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Abstract. The water permeability of the apical and ba-
solateral cell membranes and the compliance of the lat-
eral intercellular spaces (LIS) of MDCK monolayers
were measured on confluent cultures grown on perme-
able supports. Cell membrane water permeabilities were
determined, using quantitative differential interference
light microscopy, from the rate of cell volume decrease
after exposure to a hyperosmotic bathing solution. Both
membranes exhibited osmotic water permeabilities
(POSM) of ∼10mm/sec, comparable to that of unmodified
lipid bilayers. The compliance of the cell membranes
forming the lateral intercellular space (LIS) between
cells was determined from the pressure-volume relation.
Confocal microscopy of fluorescent labeling of the ba-
solateral cell membranes was used to delineate the LIS
geometry as transepithelial hydrostatic pressure was var-
ied. The LIS were poorly deformable as a function of
transepithelial hydrostatic pressure until a pressure ofù8
cm H2O (basolateral > apical) was reached where cata-
strophic failure of intercellular connections occurred.
The compliance of the LIS was calculated from the ge-
ometry changes at pressures <8 cm H2O and ranged from
0.05–0.11 cm H2O

−1, comparable to that previously pre-
dicted in mathematical models of the rat proximal tubule.
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Introduction

The lateral intercellular spaces (LIS) between epithelial
cells are the putative site of solute and water coupling in
isosmotic fluid transporting epithelia (Whitlock &
Wheeler, 1964; Diamond & Bossert, 1968). Recent in-

vestigations from our laboratory have elucidated the
ionic composition of the LIS of MDCK cell monolayers
(Harris et al., 1994; Chatton & Spring, 1995; Xia, Pers-
son, & Spring, 1995) as well as the sodium and chloride
fluxes across the tight junctions and cells (Kovbasnjuk et
al., 1995; Xia et al., 1995). The pathways for water flow
across the MDCK epithelium have not been similarly
investigated. In the present study, some of the relevant
hydraulic properties of MDCK monolayers are charac-
terized.

The apical and basolateral cell membrane water per-
meabilities are important parameters in all mathematical
models of water flow across an epithelium. The trans-
cellular water permeability is usually calculated as the
serial sum of the experimentally measured apical and
basolateral cell membrane water permeabilities. The wa-
ter permeability of the individual cell membranes of
MDCK cells has not been previously determined, al-
though estimates of transepithelial water permeability of
MDCK cell cysts have been made (Mangoo-Karim &
Grantham, 1990; Tanner, Maxwell, & McAteer, 1992).
In the present study, the water permeabilities of the cell
membranes were calculated from the rate of osmotically
induced cell shrinkage using images obtained by differ-
ential interference contrast microscopy.

Previous experimental investigations of the mor-
phology of rabbit gallbladder epithelium showed sub-
stantial dilation of the LIS during fluid transport and
collapse after cessation of active solute transport
(Tormey & Diamond, 1967; Spring & Hope, 1978). The
dilation was presumed to be indicative of the hydrostatic
pressure difference developed by active solute extrusion
into the LIS. In our recent studies, we noted that the LIS
of MDCK cell monolayers did not collapse when active
transport was inhibited by ouabain (Chatton & Spring,
1995; Kovbasnjuk et al., 1995; Xia et al., 1995). The
significance of the lack of LIS collapse during transport
inhibition could not be assessed without knowledge of
the compliance of the LIS of MDCK cells. The onlyCorrespondence to:K.R. Spring
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published LIS compliance data were derived from pres-
sure-volume curves obtained onNecturusgallbladder
epithelium (Spring & Hope, 1978). Although these re-
sults showed a highly deformable compartment, no com-
parable information is available for any mammalian epi-
thelium.

Mathematical models of the rat proximal tubule with
a moderately deformable (compliant) LIS gave the best
fit to experiments in which peritubular oncotic forces
were allowed to vary (Weinstein, 1984). The pressure-
volume relation of the LIS of the rat proximal tubule
used to calculate the compliance of the walls was pro-
posed by Huss and Marsh (1975) with an elastic, thin-
walled tube as a model system.

To study the compliance and temporal stability of
the LIS of MDCK cells, we employed confocal fluores-
cence microscopy methods developed in our laboratory.
The LIS of cells growing on permeable supports were
loaded with fluorescent dyes both as described previ-
ously (Chatton & Spring, 1994) and by the introduction
of fluorescently labeled lipids into the membranes of
cells. Images of the fluorescently labeled LIS were used
for the determination of LIS shape and pressure-volume
characteristics.

