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Abstract. We measured the C1 concentration of the lat- 
eral intercellular spaces (LIS) of MDCK cell monolay- 
ers, grown on glass coverslips, by video fluorescence 
microscopy. Monolayers were perfused at 37~ either 
with HEPES-buffered solutions containing 137 mM C1 or 
bicarbonate/CO2-buffered solutions containing 127 mM 
CI. A mixture of two fluorescent dyes conjugated to 
dextrans (MW 10,000) was microinjected into domes 
and allowed to diffuse into the nearby LIS. The C1- 
sensitive dye, ABQ-dextran, was selected because of 
its responsiveness at high CI concentrations; a CI- 
insensitive dye, C1-NERF-dextran, was used as a refer- 
ence. Both dyes were excited at 325 nm, and ratios of 
the fluorescence intensity at spectrally distinct emission 
wavelengths were obtained from two intensified CCD 
cameras, one for ABQ-dextran the other for CI-NERF- 
dextran. LIS C1 concentration was calibrated in situ by 
treating the monolayer with digitonin or ouabain and 
varying the perfusate C1 between 0 and 137 mM (HEPES 
buffer) or between 0 and 127 mM (bicarbonate/CO 2 
buffer). LIS C1 in HEPES-buffered solutions averaged 
176 _+ 19 mM (n = 12), calibrated with digitonin, and 170 
+ 9 mM (n = 12), calibrated with ouabain. LIS C1 in 
bicarbonate/CO2-buffered solutions averaged 174 _+ 10 
mM (n = 7) using the ouabain calibration. The C1 con- 
centration of MDCK cell domes, measured with CI- 
sensitive microelectrodes and by microspectrofluorime- 
try, did not differ significantly. Images of the LIS at 3 
focal planes, near the tight junction, midway and basal, 
failed to reveal any gradients in C1 concentration along 
the LIS. LIS C1 changed rapidly in response to perfusate 
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C1 with characteristic times of 0.8 + 0.1 min (n = 21) for 
C1 decrease and 0.3 + 0.04 min (n = 21) for C1 increase. 
In conclusion, (i) C1 concentration is higher in the LIS 
than in the bathing medium, (ii) no gradients of C1 along 
the depth of LIS are detectable, (iii) junctional C1 per- 
meability is high. 
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Introduction 

Despite many morphological studies of the lateral inter- 
cellular spaces (LIS) of fluid transporting epithelia, there 
have only been a few attempts at direct measurement of 
the CI composition of the fluid in the LIS. Gupta and 
Hall (1979) analyzed the fluid in the LIS of frozen, hy- 
drated intestinal epithelium of rabbit by x-ray micro- 
probe. They concluded that the LIS contained a solution 
with about 40 mM higher NaC1 concentration than that of 
the bathing solutions. Uncertainty about these results 
stemmed from the fact that x-ray probe analysis of the 
LIS required very high spatial resolution as well as im- 
mobilization of ions during and after the freezing pro- 
cess. Insertion of ion-sensitive microelectrodes into the 
LIS of Necturus gallbladder showed that the ionic activ- 
ities of Na, K and C1 exceeded those in the bathing 
solution by -7 mM (Curci & Fr6mter, 1979; Simon et al., 
1981). These investigators pointed out that their esti- 
mates of LIS ionic composition were subject to errors 
arising from electrode tip potentials as well as from dis- 
turbances in LIS geometry and fluid flow patterns. Fur- 
thermore, these studies did not address a key component 
of the standing-gradient hypothesis of Diamond and Bos- 
sert (1967)--the presence of a gradient in osmolarity 
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Fig. 1. Stern-Volmer plot for fluorescence quenching of ABQ-dextran 
measured with a spectrofluorimeter. FJF is the fluorescence in the 
absence of C1 divided by fluorescence in the presence of CI. 

along the depth of the LIS from tight junction to basal 
opening. 

Because of the small size and inaccessibility of the 
LIS, optical microscopic spectrofluorimetry seemed an 
ideal method for determination of LIS C1 concentration. 
Recently, LIS pH has been measured by video mi- 
crospectrofluorimetry of the cultured renal epithelial cell 
line MDCK in cells grown on glass coverslips (Harris et 
al., 1994) or on permeable supports (Chatton & Spring, 
1994). In the present study, quantitative light micro- 
scopic methods were developed to measure the LIS C1 
concentration in MDCK cells grown on glass coverslips 
as well as to determine the permeability of the tight 
junction to C1. 

Materials and Methods 

CELL CULTURE 

Madin-Darby canine kidney (MDCK) cells, passage number 65-78 
(American Type Culture Collection, Rockville, Maryland), were grown 
on 25 mm diameter round glass coverslips and incubated at 37~ 
temperature with 5% CO2/95% air. Cells were fed every other day 
with Dulbecco's modified Eagle's medium containing 10% fetal bo- 
vine serum and 2 mM glutamine. The medium did not contain ribofla- 
vin, phenol red, or antibiotics. Cells were used for experiments about 
5 to 10 days after seeding at which time they reached confluence and 
made many fluid-filled domes. 

