
J. Membrane Biol. 148,223-232 (1995) The Journal of 

Membrane 
Biology 
�9 Springer-Verlag New York Inc. 1995 

D e t e r m i n a t i o n  of  the Na  Permeabi l i ty  of  the Tight  Junct ions  o f  M D C K  Cells  by 

F l u o r e s c e n c e  M i c r o s c o p y  

O. Kovbasnjuk 1, J.-Y. Chatton 1 , W.S. Friauf 2, K.R. Spring 1 
~Laboratory of Kidney and Electrolyte Metabolism, National Heart, Lung, and Blood Institute, National Institutes of Health, 
Bethesda, MD 20892-1598 
2Biomedical Engineering and Instrumentation Program, National Center for Research Resources, National Institutes of Health, 
Bethesda, MD 20892-1598 

Received: 5 July 1995/Revised: 28 August 1995 

Abstract. The kinetics of Na movement across the tight 
junctions of MDCK cells, grown on coverslips and per- 
fused with HEPES or bicarbonate Ringer at 37~ were 
investigated after filling the lateral intercellular spaces 
(LIS) of the epithelium with SBFO, an Na-sensitive flu- 
orescent dye. Dilution and bi-ionic potential measure- 
ments showed that MDCK cell tight junctions, although 
cation-selective, were poorly permeable to N-methyl-D- 
glucamine C1 (NMDG) but freely permeable to Li. In 
previous experiments in which Na was replaced by 
NMDG, a very slow decrease in LIS Na concentration 
(time constant = 4.8 min) resulted. In the present study, 
reduction of perfusate Na from 142 to 14 or 24 mu with 
Na replaced by Li caused LIS Na concentration to de- 
crease with a time constant of 0.43 rain. The time con- 
stant for Na increase of the LIS was 0.28 rain, signifi- 
cantly shorter than that for Na decrease because of the 
additional component of transcellular Na influx. Oua- 
bain eliminated the transcellular component and equal- 
ized the time constants for Na influx and efflux. These 
results were incorporated into a mathematical model 
which enabled calculation of the transcellular and para- 
cellular Na fluxes during fluid reabsorption. Regulation 
of the Na permeability of individual tight junctions by 
protein kinase A (PKA) was evaluated by treating the 
monolayers with the Sp-cAMPS, a cAMP substitute, or 
Rp-cAMPS, a specific inhibitor of PKA. Stimulation of 
PKA strikingly increased tight junctional permeability 
while PKA inhibition diminished junctional Na perme- 
ability. 
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Introduction 

Delineation of the permeability properties of epithelial 
tight junctions (TJ) is made difficult because of the in- 
fluence of the fluid-filled lateral intercellular spaces 
(LIS) adjoining the TJ (Kottra & Fr6mter, 1993a, b). In 
previous investigations of the composition of the LIS of 
Madin-Darby canine kidney cells (MDCK), the relative 
Na and C1 permeabilities of the TJ were determined from 
the rate constants for changes in LIS ion concentration 
(Chatton & Spring, 1995; Xia, Persson & Spring, 1995). 
The measurements of Na concentration in the LIS of 
MDCK cells revealed a long LIS Na time constant (4.8 
rain) compared to that of C1 (0.8 rain). This result 
seemed inconsistent with previously published electro- 
physiologic data (Oberleithner et al., 1990a, b) in which 
the transference number of the tissue for Na was 0.64, 
about twice as high as that for C1. It was speculated by 
Chatton & Spring (1995) that the slow Na time constant 
arose not from a limited permeability of the TJ to Na but 
from a limited permeability to N-methyl-D-glucamine 
(NMDG), the Na substitute employed in that study. Two 
possible explanations for the discrepancy between the 
optical and electrical data were considered: (i) the 
MDCK cells used by Chatton and Spring (1995) differed 
in TJ permeability properties from those used by other 
investigators; (ii) the previously measured rate constant 
for Na was in error because of the use of an impermeant 
Na substitute. 