Materials and Methods

CELL CULTURE

Low resistance MDCK cells, passage 64–76 from the American Type
Culture Collection (Rockville, MD) were cultured as previously de-
scribed (Harris et al., 1994) using Dulbecco’s modified Eagle medium
(DMEM) and 2 mM glutamine without added riboflavin, antibiotics and
phenol red. The culture medium for stock cells was supplemented with
10% fetal bovine serum (Gibco, Grand Island, NY).

The cells were grown to confluence on 24 mm Anocell mem-
branes (Whatman, Clifton, NJ) in DMEM supplemented with 5% fetal
bovine serum for 5–12 days. Before seeding the cells, the filters were
treated with medium containing 5% fetal bovine serum for 5 min at
37°C, the medium was removed, and the filters exposed to ultraviolet
light for 1–2 hrs.

EXPERIMENTAL SOLUTIONS AND PERFUSIONSYSTEM

HEPES-buffered experimental solutions contained (mM): 142 Na+, 5.3
K+, 1.8 Ca2+, 0.8 Mg2+, 137 Cl−, 0.8 SO4

2−, 14 HEPES, 5.6 glucose.
The HEPES solutions were gassed with room air and their pH was
adjusted to 7.4 at 37°C.

CHEMICALS

BCECF [28,78-bis (carboxyethyl)-5 (6)-carboxyfluorescein], H-110
[5-(N-hexadecanoyl) aminofluorescein], D-109 [5-(N-dodecanoyl)
aminofluorescein], diIC16(3) [1,18-dihexadecyl-3,3,38 ,38-
tetramethylindocarbocyanine perchlorate], fluorescein DHPE [N-
(5-fluoresceinthiocarbamoyl)-1,2,-dihexadecanoyl-sn-glycer-3-

phosphoethanolamine, triethylammonium] were obtained from Mo-
lecular Probes (Eugene, OR).

CONFOCAL FLUORESCENCEMICROSCOPY

The dependence of LIS size and volume on transepithelial hydrostatic
pressure difference was analyzed from confocal images of the fluores-
cence of the dye-loaded LIS or fluorescently labeled adjacent cell
membranes. The cells were illuminated at 488 nm with an incident
light flux of 40 mW/cm2 measured at the back focal plane of the
objective lens. Optical sections of the LIS were obtained at 0.25–1mm
intervals from the basal surface to the tight junction. LIS were selected
which were oriented along the optical axis and did not undergo sub-
stantial shifts during alterations in transepithelial hydrostatic pressure
difference. These experiments were performed on the stage of an in-
verted microscope (Diaphot, Nikon, Melville, NY) equipped with a
confocal attachment (Odyssey, Noran, Middleton, WI) modified for
simultaneous transmitted light DIC and low light level fluorescence
(Nitschke & Spring, 1995). The cell monolayers were observed with a
100×/1.3 N.A. objective lens (Nikon). The images were digitized and
stored on disk for subsequent offline analysis. The sequence of events
(e.g., solution valves, video gain, illumination intensity, focus position)
during the experiment was controlled by a computer using customized
software (Image-1, Universal Imaging, West Chester, PA).

For generation of the pressure-volume curves, optical sections
were taken at 1mm focal displacements from the level of the tight
junction to the base of the LIS at the level of the permeable support.
Each image was the average of 16 video frames and took 0.5 sec to
acquire. A complete series of optical sections required about 2.5–5
seconds depending on the LIS height. Transepithelial hydrostatic pres-
sure gradients were imposed by adjusting the height of the perfusion
reservoirs to the desired pressure difference and clamping the perfusion
chamber outlet tubes shut to allow for pressure equilibrium throughout
the system.

DIFFERENTIAL INTERFERENCECONTRASTMICROSCOPY

High resolution images of the cells and adjacent LIS were obtained by
the use of differential interference contrast (DIC) imaging of mono-
layers grown on permeable supports and perfused at 37°C on the stage
of the confocal microscope. Optical sections of MDCK cells and ad-
jacent LIS were made at 1mm focus displacements. The images were
stored on optical disc (TQ-2031F, Panasonic), and analyzed by a pro-
gram designed to automatically detect cell boundaries and to measure
cell size and shape (Marsh, Jensen & Spring, 1985). Cell volume was
calculated from the product of the measured areas of the optical sec-
tions and the known focus displacements as previously described
(Marsh et al., 1985).