PERFUSION SYSTEM AND PERFUSION SOLUTIONS 

The apical surface of the monolayer was perfused with N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) or bicar- 
bonate-buffered Ringer solutions, with or without chloride. All the 
solutions contained (in mM) 142 Na, 5.3 K, 1.8 Ca, 0.8 Mg, 0.8 SO4, 
and 5.6 D-glucose. The HEPES buffer contained 14 HEPES and 137 
mM CI. The bicarbonate/CO 2 buffer contained 24 HCO 3 and 127 mM 
CI. The 0-CI solutions contained 5.3 acetate, 3.6 lactate, and 128 NO~ 
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Fig. 2. Fluorescence emission spectra for a mixture of ABQ-dextran 
and CI-NERF-dextran at various concentrations of CI measured in a 
spectrofluorimeter. The C1-NERF-dextran emission intensity is dis- 
torted by the crossover from the ABQ-dextran signal at low C1 con- 
centrations. 

for HEPES buffer or 118 NO 3 for bicarbonate/CO 2 buffer. HEPES 
solutions were adjusted to pH value of 7.6 at room temperature. The 
solutions were delivered from water-jacketed, temperature-controlled 
reservoirs (at 37~ and gassed with room air (HEPES solutions) or 7% 
CO2/93% air (bicarbonate solutions). The effluent pH value was 7.4 
for all solutions; perfusion rate was controlled by hydrostatic pressure 
regulated by compression of the tubing. The perfusion solution was 
switched rapidly by computer-controlled pinch valves. 

CHEMICALS 

Digitonin and ouabain octahydrate were purchased from Sigma Chem- 
ical (St. Louis, MO). Bovine albumin (fraction V) was from Miles 
(Kankakee, IL). All dyes were obtained from Molecular Probes (Eu- 
gene, OR). 

DYE CHARACTERIZATION 

Several Cl-sensitive fluorescent indicators, including 6-methoxy-N- 
(sulfopropyl) quinolinium (SPQ), 6-methoxy-N-ethylquinolinium chlo- 
ride (MEQ), phenylquinoline-lucifer yellow dextran (PQLYD), and 
6-methoxy-N-(4-aminoalkyl)quinolinium bromide hydrochloride 
(ABQ) (Biwersi et al., 1992) were tested. The Cl-sensitive fluorescent 
indicator, ABQ, and the CI-insensitive reference dye, C1-NERF, were 
both conjugated to dextrans (MW 10,000). The molar labeling ratios 
were 3.7 ABQ molecules/dextran and -2 C1-NERF molecules/dextran 
respectively. The spectral properties and CI sensitivities of all of these 
dyes were investigated on a fluorescence spectrometer (FluoroMax, 
Spex Industries, Edison, NJ). In these experiments, the dyes were dis- 
solved in solutions buffered with HEPES, and NaC1 was added to the 
0.5 ml cuvette from concentrated solutions (1 or 4 M.) 

ABQ-dextran was selected as the CI indicator of choice because 
it showed a linear and large quenching response to CI from 0 mM to 200 
mM (Fig. 1). ABQ-dextran has a peak excitation wavelength at 320 nm 
and a single peak emission wavelength at 444 rim, without an isosbestic 
point (Fig. 2). Since it has been reported that the quinolinium dyes 
exhibit a reduction in the Stern-Volmer slope for CI in cellular envi- 
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Fig. 3. Protein effects on the Stern-Volmer coefficient for fluorescence 
quenching of ABQ-dextran measured in a spectrofluorimeter. FJF is 
the fluorescence in the absence of C1 divided by fluorescence in the 
presence of C1. The amount of albumin added to the cuvette is shown 
in g%. 

croscope Inc., Melville, NY) with a Nikon Fluor oil immersion objec- 
tive (100x, numerical aperture 1.30, 250 I.tm working distance). The 
UV excitation beam was reflected to the specimen by a 400 nm di- 
chroic mirror (DM1, Omega Optical, Brattleboro, VT). The fluores- 
cence emissions from the two dyes were collected by the objective, and 
transmitted through the dichroic mirror to a multi-image module (Ni- 
kon) for detection. The longer wavelength emission passed through a 
505 nm dichroic mirror (DM2, Omega) and a 520 nm long-pass filter 
(F2, Omega) to an image intensifier II (KS-1381, Videoscope, Wash- 
ington, DC), coupled to CCD camera CCD1 (CCD-72, Dage MTI, 
Michigan City, IN). The shorter wavelength emission was reflected by 
the 505 um dichroic mirror (DM2) to image intensifier I2 (KS-1381, 
Videoscope), coupled to a second CCD camera CCD2 (200E, Video- 
scope). 

