanti_
by a marked decrease of cell membrane conductance involyatively characterizing RVI in our system and may be useful
ing both K" and CI" conductances. The reduction of cell for deciding among the main microscopic mechanisms for
membrane conductances tends to reduce cellular loss of i0F8/]. Measurements can also be done in the presence of
and is supportive of RVI. However, the accumulation of ionsdrugs. One can use our model to determine how RVI is af-
required by RVI cannot be achieved by inhibition of ion fected by such drugs. An example will be provided from an
conductance alone but must involve mechanisms increasingy-shock in MCDK cells treated with the antidiuretic hor-
cell osmolarity[14]. More recently, an electron microprobe mone vasopressin. Our model provides one step beyond the
analysis indicates a pronounced increase of K, Cl, and Natandard analysis of water transport in cells by including a
simple phenomenological model of RVI, which fits very well
with our experimental data for MDCK cells. Therefore, we
have a good experimental model system, since it consists of
a well-known kidney cel[MDCK), completely isolated from
the substrate and from other cells, and a technique that re-
turns direct measurements of cell volume as a function of
time.

Il. MATERIALS AND METHODS

A. Cell cul loadi
FIG. 2. Left: Bright-field image of an optically trapped MDCK Cell culture and loading

cell in equilibrium in a medium of 300 mOsm. Right: Image of the ~ MDCK cells (provided by Dulce Cazarine-UNIFEEP
same cell 15 s after a hyperosmotic shock of 200 mOsm. passages 28-35, are grown in cell culture flaglks Nalge
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(a) area (1.5 4.5 mnt), the osmolarity around the cell equili-
brates very rapidly to the nominal value of the osmolarity
of the flow-in solution, even though the osmolarity in the
whole flow chamber is highly nonuniform. An estimate
for the equilibration time around the cell can be done by
(equilibration time¢=(diameter of the cell(flow velocity)
~20 um/25 um/s~1 s. Since the fast decay times mea-
sured are around 15 s, we are in fact measuring cell perme-
ability which are little affected by the equilibration time
around the cell.

(b) C. Optical tweezers and videomicroscopy setup
inlet We use a Nikon TE300 microscope with an oil immersion

microscope objective with magnification of 180and nu-
y J merical aperture 1.4, in a bright field configuration. Measure-
' u outlet
.cell \' A

ments were performed at 25 °C. Visualization is made with
the same objective and recorded with a digital camera
(DAGE MTI) and a videocassette recordéEVO 9650-
SONY). The optical tweezers consists of a collimated beam
~0.05mm of infrared lase(SDL 5280 that goes through the objective.
FIG. 4. Flow chamber. The influence of the optical tweezer IR laser on _the cell, up
to the local power of 20 mW, was checked using Trypan

Nunc Internationalin D-MEM/F-12 medium(GIBCO) con- Blue. Unti 2 h of cell exposi.tion to the Iasgr, no apparent
taining 1mM HEPS and 10 ml antibiotic-antimycotic damage_ was obser\_/ed. Details of our experimental setup can
(GIBCO) supplemented with 10% fetal calf serum at 37 - e obtained from Vianat al. [11].

in 5% CO, atmosphere. The cell culture medium was ex- _

changed three times per week. MDCK cells were used at D. Image analysis

50-70% confluence. Cells grown to confluence were lift off Recorded images were digitized as movies with 8-bit
the culture chamber by tripsinization; cells were washed withyraylevels, using a Data Translation frame grabber and
phosphate-buffered salifBBS - GIBCO BRL and exposed  stored in a PowerPC microcomputer. The movies of the cells
to 0.2-ml trypsin solution(0.25% flesh trypsin and 0.03% under osmotic shock were analyzed with the prognamn
EDTA) in 0.4-ml PBS,pH=7.2 for 4 m. Isolated cells were vaGEJ. The program extracts the cell area and then the vol-
suspended and 50% of the solution was immediately trangime is obtained.

ferred to 5-ml cell culture medium containing, 0, 18, 36, or

54 mM of AVP (Arg‘g vasopressin—Bachemthe 50% re- IIl. MODEL OF WATER TRANSPORT

mainder was transferred to a new cell culture flask contain- WITH OSMOREGULATION

ing 5 ml of cell culture medium. Cell culture mediu(g00

mOsm) containing 0-, 18-, 36-, or 54-mM AVP was used for ~ For an osmotic up-shock the cell volume initially de-
hyperosmotic perfusion. This solution was prepared withcreases due to outflow of water. In the previous studies, RVI