DYE LOADING

BCECF (10mM) was loaded into the LIS of cells grown on a modified
permeable support from the apical bath as previously described (Chat-
ton & Spring, 1994). Solutions of the lipidic dyes, H-110, D-109,
DHPE in ethanol (5 mg/ml) were added to the basolateral bathing
solution to give a final dye concentration of 20–25mM. After dye
loading for 20 min at 37°C, the cells were transferred to a culture dish
containing 1 ml of HEPES-buffered perfusion solution. The basolat-
eral bath was then exchanged three times with 1 ml of room tempera-
ture HEPES-buffered perfusate. The preparation was then transferred
to a perfusion chamber and warmed to 37°C on the microscope stage.
To facilitate incorporation of diIC16 (3) and fluorescein DHPE into cell
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membranes, loading was done in the presence of 0.025% Pluronic
(Molecular Probes).

SPECTRAL SCANNING

Excitation and emission spectra of all dyes used in the study were
obtained in control Ringer solution in a spectrofluorimeter (FluoroMax,
Spex, Edison, NJ). The emission spectrum of H-110 was also obtained
in the confocal microscope using a liquid crystal tunable filter as pre-
viously described (Nitschke & Spring, 1995). The filter had a 25–30
nm bandwidth at the analyzed wavelengths. Intensity values were ob-
tained at 10-nm intervals of emission wavelength from 515 to 605 nm.

PERFUSIONCHAMBER

The filters with adherent cells were loaded into a perfusion chamber as
described previously (Chatton & Spring, 1994). Perfusion rates in both
apical and basolateral baths were adjusted to be comparable at about
10–12ml/min. The volume of each bath in the perfusion chamber was
about 1ml; 95% exchange of either bath took about 5 sec.

ANALYSIS OF FLUORESCENCEMICROSCOPYIMAGES

Images were processed with the Image-1 software to separate the bright
LIS from the dark cellular regions by creating a binary image after
threshold determination. LIS fluorescence was measured at each pres-
sure in a one- or two-cell region for at least five images in a field of
view. A single representative image was then selected for establish-
ment of a threshold value for the entire series. Relative LIS area was
calculated using the most basolateral cross sectional area of a region of
interest as the reference. Relative LIS volume was calculated by mul-
tiplying the area of the region of interest by the optical section thick-
ness (1mm) and normalizing the resultant volume to that determined in
the absence of a transepithelial hydrostatic pressure difference.

STATISTICS

Data are presented as means ±SE. Statistical significance was deter-
mined using the paired or unpairedt test and aP value <0.05 was
considered significant.

Results

The experiments were designed to determine the water
permeability of the apical and basolateral membranes of
MDCK cells as well as the pressure-volume curves of the
LIS.

CELL MEMBRANE WATER PERMEABILITY

The cell membrane water permeabilities were calculated
from the rate of cell volume decrease in the presence of
a hypertonic perfusate. Figure 1 shows typical results of
adding 80 mOsm of mannitol to either the apical (Fig.
1A) or basolateral perfusate (Fig. 1C) of MDCK cells
grown on a permeable support. The opposite bathing
solution remained at 300 mOsm/kg H2O. When the api-
cal perfusate was made hypertonic by 80 mOsm, average
cell volume decreased by 13.8 ± 1.7% (Table). The pre-
dicted shrinkage of a perfect osmometer is 26.7% for this
osmotic challenge. Thus, the observed shrinkage was
52% of the theoretical maximum. The less than ideal
volumetric response to the osmotic challenge is typical
of epithelia with a significant basolateral membrane wa-
ter permeability (Strange & Spring, 1987).

As can be seen in Fig. 1A, cell volume decreased
promptly after the osmolality increase, and the initial rate
of shrinkage could be adequately estimated from a linear
least-squares fit of the first few data points (broken line
in Fig. 1A). When the osmotic gradient was increased to
150 mOsm/kg H2O, the magnitude of the shrinkage was
increased to 20.2 ± 2.8% while the rate of shrinkage
more than doubled (Table). Figure 1B plots, on the or-
dinate, the rate of osmotically induced volume flow out
of the cell across the apical membrane, assuming an av-
erage smooth apical membrane surface area of 57.2mm2

cell, as a function of the imposed osmotic gradient (Dp)
on the abscissa. The fitted line has a slope equal to the