Transmitted light was used to visualize the monolayer for focus- 
ing and dye loading. The transmitted light path included a tungsten 
lamp, shutter ($2), neutral density filter (ND2), long wavelength (600 
nm) filter (FI) and a Leitz long-working distance condenser-objective 
(32x, numerical aperture 0.4). The transmitted light shutter ($2) was 
opened only when fluorescence excitation was shuttered off. The 
transmitted light image passed through the two dichroic mirrors and the 
filter F2 and appeared in the CI-NERF-dextran channel. Accurate fo- 
cusing and optical sections of known thickness were obtained by step- 
per motor-driven displacement of the specimen stage. 

ronments compared to free solution (Krapf, Berry & Verkman, 1988), 
we were concerned that protein in the LIS might exert a similar effect. 
When albumin was added to the Ringer solutions in the spectrofluo- 
rimeter cuvette, quenching by CI diminished (Fig. 3). The magnitude 
of the protein effect led us to conclude that the ABQ-dextran calibra- 
tion must be done in situ, not in the cuvette or capillary. The Stern- 
Volmer coefficient of ABQ-dextran was insensitive to changes in so- 
lution pH ranging from 6.5 to 8.5. The presence of digitonin (from 1 
to 10/,tM) reduced the emission intensity, however, it did not change the 
Stern-Volmer coefficient. 

The reference dye, C1-NERF, conjugated to a dextran with the 
same molecular weight as that of ABQ-dextran's, was mixed with the 
ABQ-dextran. Attempts to attach both probes to the same dextran 
molecule were unsuccessful because of inconsistent molar labeling 
ratios. Although CI-NERF is normally excited at 514 or 488 nm, it also 
shows fluorescence when excited at 325 nm. The emission peaks for 
ABQ-dextran and Cl-NERF-dextran were at 444 nm and 542 rim, re- 
spectively. Figure 2 shows that although C1-NERF-dextran does not 
respond to C1 concentration changes, crossover emission from ABQ- 
dextran distorts the Cl-NERF-dextran emission spectrum at 0 or low CI 
concentrations. A crossover magnitude of 26 + 1.5% was determined 
in the LIS by loading ABQ-dextran alone and measuring the fluores- 
cence intensity at different CI concentrations from both the ABQ- 
dextran and C1-NERF-dextran channels. 

FLUORESCENCE MICROSCOPY SETUP 

Figure 4 shows an overview of the optical and electronic system. The 
fluorescence excitation light source was a single wavelength 21 mW 
He-Cd laser (Model 3056-15, Omnichrome, Chino, CA). The 325 nm 
output beam was coupled to the microscope through lens L l, shutter S 1 
and a multimode single fiber wave guide. Beam intensity was con- 
trolled with a quartz neutral density step wedge (NDI, Reynard Optics, 
Laguna Nigel, CA). Vibrating the fiber, by wrapping it around the 
cooling fan of the laser head, assured phase randomization of the light 
beam, as attested to by the disappearance of the speckle due to the 
coherence of laser light (Chatton & Spring, 1993). Fluorescence mea- 
surements were made on an inverted microscope (Diaphot, Nikon Mi- 

IMAGE ACQUISITION AND DATA ANALYSIS 

Video images from the CCD cameras were digitized at 8-bits by an 
image acquisition system (Image-l/AT, Universal Imaging, West 
Chester, PA) interfaced to an IBM 386 computer. To ensure that flu- 
orescence was measured in the same region of the LIS, images in the 
two channels were registered by adjustment of a mirror in the multi- 
image module. A pair of images were acquired from the two channels 
for each data point. A 32-frame exponential running average was ap- 
plied to each image for noise reduction. The intensifier percentage gain 
for each image was controlled by the computer and automatically re- 
corded in a log file during the experiment. Several steps were required 
to obtain the absolute intensity value of fluorescence. (i) A region in 
which the intensity was relatively uniform along the LIS and in which 
the geometrical shape of LIS was well maintained throughout the 
whole experiment was selected. The registration and uniformity of a 
pair of images was estimated at the beginning of the whole experiment 
by obtaining a false-color ratio image of ABQ-dextran and C1-NERF- 
dextran at the same time point and focal plane (Fig. 5). (ii) A binary 
image mask representing segmentation of the bright LIS area and the 
dark cells was generated by thresholding the gray level of the C1- 
NERF-dextran image to define the measurement region of interest. 
This binary mask was then applied to the corresponding ABQ-dextran 
image to define the same LIS region of interest. The mean intensity 
within the area bounded by the mask for each image was calculated. 
(iii) These mean intensities were normalized by the corresponding in- 
tensifier absolute gain. (iv) As described in the Dye Characterization, 
crossover corrections were applied to every pair of images. 