In the present investigation, the electrophysiologic 
properties of MDCK cell layers were assessed by mea- 
surements of bi-ionic and dilution potentials, calculations 
were conducted to determine parameters which were 
compatible with both the optical and electrical data of 
present and previous studies, the Na time constant was 
determined with Li as a Na substitute. Li was selected 
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o n  the  b a s i s  o f  t he  e l e c t r o p h y s i o l o g i c  m e a s u r e m e n t s  as  a 

r e p l a c e m e n t  fo r  N a  w i t h  e q u a l  p e r m e a b i l i t y  a c r o s s  t he  

p a r a c e l l u l a r  p a t h w a y .  F ina l ly ,  t he  r e g u l a t i o n  o f  t h e  p e r -  

m e a b i l i t y  o f  t he  TJ  b y  i n t r ace l l u l a r  c A M P  w a s  e v a l u a t e d  

b y  m e a s u r e m e n t  o f  L I S  N a  a n d  f l u o r e s c e n t  d y e  c o n c e n -  

t r a t i on  w h e n  t h e  m o n o l a y e r s  w e r e  e x p o s e d  to a n a l o g u e s  

o f  c A M P .  

Materials and Methods 

CELL CULTURE 

Low resistance MDCK cells, passage 66-79 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). For the experi- 
ments, the cells were seeded on glass coverslips and cultured for 5-11 
days. 

For some of the electrophysiologic studies, cells were grown on 
24 mm Anocell membranes in DMEM supplemented with 1% fetal 
bovine serum as previously described (Chatton & Spring, 1994). 

EXPERIMENTAL SOLUTIONS AND PERFUSION SYSTEM 

HEPES-buffered experimental solutions contained (raM): 142 Na +, 5.3 
K +, 1.8 Ca 2+, 0.8 Mg 2+, 137 CI-, 0.8 SO 2-, 14 HEPES, 5.6 glucose. 
The pH of the HEPES solutions was adjusted to pH 7.4 at 37~ and 
were gassed with room air. The bicarbonate-buffered solutions con- 
tained (raM): 142 Na +, 5.3 K +, 1.8 Ca 2+, 0.8 Mg 2+, 127 C1-, 0.8 SO 2-, 
24 HCO~, 5.6 glucose, and were gassed with 5% CO2/95% air. 

Four low Na solutions were used--the HEPES-buffered solution 
contained (in ram): 14 NaC1 and 128 LiC1 or 128 NMDGC1 while the 
bicarbonate-buffered solution contained 24 NaC1 and 118 LiC1 or 118 
NMDGC1. The osmolarity of all solutions was 292-300 mOsm/kg. 
The cell monolayers were perfused in a closed chamber designed for 
rapid solution exchange (Harris et al., 1994). The perfusion solutions 
were kept aerated at 37~ using water-jacketed reservoirs permitting 
temperature control and gas mixing. The lines coming from the dif- 
ferent reservoirs could be opened and closed using cmnputer-controlled 
pinch-valves and were connected to a manifold. 

nm and 380 nm filters (Omega Optical, Brattleboro, VT). Switching 
the wavelength between 340 nm and 380 nm was done by opening and 
closing fast shutters (Uniblitz, Vincent Associates, Rochester, NY). 
The light source was connected to the microscope by means of a fused 
silica optical fiber (C Technologies, Verona, NJ). The fluorescence 
filter cube contained a 400 nm dichroic mirror and a 430 nm barrier 
filter. Bright field imaging was achieved with a 50W tungsten halogen 
lamp (Leica). 

The cell monolayers were observed with a 100x/1.3 N.A. objec- 
tive lens (Nikon, Melville, NY) connected to a microchannel plate 
intensifier (KS-1381, Video Scope, Sterling, VA) and video camera 
(VS-2000N, Video Scope). An 8-frame running average was used to 
reduce the noise level of the image (LKH 9000, Video Scope) which 
was stored on an optical memory disc recorder (OMDR, TQ-2028F, 
Panasonic, Newark, NJ) for later offline analysis. The sequence of 
events (e.g., solution valves, intensifier gain, illumination shutters, 
stepper motor) during the experiment was controlled by a computer 
using a custom-made program. 

S B F O  LOADING INTO THE LIS  

SBFO was incorporated into the LIS, as previously described (Chatton 
& Spring, 1995). Briefly, the cell monolayers were incubated in their 
culture dish for 70-80 rain with the free acid SBFO (-250 g g  in 
buffered solution with 142 mM Na). During the incubation period, the 
dye molecules passively diffused across the tight junctions and pro- 
gressively filled the LIS compartment and the domes. After washout of 
the fluorescent dye from the bathing solution, the SBFO trapped in the 
LIS allowed measurements for up to 60 rain until the signal-to-noise 
ratio diminished because of back diffusion of the dye through the tight 
junctions. 