Fig. 1. PanelsA andC show cell volume inmm3 as
a function of time when the indicated bathing solu-
tion osmolality was suddenly increased by 80
mOsm/kg H2O (arrow). The broken lines depict the
linear least-squares fit to the first four data points
after the solution change. The opposite bathing so-
lution remained unchanged at 300 mOsm/kg H2O.
PanelsB andD depict the transmembrane volume
flow, Jv, in cm/sec × 10−6 as a function of the im-
posed osmotic gradient,Dp, in mOsm/kg H2O. The
line in panelB is the best fit to the data with a zero
intercept. The slope, 0.019 cm/sec-mOsm, repre-
sents theLp. Lp was similarly determined for the
results in PanelD for the 80 mOsm/kg H2O gradient
data only.
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hydraulic water permeability of 1.9 × 10−8 cm3/cm2-sec-
mOsm, equivalent to an osmotic water permeability,
POSM, of 10.6mm/sec.

When similar experiments were performed to deter-
mine the water permeability of the basolateral cell mem-
brane, the hyperosmotic solutions were introduced into
the basolateral perfusate while the apical bath remained
at 300 mOsm/kg H2O. As shown in the experiment of
Fig. 1B, an increase in the osmolality of the basolateral
bath of 80 mOsm resulted in a 17.5 ± 1.6% cell shrinkage
which is about 66% of that theoretically expected. The
onset of shrinkage was delayed somewhat compared to
that observed when the apical perfusate was altered, pre-
sumably reflecting the influence of the unstirred layer
constituted by the 45mm-thick permeable support. Ap-
plication of a 150 mOsm/kg H2O basolateral hypertonic
gradient resulted in a 45 ± 1.5% shrinkage (n 4 3), or
90% of that theoretically expected for a perfect osmom-
eter.

The rate of volume flow across the basolateral mem-
brane as a function of the osmotic gradient is shown in
Fig. 1D. The flow rate with the 150 mOsm gradient was
not significantly different from that with the 80 mOsm
gradient (Table). This is consistent with the rate-limiting
effect of the unstirred layer of the permeable support.
The volume flow across the basolateral membrane of the
cell can be calculated both as a function of the smooth
apical cell membrane surface area for purposes of com-
parison to that of the apical membrane of the cell or as a
function of the smooth basolateral membrane area. The
volume flow across the basolateral membrane induced
by an 80 mOsm/kgH2O gradient, calculated with refer-
ence to the apical cell membrane area, was 2.05 ± 0.38 ×
10−6 cm/sec, about 1.6 time that across the apical mem-
brane with a similar osmotic gradient (Table). The cal-
culated osmotic water permeability (POSM) was 14.2mm/
sec, about 1.33 times the average value for the apical
membrane. When the 4–5 times larger smooth surface
area of the basolateral membrane is taken into account,
the basolateral membrane osmotic water permeability is
3.6mm/sec, only about 40% of that of the apical mem-
brane.

TEMPORAL STABILITY OF LIS GEOMETRY

LIS were loaded with the fluorescent dye, BCECF, as
previously described (Chatton & Spring, 1994) and op-
tical sections were obtained in the confocal microscope.
Figure 2 shows a series of optical sections obtained at
0.25mm focus displacements of the dye-filled LIS. The
complex folded surface and multitude of small gaps pre-
sumably reflect the high incidence of cell-to-cell connec-
tions in MDCK cells (Wacker et al., 1992).

Modest bleaching of the BCECF filling the LIS oc-
curred during the image capture period. To evaluate the
extent of bleaching, a field of cells with dye-filled LIS
was illuminated with 488 nm laser light through a 100×,
1.32 N.A. objective lens continuously for 20 min. The
illumination intensity was 40mW/cm2, measured at the
back focal plane of the objective lens. Figure 3 shows
both linear and semilogarithmic plots of LIS fluores-
cence as a function of time during continuous illumina-
tion. The bleaching rate constant under these conditions
was 0.14 min−1, equivalent to 0.2% decrease in intensity
per second of laser illumination. A typical experimental
series required 2.5–5 seconds, so the predicted bleaching
would be 0.5–1.0%.