DYE LOADING 

Coverglasses with MDCK monolayers were mounted in an open per- 
fusion chamber (40 gl volume) on the stage of the microscope. A 
sharpened micropipette, tip diameter about 5 gm, was mounted on a 
precision 3-D translation stage and connected to a microinjector (model 
5242, Eppendorf, Madison, WI). The perfusion chamber was temper- 
ature-controlled at 37~ with peltier elements. The operating parts of 
the microscope and the specimen stage were enclosed in a light-tight 
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Fig. 4. Diagram of the experimental setup. Abbreviations are as follows: ND, neutral-density filter; S, shutter; L, lens; DM, dichroic mirror; M, 
mirror; F, filter; 1, image intensifier. The different components are described in detail in the text. The dotted lines represent the bright field 
illumination light path; the dashed lines are the paths of laser light illumination and fluorescence emission. 

Fig. 5. Typical images (32-frame average) of MDCK LIS loaded with ABQ-dextran and CI-NERF-dextran. The ABQ-dextran image was captured 
by CCD2 which collected the emission from 400 to 505 rim; the Cl-NERF-dextran image was captured by CCDI which collected the emissions 
longer than 530 nm The ABQ-dextran/Cl-NERF-dextran ratio image was obtained by dividing these two images pixel by pixel. The entire range 
of colors shown correspond to a variation of the ratio of less than 10%. 

box whose temperature was maintained at 30~ by an air circulating 
system. After the monolayer was perfused for about 10 min, a mixture 
of 20 mM ABQ-dextran and 10 mM C1-NERF-dextran in Cl-free 
HEPES-buffered solution was loaded into the micropipette tip. A 
dome was punctured and a small volume of solution (typically less than 
10% of the dome volume) was injected by an air pressure pulse. Ira- 

ages were normally taken 5 min after dye injection in an area two-to- 
three cells away from the edge of the injected dome. Diffusion of both 
dyes away from the dome and into the LIS occurred at a similar rate as 
determined from their respective concentration profiles. Both dyes 
have approximately the same diffusion coefficient in the extracellular 
space, 14 _+ I x 10 7 cm 2 s ~ (Nicholson & Tao, 1993). 
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ION-SENSITIVE MICROELECTRODE MEASUREMENTS 

Cl-sensitive and 3 M KCl-filled, voltage-sensitive microelectrodes were 
fabricated as previously described (Fisher & Spring, 1984). The elec- 
trodes were connected to a high impedance amplifier (model FD-223, 
World Precision, Sarasota, FL) whose output was recorded by a com- 
puterized data acquisition system (Fisher & Spring, 1984). The refer- 
ence electrode was a calomel cell immersed in 3 M KCI and connected 
to the apical bath by a HEPES-buffer filled agar bridge. Acceptable 
CI-sensitive electrodes had a mean slope of 56.7 -+ 0.3 mV/decade 
(calibrated in NaCI standards). Criteria for a measurement of CI ac- 
tivity in MDCK cell domes included a stable, accurate value for CI 
activity in the perfusate before and after a measurement in the dome. 
Voltage-sensitive electrode measurements were accepted only when 
the readings in the apical bath before and after puncture of the dome 
agreed to within 1 mV and input resistance was unchanged. 

STATISTICS 

All data are presented as mean _+ SEM. The Student's t-test was used to 
determine significance of differences. 

Results 

DYE LOADING AND IN SITU CALIBRATION 

The steady-state ABQ-dextran concentration in the LIS 
two-to-three cell diameters away from the dome was 
-100 gM, estimated from the absolute intensity. ABQ- 
dextran fluorescence was calibrated in situ as a function 
of LIS C1 concentration by perfusing Cl-free or control 
perfusion solutions in conjunction with digitonin or oua- 
bain treatment of the monolayer. The Stern-Volmer co- 
efficient and the unknown C1 concentration inside the 
LIS were then determined. The average Stern-Volmer 
constant for C1 in the LIS was 15 _+ 3 M -1 (n = 31) for 
MDCK cells. 

Two strategies for in situ calibration were employed 
to ensure that LIS C1 concentration varied in synchrony 
with perfusate C1. In the first method, the monolayer 
was permeabilized by digitonin; the optimum concentra- 
tion for digitonin was found to be 2.5 gM with an expo- 
sure time of about 2 rain. The second strategy was to 
block NaCI transport by perfusing the monolayers with 
ouabain and wait until LIS C1 reach a new steady state, 
presumably equal to that of the perfusion solution. The 
optimum concentration for ouabain was found to be 0.1 
mM with equilibration occurring in about 5 rain. 