D-MEM/F-12 medium adjusted to 500 mOsm by addition of was not taken into account such that the initial cell volume
100-mM NacCl. variation as a function of time was fit to a single exponential

function whose decay time is related to water permeability
[4-8]. If, however, the cell volume is left to evolve for a
longer time, like in Fig. 3, the cell inflates due to reuptake of
Details of our flow chamber are shown in Fig. 4. The water (RVI). As mentioned before, RVI in MDCK cells can
chamber is composed of two sections to minimize fluctuabe caused by the uptake of several osmolytes after the hy-
tions in the region where the cell under study is located. Thgerosmotic shock, but a clear picture of all mechanisms lead-
chamber contains the cell in equilibrium with its medium. ing to RVI is still lacking. Our model contains the standard
The ability to measure the permeability with accuracy determ for passive osmotic water transport plus a term related
pends on the response time for equilibration of the system tep RVI, as described below.
a new osmolarity after the osmotic shock. To have the fastest | et us assume that the water permeabiRtcm/s) for a
possible response time for equilibration of the osmolaritygiven plasmatic membrane is constant during an osmotic
around the cell, the cell grabbed by the optical tweezers ighock. Using Fick’s law and the difference in osmotic pres-
put around 5Qum from the flow entrance and as close assures between intra cellular and extracellular regions, the
possible from the bottom of the chamber. The flow rate isvariation of the mass of watevl,, (mol) inside the cell can
adjusted to maximum before the cell pops out from the tweepe written as
zers. From the time we turn the flow with the medium with a
new osmolarity until the cell starts to shrink it takes 1-2 s. dM,, — AP — 1
Since the kidney cell used is much smaller than the flow inlet T (6~ ¢e), D

15mm |

B. Flow chamber
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where ¢; is the internal cell osmolarity (moles/én ¢, is For small volume variationdV, we have
the external cell osmolarity (moles/én A, is the initial
membrane area () andP is water permeability (cm/s). (V=b)=(Vo—b)+AV, (7)

If ¢&; is larger thang, water flows into the cell increasing . L
M,,, whereas in the opposite case water flows out the cellVN€re Vo is the initial cell volume (crh) and AV<(Vq
The total cell volumeY is not completely occupied by water. —P)- Then Eq. 4 can be linearized and written as
If bis the osmotically inactive volume (cin[4], the volume

: : i A : d?AV dav
occupied by water that is osmotically active \ib. It is LN R BNV
important to emphasize that the ardg is the total mem- dt2  (Vg—b) dt  (Vo—hb) (Vo—h)
brane area assumed constant during the osmotic shock and (8)
not the cell area. This assumption implies that the total num-
ber of pores active for water transport remains constant dutsquation(8) is a differential equation of a single damped
ing the osmotic shock4]. Therefore, we can rewrite the harmonic oscillator, with two characteristic time scales:

equation above to obtain 5 1
Y1 +E\/( Y1 ) _ 4v, J 9)
2(Vo—b) 2 V1 (Vo—b)]  (Vo—b)

(Vr—Vo).

d(V—b) AgP[ M ) =
dt  p, |V-b el @
and
wherep,, is the water density (1/18 mol/GhandM. is the
total osmolyte masémol) in the osmotically active regions.

Y1 _l\/( Y1 )2_ 4y, J_l
2(Vo—=b) 2 V\(Vo—b) (Vo—b)| ~

Solving Eq.(2) for an osmotic up-shock and for small varia- T2~
tions of volume, and keepinifl ; constant, leads to the stan- (10
dard single exponential decaying function for the volume of o N
the cell as a function of time as obtained by Farieasl. For the initial conditions {(=0),
[4,6]. We model osmolyte transport for RVI by allowing the AV=0 11
variation of M4 following the equation below o (1)

dMg (V—VR> & bi—d2=— Ay, (12

= T R y 3
dt Vo whereA ¢, is the osmotic shock (mol/cth considered posi-

tive for an up-shock like in our experiments and using Egs.
(8)—(10) an expression for the cell volumgt) as a function
%f time predicted by our model is given by

whereVy, is the regulatory volume (cgh and« is a constant
related to the rate of osmolyte transport for RVI per unit are
of the membrane (mol/s &1 « may be different for an up
or down osmotic shock. Our proposal then is that the rate of V(t)=Ae Y1—Be Y2+ Vg, (13
osmolyte influx towards regions osmatically active inside the

cell is proportional to the relative deviation of the volume of where

the cell in relation to the final volum&y. The cell may

return to the initial volumeV/y, but in general it returns to a 1172 PuAoAdy  11(Vr— Vo)
final equilibrium volumeVy that is close toV,. Vg is the A= T— T Pw + T~ T (14)
new equilibrium volume after the osmotic shock and RVI,
consequently it is independent of our model. After someand
simple mathematical manipulation, E¢g8) and(3) result in
a nonlinear second-order differential equation for the time B _TL72 PWA0A¢0+ 72(Vr— Vo) 15
evolution of cell volume given by T Pw T
1 d?(V—b)? d(V—b) If y2>4.y,.(Vo—b), then 7,>7, , a condition that is
2 ae tr—gr T r(V-P)=7(Ve—b), usually satisfied by our experimental data, a simplified final