To test for spontaneous fluctuations in LIS geometry
during the course of a normal experimental period (about
1 hr), confocal images of BCECF-filled LIS were cap-
tured at regular intervals. In the first group of experi-
ments, a series of optical sections at 1-mm intervals were
obtained every 10 min for a period of 40–60 min. Figure
4 shows a representative 3-D image set from a total of
seven experiments in which no significant change in LIS
cross-sectional area occurred. The change in LIS cross-
sectional area over time averaged 4.5 ± 2.5%, not sig-
nificantly different from zero. In a second series of three
experiments designed to detect more rapid changes in
LIS geometry, images were obtained at 1-min intervals
for 6 min. Again, no statistically significant changes in
geometry were observed. We concluded that LIS geom-
etry was stable during a typical experimental period and
that changes observed subsequent to alterations in trans-

Table. Volume flows and water permeabilities of the cell membranes

Side of solution change
(osmotic gradient mOsm/kg)

Volume flow
(× 10−6 cm/sec)

Volume change
(%)

Posm
mm/sec

Apical (80) 1.29 ± 0.14(10)* 13.8 ± 1.7 8.9
Apical (150) 3.28 ± 0.48(6) 20.2 ± 2.8 12.1
Basolateral (80) 2.05 ± 0.38(10) 17.5 ± 1.6 14.2
Basolateral (150) 1.92 ± 0.38(3) 45.0 ± 1.5 7.0

* Number of cells studied is indicated in parenthesis; no more than two cells were analyzed from each culture.
Volume flow and Posm across both the apical and basolateral cell membranes are expressed as a function of
smooth apical membrane surface area.
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epithelial hydrostatic pressure were not due to spontane-
ous fluctuations of cell-to-cell connections.

FLUORESCENTDYE LABELING OF BASOLATERAL
CELL MEMBRANE

Several lipophilic dyes were evaluated for their utility in
staining the basolateral membranes of MDCK monolay-
ers grown on permeable supports. H-110 readily labeled
the basolateral membranes only when added to the ba-
solateral bathing solution. D-109 labeled both apical and
basolateral membranes when added to the basolateral
bath. DiIC16 failed to label the basolateral membranes
when added to the basolateral bath, but strongly labeled
apical membranes when added to the apical bath. Addi-
tion of the detergent Pluronic (0.025%) somewhat im-
proved basolateral labeling with diIC16 (3), but the fluo-
rescence was very weak. DHPE resulted in virtually no
useful staining of either membrane. All subsequent ex-
periments employing lipophilic dyes were done with
H-110.

SPECTRUM OFH-110 IN THE BASOLATERAL MEMBRANE

Figure 5 shows the emission spectrum of H-110 obtained
in buffer in the spectrofluorimeter (cuvette) and in the
LIS of a MDCK cell monolayer obtained in the confocal
microscope. The substantial red shift of the dye in the
cell membrane is consistent with a lipophilic environ-
ment and serves to confirm dye localization in the lateral
cell membranes. Subsequent imaging using H-110 was
done with the emission wavelength filter centered about
535 nm.

PRESSURE-VOLUME CURVES OF THELIS

The cross-sectional area of selected focal planes within
the LIS was estimated from the confocal images of the
fluorescently labeled LIS using H-110 to stain the adja-
cent basolateral cell membranes as described above.
Figure 6 shows a representative plot of LIS area vs.
applied transepithelial hydrostatic pressure (basolateral >
apical) at three focal planes—at the base of the LIS, in
the middle and at the plane closest to the tight junctions.

Fig. 2. Optical sections of MDCK cell monolayers, grown on a coverglass, taken with a confocal microscope (Noran Odyssey) at 0.25mm focus
displacements. The LIS were filled with the fluorescence dye BCECF by diffusion across the tight junctions. Sections are numbered in the basal
(1) to the apical (24) direction. LIS begin to come into focus about at section 6 and the tight junctional end of the LIS is situated at about sections
19 to 22.
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As shown in Fig. 6, all three sections showed very little
change in area until a basolateral-to-apical transepithelial
hydrostatic pressure of 8 cm H2O was reached. At this
pressure, a sudden dramatic widening of the LIS oc-
curred at all focal planes. Cell and LIS height remained
unchanged until the critical pressure gradient ofù8 cm
H2O was achieved. At this point, cell detachment and
gross geometric distortion of the cells and LIS often
resulted.

In seven experiments in which the basolateral-apical
bath hydrostatic pressure was increased by 2–4 cm H2O,
LIS cross-sectional area near the tight junction was sig-
nificantly greater than the control by 22 ± 4%. At higher
pressures, i.e., 8 cm H2O, substantial widening of the
entire LIS occurred in four out of five experiments. The
largest increase in cross-sectional area occurred adjacent

to the tight junction. This is consistent with the failure of
the structural integrity of the cell-to-cell bridges span-
ning the LIS. The increase at the tight junctional end of
the LIS amounted to 3.3 ± 1.2 fold (n 4 5) at basolat-
eral-apical pressure differences > 8 cm H2O.