LIS  CHLORIDE CONCENTRATION IN 

HEPES-BUFFERED SOLUTIONS 

After the MDCK cells were mounted in the chamber and 
perfused with 137 mM CI HEPES-buffered solution for 
about 10 min, a mixture of ABQ-dextran and C1-NERF- 
dextran dyes in Cl-free HEPES buffer was injected into 

a dome, allowing to diffuse for 5 to 10 min and then 
image acquisition was started at the LIS near the dome. 
One pair of images was acquired every minute through- 
out the whole experiment. To avoid photobleaching, the 
UV excitation shutter (S1) was opened only for the ap- 
proximately 5 sec required for acquisition of the image 
pair. A minimum of three data points were obtained for 
the unknown C1 concentration in LIS, then the perfusate 
was switched to a solution of the same composition con- 
taining digitonin. After 5 min of digitonin permeabili- 
zation, five pairs of images were acquired. Then the per- 
fusate was switched to Cl-free HEPES-buffered solution 
containing digitonin for at least another 5 rain. 

The experimental procedure for ouabain calibration 
was similar to that of the digitonin calibration. Since the 
ouabain treatment took longer than the digitonin perme- 
abilization, a pair of images was acquired every 2 min 
throughout the experiment. The time required for perfu- 
sion with 137 mM C1 or zero C1 HEPES-buffered solu- 
tions was 15 rain or longer, so at least seven pairs of 
images were taken in each condition. 

A typical experiment is shown in Fig. 6. The ratio 
of ABQ-dextran/C1-NERF-dextran in the three different 
perfusates is shown in B: the unknown C1 concentration, 
137 mM CI plus ouabain, and Cl-free plus ouabain. 
Steady-state values of the respective ratios were deter- 
mined by inspection. Signals from both fluorophores ex- 
hibited an exponential decline as a function of time, pre- 
sumably because of diffusion of the dyes into adjacent 
LIS as well as photobleaching of the dyes in the field of 
view. The Stern-Volmer slope was obtained from the 
two-point in situ calibration and the unknown C1 con- 
centration was then calculated. The LIS CI concentra- 
tion in HEPES-buffered solutions was 176 _+ 19 mM (n = 
12), calibrated with digitonin and 170 _+ 9 mM (n = 12), 
calibrated with ouabain. 

L I S  CHLORIDE CONCENTRATION IN 

BICARBONATE-BUFFERED SOLUTIONS 

Ouabain inhibition was also used as a calibration proce- 
dure for the studies of monolayers perfused with bicar- 
bonate/CO 2 buffered solutions. The C1 concentration in 
the perfusate was 127 mM and the HCO 3 concentration 
was 24 mM. Despite the lower C1 concentration of the 
perfusate, LIS C1 averaged 174 + l0 mM (n = 7), not 
significantly different from that observed in the HEPES- 
buffered solutions. Figure 7 compares the L1S C1 during 
perfusion with HEPES or bicarbonate-buffered solutions. 

CHLORIDE CONCENTRATION IN DOMES 

The C1 activity in the HEPES-buffered perfusate, mea- 
sured by Cl-sensitive microelectrodes was 110 _+ 0.9 mM, 
corresponding to a concentration of 141.6 + I. 1 mM (n = 
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Fig. 6. Typical experimental result showing an in situ calibration pro- 
cedure. (A) shows the fluorescence intensity (arbitrary units) in a se- 
lected region of LIS measured from ABQ-dextran channel and C1- 

NERF-dextran channel. Zero time on the abscissa represents 5 to 10 
min after the dye loading. The monolayer was perfused with HEPES- 

buffered 137 mM C1 Ringer. At 4 rain, the perfusate was switched to a 

solution of the same composition with 0.1 mM ouabain added and at 20 

rain, the perfusate was switched to a Cl-free solution with ouabain. The 
data points were normalized for the absolute gain of intensifiers and 
corrected for crossover. (B) shows the corresponding ratio of the flu- 

orescence of ABQ-dextran to Cl-NERF-dextran; higher ratios corre- 
spond to lower CI concentrations. Note that the parallel decrease in 
both the ABQ and CI-NERF signals in A is compensated for by use of 
the ratio. 

45). This value differs significantly from a C1 concen- 
tration of 137 raM, determined chemically. The differ- 
ence presumably stems from interference by anions other 
than C1 in the perfusion solution. The C1 activity mea- 
sured in the dome fluid was 108.9 _+ 0.8 mM, correspond- 
ing to a concentration of 140.2 + 1.0 mM (n = 45). Nei- 
ther the activity nor the calculated C1 concentration in the 
dome differed significantly from that measured in the 
perfusate. The transepithelial potential difference was 
-1.83 + 0.27 mV (n = 8), dome interior negative to the 
apical perfusate. 