4) equation is obtained with a simpler interpretation of the two
characteristic times, namely,

where

 (Vo—b)Ady
PuAode A 19
1= P )
" ~ (Vo—=b)A ¢,
and B= b +(Vr—Vo), 17
_PyAja _ pw(Vo—h)
oo © " PuAd 1o
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1.05 . . . . T TABLE I. NR—No or very slow RVI that could not be mea-
sured for an experimental run time of around 10 min. Averages
[ ] were made over measurements from ten different cells for AVP
concentrations of zero and 54 nM and from five different cells for
0.95 18 nM AVP the other concentrations. The error bars correspond to the standard
' & P ] deviations.
> #
> - . AVP @ Vg P b
36 nM AVP (nM) (200 mol/scnf)  (%Ve)  (umis)  (%Vo)
0.85 g™ 0 © o 0 8.0+1.5 946  52+21  63+6
18 6.1+5.2 90+ 3 9.4+3.5 56+ 15
""" 54 nM AVP, 36 13+3 85+3  151+45 684
0.75 . . . . . 54 NR NR 16.6-6.1 5712
) 0 200 400
time (s) activate a metabolic path that translocates aquaporins-2 from

an intracellular compartment to the apical membrane, in-
FIG. 5. Time evolution of the normalized volume of trapped creasing the membrane number of pores and consequently
MDCK cells under an osmotic up-shock from 300 mOsm to 500increasing its water permeabilif8—21]. Data in Fig. 5 was
mOsm: lozenges are the data for vasopressin concentration of I8btained after the addition of 18, 36, and 54 nM of vaso-
nM, circles for 36 nM and triangles for 54 nM. Continuous curves pressin. Concentrations of vasopressin are kept constant dur-
are the fits using Eq13). ing the experiments since the medium with such concentra-
tions circulates continuously through the chamber. Equation
bVo (13) also fits very well with the data with vasopressin as
- aly shown in Fig. 5. We observe that water permeability in-
creases while regulatory volume decreases, a parameter that
In this approximation the fast time constantis associ- has not been measured before. We observe also that with
ated with water transport while the slow time constapnis  addition of vasopressin cells become structurally weaker and
associated with osmolyte transport for RVI. If we neglectthere is a greater chance of membrane ruptures occurring. A
RVI (7,=), the simplified expressions above fdrandr;  summary of the results is shown in Table I.
[Egs.(16) and(18)] are those used by Farinasal.[4] to fit
with their data. The same expression has since then been V. CONCLUSIONS
used by all the other authors. Therefore our model is a gen-
eralization of previous models.

(19

72

In conclusion, we presented a technique based on optical
tweezing and videomicroscopy that allows us to follow di-
rectly the time evolution of the volume of a single isolated
IV. EXPERIMENTS AND DISCUSSIONS kidney cell under osmotic up-shock. In addition to osmotic

Equation(13) fits very well with our experimental data, as water transport, we introduced a phe_mmenological term that
shown in Figs. 3 and 5. We use a nonlinear square fittinéakes into account RVI. In our simplified model the mecha-
routine to fit the data. From the fit, we obtain the parameter§iSms of RVl are lumped into a single constanthat intro-
71,75,A,B, andVg, and using Eqs(14) and(15) we obtain duces a new time scale into the problem. The model fits very
the values for the water permeability, osmolyte influx rate,We” with the experimental data, indicating that just two time

regulatory volume, and the volume osmotically inactive. Forqonstants are sufficient to e>§plain the observed transport: one
the data of Fig. 3, this fit return®=6.6+0.3 um/s, a time constant associated with water transport and the other

= (8.5-0.4)x 10" moliscn?, Vg/Vy=0.95+0.04, and time constant associated to osmolyte transport. In addition to
b/Vy=0.52+0.02. Values obtained by Zelenieaal.[7] are vyater permeaplhty, novel parameters, such as osmoregula-
P=2.73+0.26 um/s and b/V,=0.57=0.04, by Farinas tion, osmglyte |_nflux rate, and regulatory volqme were mea-
et al. [6] from P=9=4 um/s up toP=24+7 pmis, de- sured which might be useful for understanding the mecha-
pending on which side of the cell in the monolayapical or nisms of RVI and the behavior of kidney cells and of other

basolateralthe measurement is performed, a distinction thatce"S in the presence of hormones and drugs.
we cannot make since we are measuring a single isolated
cell. Since Zeleninat al. and Farinat al. did not investi-
gate RVI, they did not measure eitheror Vg. We acknowledge the Brazilian agencies: Fapemig, CNPq,

We also performed experiments with the addition of theFinep-Pronex, and Instituto do Mii®@ de Nanociacia-
antidiuretic hormone vasopressin. Vasopressin is known tMCT.
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