ANALYSIS OF FLUORESCENCE MICROSCOPY IMAGES 

Images were transferred from the optical disc recorder to an image 
analysis workstation (Trapix 55/48Q, Recognition Concepts, Incline 
Village, NV) as was described previously (Chattun & Spring, 1995). 
Briefly, segmentation of the bright LIS and dark cellular regions was 
obtained from a binary image after thresholding of the 380 nm image. 
Regions of the LIS separated by small intensity difference were con- 
nected to each other by repeated dilation and erosion of the binary 
image, and the outline of the LIS was used as a template for both 340 
nm and 380 nm images. A ratio of the mean pixel intensity inside the 
template of the two images was used as a measurement of Na concen- 
tration. 

CHEMICALS 

SBFO (ammonium salt) was obtained from Molecuiar Probes (Eugene, 
OR). Ouabain octahydrate was purchased from Sigma (St. Louis, MO) 
and weighed just before each experiment. (Sp)-Adenosine cyclic 3',5'- 
phosophorothioate (Sp-cAMPS) and (Rp)-Adenosine cyclic 3',5'- 
phosophorothioate (Rv-cAMPS) were obtained from Biolog La Jolla, 
CA). 

FLUORESCENCE MICROSCOPY 

The experiments were performed on the stage of an upright microscope 
(Ortholux II, Leica, Deerfield, IL) equipped for bright field and low 
light level fluorescence (Chatton & Spring, 1993). Epifluorescence 
illumination was achieved using a dual path 75W xenon lamp assembly 
(Model 60000, Oriel, Stratford, CT) equipped with 10 nm bandpass 340 

DIFFERENTIAL INTERFERENCE CONTRAST MICROSCOPY 

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 glass coverslips and perfused at 37~ on the stage of 
an inverted microscope (IX70, Olympus, Lake Success, NY). Cells 
were imaged with a 100x/1.4 N.A. objective lens, further magnified 
1.8-fold, and projected onto the faceplate of a CCD camera (CCD 200, 
Video Scope), stored on optical disc (TQ-2025F, Panasonic), and an- 
alyzed by a program designed to automatically detect ceil boundaries 
and to measure cell size and shape (Marsh et al., 1985). Optical sec- 
tions of MDCK cells and adjacent LIS were obtained at 0.4 gm focus 
displacements. 

Cell volume was calculated from the product of the measured 
areas of the optical sections and the known focus displacements as 
previously described (Marsh, Jensen & Spring, 1985). LIS volume was 
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Fig. 1, On the left side, the modeI for sodium transport in the MDCK cell monolayer is schematically represented in the form of the electrical 
equivalent circuit. The Na capacity of the cell and LIS are depicted by capacitors whose values are determined from the product of volume of each 
compartment and their respective Na concentrations. Diodes in series with resistors represent the Na,K-ATPase which results in a Na flux in only 
one direction - -  from cell to LIS. The fluxes of Na from bath to cell and LIS are denoted as Jin~ and J~,2 respectively; Na flux from LIS to bath 
is denoted as Jo,t. 

determined from the difference in volume of the cell plus LIS and the 
cell alone. 

bath. Transepithelial voltages and resistance were measured with a 
high impedance electrometer connected to the relevant electrodes. 

ELECTRICAL MEASUREMENTS 

Transepithelial dilution potential measurements were made at 25~ on 
monolayers grown on glass eoverslips by micropuncture of a fluid- 
filled dome with a glass microelectrode filled with 3M KC1. The per- 
fusate composition was switched from control HEPES-buffered Ringer 
to a low NaC1 solution in which half of the NaC1 was replaced by 
sucrose. The microetectrode was connected through a Ag-AgCI elec- 
trode to the probe input of an electrometer (Model 750, World Preci- 
sion Instruments, Sarasota, FL). The apical bath was grounded through 
a Ringer4illed agar bridge to a calomel electrode immersed in a satu- 
rated KC1 bath. Stability criteria for the electrode input resistance and 
tip potential were as previously described (Fisher & Spring, 1984). 