Measurement of dome C1 by microspectrofluorime- 
try employed calibration solutions in capillaries rather 
than in situ calibration because of the relatively large 
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Fig. 7. Mean CI concentration of LIS in HEPES and bicarbonate/CO 2 
solutions. Open bars are the perfusate CI concentrations, 137 mM for 
HEPES solutions and 127 mM for bicarbonate/CO2 solutions. The num- 
ber of digitonin experiments was 12, ouabain in HEPES was 12, and 
ouabain in bicarbonate/CO 2 was 7. 

fluid volume of the domes (typical dome volumes ranged 
from 10 to 500 pl) compared to that of  the LIS (estimated 
volume 28 fl). Dome C1 concentration was 147.8 _+ 13.9 
mM (n = 15), not significantly different from that mea- 
sured with Cl-sensitive microelectrodes or chemically in 
the perfusate. 

CHLORIDE CONCENTRATION ALONG THE LIS 

The C1 concentration along the apical-to-basal LIS axis 
was also investigated. Optical sections were obtained at 
three locations along the LIS separated from each other 
by 2.4 p.m steps: the basal surface adjacent to the cov- 
erglass, middle, and apical region adjacent to the tight 
junction. The height of  the LIS of MDCK cells was 
around 6 + 1 p.m at the time of the experiments. Figure 
8 shows pairs of  ABQ-dextran and Cl-NERF-dextran 
images (32-frame average) at these three different optical 
sections. The experimental procedure was the same as 
described above: the monolayers were perfused with 
HEPES-buffered solution, the Stern-Volmer slope was 
calibrated in situ at each focal plane by adding ouabain to 
the solution and subsequently switching the C1 concen- 
tration from 137 mM to 0 mM. Three pairs of  images 
were acquired for each time point. The mean values of  
CI concentration at the three focal planes did not differ 
significantly nor was there any detectable gradient in C1 
along the LIS (Fig. 9). 

TRANSIENTS IN L I S  CHLORIDE 

Experiments were done to evaluate the rate of  C1 change 
in LIS when the perfusate C1 concentration of HEPES- 
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Fig. 8. hnages for ABQ-dextran and CI-NERF-dextran taken at three optical sections of MDCK LIS, where B is basal surface, M is the middle 
section, and A is apical section. The distance between each section was 2.4 ~Jm. 

buffered solutions was rapidly switched between 137 mM 1.5 
and 0 mM. The perfusion rate for this experiment was 
adjusted to 28 ]al/sec so that the 40 ~tl chamber volume =o 
was replaced every 1.5 sec. To achieve rapid imaging, 
only ABQ-dextran images were acquired at 5-sec inter- 
vals. The excitation light source was shuttered off  be- ~ 1.0, 
tween images to minimize photobleaching. Figure 10 ,.., o 

shows an example of  the experimental results and curve ,,z 
fitting. (A) shows the transient response of the ABQ- .~ 
dextran fluorescence intensity to the perfusate C1 con- N= 0.5 
centration change. This curve was corrected by subtract- 
ing the background signal due to dye leakage and the Z 
data were fitted using the Levenberg-Marquardt algo- 
rithm by the equation: o.0 

where 1 is the fluorescence intensity, t is the time, "c is the 
characteristic time constant, a t and a 2 are the optimized 
parameters. (B) and (C) are examples of  the curve fit for 
a fluorescence intensity increase (decreasing C1) and de- 
crease (increasing CI), respectively. 

The characteristic times from 21 experiments are 
shown in Fig. 11. The LIS CI changed rapidly in re- 

Base I- Tight junction 

I r J 

0.0 2.4 4.8 

Distance from base (/am) 

Fig. 9. CI concentration along the L1S of MDCK cells perfused with 
HEPES-buffered solutions. The values were normalized to the CI con- 
centration at the basal surface of LIS. The solid line, drawn by the 
method of least squares, has a slope of 0.027 _+ 0.033, not significantly 
different from 0. The correlation coefficient for the line was 0.17, 
indicative of the lack of correlation between C1 concentration and depth 
of the LIS. 
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Fig. 10. Transient response of C1 concentration in the MDCK LIS to 
the perfusate CI changes. (A) is the experimental record. (B) and (C) are 
examples of nonlinear curve fitting. 

sponse to perfusate C1 with characteristic times of 0.8 + 
0.1 min (n = 21) for C1 decrease and 0.3 + 0.04 rain (n = 
21) for CI increase. This result is consistent with the 
conclusion that junctional C1 permeability is relatively 
high. 

D i s c u s s i o n  

The present results constitute the first direct measure- 
ments of the C1 concentration of the LIS of mammalian 
cells. Several points are worthy of note: (i) LIS C1 con- 
centration was consistently higher than perfusate C1, (ii) 
the presence of HCO 3 had little effect on LIS C1, (iii) no 
gradients in C1 along the depth of the LIS were detect- 
able, (iv) tight junctional C1 permeability was high, (v) 
the C1 concentration in large domes was indistinguish- 
able from the bathing medium both by microelectrode 
and microspectrofluorimetric methods. Of central con- 
cern is the validity of the methods used for calibration 
and calculation of the C1 concentration in the LIS as well 
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Fig, 11. Mean values of characteristic times for Cl change in the LIS 
in response to the perfusate CI changes. The number of experiments 
was 21. 

as the relevance of observations in MDCK cells to others 
fluid-transporting epithelia. 