When the hydrostatic pressure difference was re-
versed so that the pressure in the apical bath exceeded
that in the basolateral bath by 8 cm H2O, LIS cross-
sectional area was not significantly altered. The average
area change of the LIS at all focal planes was −11.4 ±
4.3% (n 4 5), not significantly different from zero.

Although the magnitudes of the LIS area changes
resulting from imposition of modest transepithelial hy-
drostatic pressure gradients were small, it was possible to
construct an average pressure-volume curve for the
MDCK LIS. Figure 7 shows such a curve for pressure

Fig. 3. Photobleaching of BCECF-filled LIS during
continuous illumination of the entire field of view
(40 × 40mm) using a 100×, 1.32 NA objective lens
and 488 nm laser light. The incident light flux of 40
mW/cm2 at the back aperture of the objective lens
resulted in 4mW entering the lens and was equiva-
lent to an illuminance of 286 mW/cm2 at the image
plane. The photobleaching curves depict the relative
intensity of LIS fluorescence as a function of time in
linear (top) or semilogarithmic (bottom) plots. The
broken lines are fitted to the data by the method of
least squares according to the equation: Intensity4

87.7 e−kt, wheret has the units of minutes andk 4

0.14 min−1. The correlation coefficient for the fit
was 0.997.

6 M.M. Timbs and K.R. Spring: Hydraulic Properties of MDCK Cell Epithelium



differences (basolateral-apical) ranging from −8 cm H2O
to +8 cm H2O. The relative LIS volume at each pressure
difference was estimated from the change in cross-
sectional area at each focal plane relative to that of the
largest area (i.e., the most basal slice) under control con-
ditions. The area of each focal plane was determined
from the pixel count in the threshold region. The data
are well fitted (r 4 0.992) by a fourth degree polyno-
mial.

As shown previously (Huss & Marsh, 1975; Wein-
stein, 1984) the pressure-volume curve of a thin-walled
elastic tube serves as reasonable model of the LIS. The
relevant equation is:

Vol/VolMAX 4 1/(1 + ae−bDP) (1)

The stiffness of the wall can be estimated from coeffi-
cientb, while the parametera describes the relative LIS
volume at 0DP. The entire pressure-volume curve in
Fig. 7 cannot be described by a single curve in the form

of Eq. 1. For the data from −8 to +2 cm H2O, a 4 0.3
andb 4 0.05 cm H2O

−1; from 0 to +6 cm H2O, b 4
0.11 cm H2O

−1. At pressures above 6 cm H2O, Eq. 1
cannot fit the data.

Discussion

This investigation is concerned both with the water per-
meability of the apical and basolateral membranes of
MDCK cells and the compliance of the cell membranes
forming the lateral intercellular spaces. Both parameters
are important in mathematical models of fluid transport-
ing epithelia (Weinstein, 1984; Weinstein, 1992).

CELL MEMBRANE WATER PERMEABILITIES

The osmotic water permeability (POSM) of both apical
and basolateral membranes of MDCK cells was low,

Fig. 4. Temporal stability of LIS geometry over a 50-min period was determined from five sets of optical sections at 10-min intervals of the
BCECF-filled LIS of cells grown on glass coverslips. Each image depicts a 3-D projection of a stack of optical sections taken at 1mm focus
displacements. The decrease in intensity is due both to photobleaching and to diffusional loss of the dye from the LIS.
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comparable to that of unmodified lipid bilayers (Finkel-
stein, 1976). Although the apical membrane water per-
meability measurements seemed uninfluenced by un-
stirred layers (Fig. 1A andB), the unstirred layer consti-
tuted by the relatively thick permeable support clearly
affected measurements of basolateral membrane water
permeability made with a large osmotic gradient (Fig.
1D). The interference of unstirred layers on the mea-
surement of osmotic water permeability in epithelia has
been considered in detail previously (Berry, 1983) and
shown to result in an underestimate of permeability. The
magnitude of epithelial cell shrinkage that occurs when
only one bathing solution is hypertonic also gives an
indication of the relative water permeability of both cell

membranes (Strange & Spring, 1987). When the apical
perfusate in our experiments was 80 mOsm hypertonic,
the observed shrinkage was 52% of the theoretical value
(Table); when the basolateral perfusate was similarly in-
creased, the observed shrinkage was 66% of the theoret-
ical value. These results are consistent with the conclu-
sion that both membranes have rather similar osmotic
water permeabilities.