TransepitheliaI dilution and bi-ionic potentials were also mea- 
sured at 25~ with similar solutions across monolayers grown on per- 
meable supports and mounted in an Ussing chamber (Model Milli-24/2, 
World Precision Instruments, Sarasota, FL). Potential and current elec- 
trodes were Ag-AgC1 electrodes connected to the chamber by 3M KC1 
agar bridges. The reference electrode was placed in the basolateral 

MATHEMATICAL MODEL 

Figure 1 shows the electrical equivalent circuit model of the epithelium 
employed to simulate the response of the monolayer to alterations in 
the Na concentration of the apical bathing solutions. Calculations were 
carried out on a PC using the SPICE simulation program (Inmsoft, San 
Pedro, CA). Initial parameter values were selected based on published 
data on the electrical resistance and ionic selectivity of the cell mem- 
branes and MDCK cell monolayers. Capacitance values in Fig. 1 cor- 
respond to the size of the cellular and LIS compartments multiplied by 
their respective Na concentrations. The Na,K-ATPase was represented 
by a diode and resistor in series to simulate the unidirectional flow of 
Na from cell to the LIS. 

STATISTICS 

Data are presented as means _+ SE. Statistical significance was deter- 
mined using the paired or unpaired t test and a P value < 0.05 was 
considered significant. 
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Table 1. Bi-ionic and dilution potentials of MDCK monolayers 

Condition Ion PD (rnV) n 
substitution 

14 mM Na-apical NMDG 25.0 + 6.5 5 
142 mM Na-basolateral 
14 mM Na-apical Li 1.3 _+ 0.1 4 
142 mM Na-Basolateral 
50% Dilution-apical NMDG 0.5 + 2.6 5 
142 mM NMDG-CI basolateral 
50% dilution-apical Li 11.4 + 1.7 4 
142 mM LiC1 basolateral 

Experiments were performed on cells grown on permeable supports 
and studied in an Ussing chamber. Bathing solutions were buffered 
with HEPES. 

Results 

DILUTION POTENTIAL MEASUREMENTS 

The transepithelial NaC1 dilution potential (HEPES 
buffer) measured by micropuncture of the domes of 
monolayers averaged 10.3 + 1.2 mV (15 punctures in 7 
monolayers), dome interior negative, when the apical 
bath NaC1 concentration was reduced by 50%. Such an 
NaC1 dilution potential is consistent with a cation- 
selective tight junction with a Na transference number of 
0.82. A similar result was obtained with cells grown on 
the permeable supports. The transepithelial dilution po- 
tential averaged 11.1 + 1.2 mV (8 monolayers), basolat- 
eral solution negative, when the apical bath was diluted 
by 50%. When the basolateral bath was similarly di- 
luted, the transepithelial potential difference (PD) was 
-11.4 + 2.1 mV (4 monolayers), apical bath negative. 

Symmetry of dilution potentials and lack of rectifi- 
cation of the transepithelial PD are indicative of the dom- 
inance of a paracellular pathway as the site of transepi- 
thelial ion selectivity (Barry & Diamond, 1984). The 
dilution potentials observed were less than that expected 
for a perfect Na electrode, 16.1 mV at 25~ with a ratio 
of NaC1 activities of 1.9, but were consistent with a 
cation-selective tight junction. The transference number 
for Na calculated from the dilution potentials across cells 
grown on filters ranged from 0.84 to 0.85, slightly higher 
than the value for MDCK cell monolayers of 0.64 re- 
ported by previous investigators (Oberleithner et al., 
1990a, b ). 

BI-IONIC POTENTIAL MEASUREMENTS 

We next measured hi-ionic potentials across monolayers 
grown on permeable supports to learn more about the 
cation selectivity of the tight junctions. Table 1 shows 
the bi-ionic potential across MDCK cell monolayers in 

which all but 14 rr~ of the Na in the apical perfusate 
(HEPES buffer) were replaced by NMDG or Li. Re- 
placement by NMDG resulted in a transepithelial PD of 
25.0 _+ 6.5 mV, apical bath positive. This is consistent 
with a low permeability of the tight junction to NMDG 
compared to that of Na, a conclusion confirmed by a 
3.7-fold increase in transepithelial electrical resistance 
when all but 14 rnM Na in both bathing solutions were 
replaced by NMDG. Further confirmation of the low 
tight junctional permeability to NMDG came from de- 
termination of the transepithelial dilution potential in 
NMDG Ringer when the apical bath NMDG concentra- 
tion was reduced to 50% of that in the basolateral bath. 
The transepithelial PD was 0.5 _+_+ 2.6 mV, indicative of 
insignificant NMDG permeation, and consistent with the 
conclusion that junctional permeability to NMDG was 
very low. 