DYE SELECTION, CALIBRATIONS AND SOURCES OF ERROR 

The quinolinium dyes represent the only current practical 
group of fluorescent indicator dyes for C1 and other an- 
ions. They are cationic dyes whose fluorescence is 
quenched by collision with selected anions (Urbano, Of- 
fenbacher & Wolfbeis, 1984). Because these dyes do not 
exhibit spectral shifts or isosbestic points that would 
make ratio measurements possible, it has been difficult to 
ensure that the decreases in fluorescence observed are 
due to quenching by the anion of interest rather than to 
nonspecific effects. Indeed, the earliest report on the 
quinolinium dyes described a reduction in the Stern- 
Volmer relationships as a result of dye immobilization in 
a polymer layer (Urbano et al., 1984). The most com- 
monly used quinolinium indicator, SPQ, exhibits an ap- 
proximately tenfold reduction in its Stern-Volmer slope 
for CI in cells compared to free solution (Krapf et al., 
1988). Although this effect was initially postulated to be 
a consequence of the putative high viscosity of cyto- 
plasm (Krapf et al., 1988), it has subsequently been con- 
vincingly demonstrated that cytoplasmic viscosity is not 
very different from that of water (Kao, Abney & Verk- 
man, 1993; Luby-Phelps et al., 1993) and that the fluo- 
rescence lifetime of SPQ changes in a manner consistent 
with partial immobilization of the dye by intracellular 
pro;eins (Krapf et al., 1988). In the present study the 
sensitivity of the quinolinium dyes to CI was profoundly 
diminished by the presence of proteins in relatively low 
concentration as clearly demonstrated in calibrations car- 
ried out in a spectrofluorimeter. In a previous study, 
MDCK cell LIS pH was acidic compared to the bathing 
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solution and was not sensitive to inhibitors of acid-base 
transport or temperature reduction (Chatton & Spring, 
1994). The stability of LIS pH and the relative acidity of 
the LIS were attributed to the microenvironment created 
by negatively charged cell surface proteins. Thus, the 
previous studies showed that the LIS environment was 
strongly influenced by proteins on the adjacent basolat- 
eral cell membranes as well as by any soluble proteins 
within the LIS. 

The strategies employed in the present study to cope 
with the protein effects and limitations of the fluorescent 
probes was the use of a mixture of two spectrally distinct 
dyes attached to high molecular weight dextrans com- 
bined with in situ calibration by two different methods. 
ABQ-dextran was selected as the CI indicator for the 
present experiments because it exhibited, in the spectro- 
fluorimeter, an appropriate Stern-Volmer coefficient for 
quenching by the CI concentration expected in the LIS. 
Because the reference dye, C1-NERF-dextran, is nega- 
tively charged, it was not significantly influenced by 
added proteins either in the cuvette or in glass capillaries. 

Our requirements for an acceptable in situ calibra- 
tion included constancy of LIS width during C1 replace- 
ment with NO 3, uniformity of ratio over the area of in- 
terest, stability of the ratio after permeabilization by dig- 
itonin or transport inhibition by ouabain, a Stern-Volmer 
coefficient of 6 or greater, signal-to-noise ratio of 5 or 
greater. A combination of the above criteria and the sim- 
ilarity of LIS C1 concentration calibrated by two meth- 
ods--digitonin or ouabain treatment in HEPES or bicar- 
bonate buffered solution--gives us greater confidence in 
the absolute values obtained. Of concern in the calibra- 
tions was the assumption that LIS C1 equilibrated com- 
pletely with that of the perfusate after ouabain or digi- 
tonin treatment. Incomplete equilibration would result in 
an artifactually low Stern-Volmer coefficient and an 
overestimate of LIS CI concentration. This possibility 
was evaluated by plotting the LIS C1 concentration ver- 
sus the Stern-Volmer coefficient for each determination. 
There was no relationship between the magnitude of the 
Stern-Volmer coefficient in an individual LIS and the C1 
concentration of that LIS. 

Ion-sensitive microelectrode studies of the domes 
served as additional controls on the microspectrofluorim- 
etry and showed that the C1 activity within larger domes 
did not differ significantly from that in the bathing me- 
dium. The apparent C1 concentration within the dome 
that was determined with fluorescent dyes, agreed rea- 
sonably well with the microelectrode measurements. 
The dome CI concentration calculated from the fluores- 
cent dyes was 147.8 mM, about 10 m~a higher than the 
chemically determined C1 concentration of the perfusate 
(137 raM). Because of the relatively large standard error 
associated with the microspectrofluorimetric measure- 
ments, we can not rule out the possibility that the CI 

concentrations measured by the fluorescent dyes exhibit 
a systematic bias of about t0 mM toward higher values 
than those measured chemically. 