Although our data are the first measurements of the
cell membrane water permeability of MDCK monolay-
ers, other investigators (Mangoo-Karim & Grantham,
1990; Tanner, Maxwell & McAteer, 1992) have reported
similarly low values for the POSM of MDCK cell cysts
(1.2–6.8mm/sec). Our results and those of previous in-

Fig. 5. Spectral scans of H-110 in a spectrofluorim-
eter (labeled cuvette) or within the LIS.Seetext for
details.

Fig. 6. Relative cross sectional area of the LIS of MDCK cell grown
on permeable supports is shown as a function of the applied hydrostatic
pressure difference across the epithelium. The pressure was higher in
the basolateral bath compared to the apical bath (DP). Although optical
sections were made at 1mm intervals, only the relative areas at the level
of the basolateral membrane (BL), middle of the LIS (M) and just
beneath the tight junction (TJ) are shown for clarity.

Fig. 7. The pressure-volume curve for the range of hydrostatic pres-
sure differences is shown with the number of tissues studied in paren-
thesis above each point. The mean ±SEM for each point is depicted as
well as the best fit polynomial (Volume4 100.8 + 1.27P + 0.119P2 +
0.18P3 − 0.00008P4, whereP is the hydrostatic pressure difference,r 4

0.992). Fit of the compliance relation in Eq. 1 to the data from −8 to 2
cm H2O gave a compliance of 0.05 cm H2O

−1, fitting from 0 to 6 cm
H2O gave a compliance of 0.11 cm H2O

−1.
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vestigators are consistent with the conclusion that neither
the apical nor basolateral membrane of MDCK cells con-
tain any significant quantity of water channels (aquapor-
ins).

The low water permeability of the cell membranes
might limit the rate of transepithelial fluid transport by
MDCK cells. The cell membrane water permeabilities
measured in the present study can be used to calculate the
rate of transepithelial fluid absorption by MDCK cell
monolayers. The transepithelial fluid flow,Jv, is given
by:

Jv 4 s Lp Dp (2)

whereLp is the hydraulic water permeability (cm3/cm2-
sec-mOsm/kg),s is the solute reflection coefficient (as-
sumed to be 1.0) andDp is the osmotic gradient (mOsm/
kg). The osmotic gradient between the LIS and the api-
cal bath is about 27.5 mOsm/kg, generated by the
accumulation of∼15 mM NaCl in the LIS (Chatton &
Spring, 1995). This osmotic force is exerted across the
two cell membranes in series, and their series osmotic
water permeability can be estimated from the data in the
Table as 6.1mm/sec. The predicted volume flow across
the monolayer is 1.15ml/cm2-hr or 27.6ml/cm2 in 24 h,
comparable to what has been measured in other cultured
epithelia (Kersting, Kersting & Spring, 1993).

MDCK cell membrane water permeability is about
100–300 times smaller than that of the rabbit proximal
straight tubule (Carpi-Medina & Whittembury, 1988)
and about 125 times smaller than that of the rat proximal
tubule (Green & Giebisch, 1989; Green et al., 1991).
The reabsorptive fluid flow rate across the rat proximal
tubule is 65 × 10−9 1/cm2-sec (Weinstein, 1992), about
200 times that calculated above for an MDCK mono-
layer.

The differences in epithelial water permeability are
paralleled by the relative rates of transepithelial Na trans-
port by the rat proximal tubule and MDCK cells. The Na
transport rate of the rat proximal tubule is 9.4 × 10−9

Eq/cm2-sec (Weinstein, 1992), 60–120 times that which
can be estimated for MDCK monolayers from the single
cell Na flux data of Kovbasnjuk et al. (1995). Consid-
erable uncertainties in the MDCK epithelium Na flux
estimates arise from the required assumption of a uni-
form apical surface area for all cells in the culture to
express the Na flux per cm2. Although the water perme-
ability and Na transport rates of the rat proximal tubule
are both about two orders of magnitude greater than
those of the cultured MDCK cells, the calculated trans-
epithelial osmotic gradient required for fluid absorption
by the rat proximal tubule is 28.7 mOsm/kg (Green &
Giebisch, 1989; Schafer, 1990), comparable to that mea-
sured in the MDCK cell interspace (Chatton & Spring,
1995; Xia et al., 1995).