When the all but 14 rr~ of the Na in the apical 
perfusate was replaced by Li the transepithelial PD was 
only 1.3 + 0.1 mV, apical side positive, consistent with 
the conclusion that the tight junctions do not discriminate 
between Na and Li (Table 1). In support of this conclu- 
sion, the transepithelial resistance of monolayers bathed 
in symmetrical LiC1 Ringer solutions was indistinguish- 
able from that in NaC1 Ringer. Finally, the potential 
generated by a 50% dilution of the apical bath was 11.4 
_+ 1,7 mV, apical side positive, in LiC1 Ringer solutions, 
comparable to that obtained in NaC1 Ringer (Table 1). 

The electrophysiologic experiments showed that our 
MDCK cells were cation selective as had been reported 
previously by others (Oberleithner et al., 1990a, b) and 
that the permeability of the tight junctions to NMDG was 
low compared to that of Na. Thus, previous experiments 
employing NMDG as an Na substitute in the apical per- 
fusate must have resulted in a large bi-ionic potential 
across the tight junction which impeded Na efflux from 
the LIS. It was also evident from these experiments that 
Li replacement of Na had none of these undesirable ef- 
fects. We, therefore, repeated previous experiments to 
determine the rate of change of Na in the LIS using Li as 
an Na substitute. 

KINETICS OF NA CHANGES IN LIS 

In the first series of experiments, the kinetics of Na 
changes in LIS of MDCK cells grown on glass coverslips 
were determined in HEPES and bicarbonate solutions. 
Monolayers were perfused on the apical surface with 
solutions containing 142 mM Na. After a control period, 
the perfusate Na concentration was rapidly switched 
from 142 mM to the low Na (14 mM or 24 raM) solution. 
After the L1S Na concentration achieved a new steady- 
state, the perfusion solution was changed back to the 
high Na concentration. Na was replaced isosmotically 
by Li; the C1 concentration was unchanged. Acquisition 
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Fig. 2. Typical experimental results for the 
kinetics of Na concentration changes in the LIS. 
Vertical lines correspond to the times of changes 
in the Na concentration of the apical perfusate. 

of images was performed every few seconds over 10 min 
at one focal plane midway between the top and bottom of 
the LIS. 

A typical example of the time course of Na changes 
in LIS is illustrated in Fig. 2. The time constants for Na 
efflux from LIS and influx into the LIS were obtained by 
nonlinear curve fitting using the following equation: 

R = A + B.  e {-"~} (1) 

where R is the 34@380 nm ratio, t is the time, ~ is the 
characteristic time, A and B are optimized parameters. 

The flux of Na into or out of the LIS (J) was cal- 
culated from the rate constant, k, equal to the 1/z in Eq. 
1, the measured LIS Na concentration, CLIS, the bathing 
solution Na concentration, CB~th, and the LIS volume of 
one cell, VLI S. 

J -~ k (CBath -- CLIS) VLI S (2) 

In Eq. 2, k represents the permeability coefficient of the 
tight junction for a cell whose LIS has a volume, VLIS, of 
46.5 fl. 

Figure 3 shows the Na efflux from the LIS in 
HEPES solutions for 9 monolayers calculated from Eq. 2 
with the measured time constant of 0.48 _+ 0.03 min and 
an estimated transjunctional Na concentration difference 
of 128 raM+ As shown in Table 2, the Na efflux was 
significantly larger than the Na influx calculated from 
the time constant of 0.66 +_ 0.07 min and a similar trans- 
junctional concentration gradient. 

Figure 3 also shows that in bicarbonate-buffered so- 
lutions the calculated Na efflux was similar to that in 
HEPES based on a time constant of 0.43 _+ 0.02 min and 
a Na concentration gradient of 133 mM. As predicted by 
the mathematical model, Na influx was significantly 
larger than efflux calculated from the influx time con- 
stant of 0.28 + 0.03 rain and a 118 mM Na gradient across 
the tight junction (Table 2). 