LIS C1 PHYSIOLOGICAL SIGNIFICANCE 

The measured LIS CI concentration was consistently 
about 30 mM greater than that of the bathing medium in 
both the presence and absence of HCO 3. Because of the 
above-mentioned systematic errors associated with the 
measurement of C1 by microspectrofluorimetry, the dif- 
ference between LIS and perfusate C1 could be as small 
as 20 mM. In agreement with this estimate, another study 
(Chatton & Spring, 1995) showed that the LIS Na con- 
centration of MDCK cells exceeded that of the apical 
perfusate by -15 mM in the presence of bicarbonate. A 
20 mM NaC1 concentration gradient between LIS and 
apical perfusate would lead to a predicted LIS osmolality 
about 40 mOsm/kg H20 higher than that of the apical 
bath. Two consequences of a gradient in salt concentra- 
tion and osmolality between LIS and apical bath are back 
diffusion of NaC1 from LIS to apical bath and water flow 
from the apical bath to the LIS across both the tight 
junction and cellular membranes. Maintenance of an el- 
evated NaCI concentration in the LIS requires that the 
water permeability of the cell membranes be relatively 
modest. Inhibition of Na transport by ouabain or perme- 
abilization by digitonin caused LIS C1 concentration in- 
dicated by the ratio measurements to fall, consistent with 
the conclusion that LIS C1 always exceeded bathing so- 
lution C1 concentration. Since the transient response ex- 
periments showed that the C1 conductance of the tight 
junction was high, the elevated LIS C1 must be due to 
transport. The C1 extrusion rate required to maintain this 
concentration gradient can be estimated from the mea- 
sured tight junctional permeability properties and LIS C1 
concentration. 

A typical MDCK cell, with a volume of 480 fl and 
an intracellular CI concentration of 60 mM (Macias et al., 
1992), has a C1 content of about 29 fro. An estimated 
LIS volume of 28 fl and measured LIS C1 of 170-175 
mM leads to a calculated LIS C1 content of 4.7 fro. From 
the transient measurements of a half-time for C1 effiux of 
0.8 min, the transjunctional C1 flux with a zero-C1 per- 
fusate is 3.8 fro/rain. For the transjunctional driving 
force of 20-30 mM existing during perfusion of 137 mM 
CI, the calculated CI effiux would be about 0.7 fm/min. 
Thus about 15% of the LIS C1 content would be lost each 
minute as a result of diffusion across the tight junction. 
This C1 must be replaced by transport from the cell to the 
LIS. Such a C1 flux represents only about 2% of the 
intracellular C1 content and, therefore, constitutes only a 
minor fraction of the transepithelial transport for a typ- 
ical epithelial cell. The maximum rate of transcellular C1 
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transport can be estimated from the characteristic t ime of  
0.3 min  for refil l ing the LIS with C1 (Fig. 9). The C1 flux 
into the LIS based on this t ime constant  would  be 10 
fm/min,  about  6.2 fm/min  larger than the efflux across 
the tight junc t ion  estimated above. A transport  rate of  
6.2 fm/min  across the basolateral membrane  into the LIS 
is consistent  with complete  turnover  of  all intracellular 
C1 in about 5 min.  

Since the C1 concentrat ion in the domes was also 
20 -30  rnM less than in the LIS, a gradient  in C1 concen-  
tration should exist wi thin  the LIS adjacent to a dome. 
Our efforts to detect and analyze this putative gradient  
were frustrated by  the overr iding effects of  the protein 
concentrat ion differences be tween LIS and domes. 

Final ly,  the rate of  change of  CI wi thin  the LIS was 
much faster than that reported for Na  in a recent  publi-  
cation from this laboratory (Chatton & Spring, 1995). 
This was unexpected as previous investigators have re- 
ported that M D C K  tight junc t ions  are cation selective 
with a tNa of  about  0.64 (Oberlei thner et al., 1990). Our  
interpretat ion of  these results, at this time, is that the rate 
of  C1 efflux is representative of  tight junc t ional  perme- 
abili ty properties, while the Na transients s ignif icantly 
underest imate  the junc t iona l  Na  permeabil i ty.  Further  
studies of this subject are presently under  way. 

In summary,  LIS C1 was higher than that of  the 
perfusate by  20 -3 0  raM, no gradients in C1 concentrat ion 
could be detected along the depth of  the LIS, junc t iona l  
CI permeabi l i ty  was relatively high, and the elevated LIS 
CI concentrat ion could be main ta ined  by a very modest  
rate of  transport  from the cell to the LIS. 
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