LIS GEOMETRY AND STABILITY

High resolution confocal microscopic images of the LIS
of MDCK cells confirmed the convoluted geometry pre-
viously reported (Harris et al., 1994). Time series stud-
ies, corrected for photobleaching of the fluorescent dye
filling the LIS, failed to reveal any changes in LIS struc-
ture over sampling periods lasting up to 1 h. Little is
known about the stability of cell-to-cell bridges or con-
tacts in MDCK cells. Fluctuations of an imposed electric
current flow across MDCK tight junctions has been in-
terpreted as evidence for temporal instability of these
junctions (Cerejido, Gonzalez-Mariscal & Contreras,
1989; Claude, 1978).

LIS COMPLIANCE

The compliance of the LIS of MDCK cells is about 0.05–
0.11 cm H2O

−1 from curve fitting of the data in Fig. 7.
The only other measurements of LIS compliance were
made onNecturusgallbladder epithelium and yielded
values of 0.25–0.38 cm H2O

−1 (Spring & Hope, 1978),
indicating a much more deformable compartment than
that in MDCK cells. Mathematical model calculations
for the rat proximal tubule were best fit by an estimated
compliance of 0.095 cm H2O

−1 (Weinstein, 1984) or
0.11 cm H2O

−1 (Huss & Marsh, 1975). The relative
stiffness of MDCK cell lateral membranes may, there-
fore, be characteristic of renal tubular epithelial cells,
and the high compliance ofNecturusgallbladder epithe-
lial cell membranes may not be representative of renal
epithelia.

Highly deformable LIS have figured prominently in
structural and electrical studies of such fluid-transporting
epithelia as gallbladder and intestine. Substantial varia-
tions in LIS width as a function of transepithelial trans-
port led previous investigators to conclude that the lateral
intercellular spaces constituted the site of solute-solvent
coupling (Tormey & Diamond, 1967; Whitlock &
Wheeler, 1964). However, as was shown forNecturus
gallbladder epithelium, very small transepithelial hydro-
static pressure differences can lead to dramatic changes
in LIS geometry (Spring & Hope, 1978). Thus, LIS di-
latation may be misleading or misinterpreted, as was re-
ported for the rabbit cortical collecting duct (Strange &
Spring, 1987). Indeed, it was pointed out by Welling and
Welling (1975) that the LIS of the rabbit proximal tubule
was very narrow, uniform and unlikely to be readily
deformable. Our study supports the view of the MDCK
LIS as a rather poorly deformable compartment com-
pared with that of the gallbladder or intestine.

A large number of cell-to-cell bridges may provide a
structural basis for the observed lateral membrane stiff-
ness of MDCK (Wacker et al., 1992) and other renal
epithelia (Zampighi & Kreman, 1985). Such bridges are
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evident in our confocal images (Fig. 2) and in freeze etch
electron micrographs of MDCK cells (G. Zampighi,per-
sonal communication). Ample cytoskeletal elements
distributed along the lateral periphery of MDCK cells
(Mills & Lubin, 1986) probably also provide additional
stabilization of the LIS geometry. Electron microscopic
studies of rabbit proximal tubule cell morphology dem-
onstrated remarkable cell-to-cell crossbridging and uni-
formity of LIS width along its entire length from tight
junction to cell base (Welling & Welling, 1975).

METHODOLOGICAL DEVELOPMENTS

Several new approaches for fluorescence microscopy of
living epithelia were developed and employed in this
study. Fluorescent probes with lipid tails were evaluated
for use both as membrane markers and as a strategy for
introducing specific fluorophores into either the apical or
basolateral cell membrane. H-110, fluorescein attached
to a 14 carbon chain, proved to be suitable for basolateral
membrane studies. Other investigators have used such
‘‘float’’ probes to measure near-membrane pH (Kraay-
enhof et al., 1993). While the utility of these probes for
such near-membrane ion sensing in epithelia remains to
be established, it is clear that specific labeling of one cell
membrane is possible.

Spectral scanning of membrane-bound H-110 was
accomplished by the use of a liquid crystal tunable filter
attached to the confocal microscope. Such an arrange-
ment had been used previously in our laboratory to de-
termine the spectrum of BCECF within the LIS of
MDCK cell monolayers (Nitschke & Spring, 1995). In
the present case, the spectral shift associated with solu-
bilization of the lipophilic probe in the lateral cell mem-
branes was readily detectable. Spectral scanning may be
of considerable future use in ascertaining the nature of
the local environment of fluorescent indicator dyes.

In summary, optical microscopic methods have been
further refined and utilized to measure both the cell
membrane water permeability and lateral cell membrane
compliance of MDCK cell monolayers.
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