Na influx in bicarbonate-buffered solutions was sig- 
nificantly (P < 0.01) greater than that observed in 
HEPES buffer, an observation in agreement with the 
conclusions from previous measurements of LIS Na con- 

centration that Na transport is stimulated in bicarbonate- 
buffered solutions (Chatton & Spring, 1995). 

MATHEMATICAL MODEL 

The LIS Na transients were analyzed using a model in 
which there are two different pathways for Na influx (Jin) 
into the LIS of MDCK cells (Fig. 1): (i) the transcellular 
route (Jinl) which involves Na entry via the apical mem- 
brane and exit from the cell across the basolateral mem- 
brane mediated by the Na,K-ATPase; (ii) direct Na in- 
flux across the TJ (Jin2)" The model assumes that there is 
only one Na efflux pathway from the LIS to apical bath- 
Na flux through the TJ (Jout). 

The model calculation predicts that changes of Na 
concentration in apical solution result in an Na influx 
into the LIS which is faster than efflux because there are 
two influx pathways and one efflux pathway. The addi- 
tion of ouabain to inhibit the transcellular flux of Na 
(Jilt) would be predicted to equalize influx and efflux, 
assuming that the tight junctions do not rectify the flux of 
Na across them. The model calculations were based on 
the assumption that the volume of the cell and LIS are 
constant. We were concerned that this assumption may 
be incorrect when the monolayers were treated with oua- 
bain to block transcellular Na transport. Accordingly, a 
series of experiments were undertaken to assess the ef- 
fects of ouabain on cell and LIS volume. 

EFFECT OF OUABArN ON CELL AND LIS VOLUME 

Preliminary experiments showed, in agreement with pre- 
vious studies (Simmons, 1981; Chatton & Spring, 1995), 
that ouabain produced complete inhibition of the Na,K- 
ATPase of MDCK cells within 10 min. Therefore, after 
the control period in which optical sections at focus dis- 
placements of 0.4 gm of selected cells and their adjacent 
LIS were obtained in bicarbonate-buffered solution, the 
perfusate was switched to a solution of the same com- 
position (142 mM Na) containing 5 x 10 .4 M ouabain. 
After an equilibration time of at least 10 min, high res- 
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Fig. 3. Mean values with SEM of sodium efflux 
from the LIS and influx into the L1S in HEPES 
and bicarbonate/CO 2 solutions. Na efflux in 
HEPES is significantly higher than influx (P < 
0.05) while Na efflux in the presence of 
bicarbonate/CO2 is lower than influx (P < 0.05). 
The number of experiments was 9 in all groups. 
Efflux does not differ significantly in HEPES or 
bicarbonate/CO 2 while influx in the presence of 
bicarbonate/CO 2 is larger (P < 0.001) than that in 
HEPES. 

Table 2. Time constants and corresponding Na fluxes 

Condition Time constant JNa n p 
(rain) (fmoles/min) 

HEPES buffer 
Effiux 0.48 + 0.03 -12.40 + 1.03 9 <0.05 
Influx 0.66 _+ 0.07 9.01 _+ 1.08 9 <0.05 

Bicarbonate buffer 
Efflux 0.44 + 0.02 -14.38 _+ 0.76 9 <0.05 
Influx 0.28 + 0.03 19.59 _+ 2.16 9 <0.05 

Hepes buffer + ouabain (5 x 10 ~4 M) 
Efflux 0.46 --_ 0.02 -11.90 -+ 0.74 13 NS 
Influx 0.52 + 0.04 11.44 ___ 1.04 13 NS 

Bicarbonate buffer + ouabain (5 x 10 4 M) 
Efflux 0.27 + 0.02 -20.32 -+ 1.27 10 NS 
Influx 0.19 -+ 0.02 28.87 -+ 4.07 11 NS 

The mean + SEM is given for the Na fluxes calculated from the rate constant, k, according to Eq. 2. The number of monolayers is indicated by n. 
P value is for comparison of the absolute magnitudes of efflux and influx using the Student's t test. 

olution differential interference contrast optical sections 
of the same cells and LIS were again obtained. 

The area of each optical section was determined us- 
ing a computer based edge detection algorithm (Marsh et 
al., 1985), and the volume of each cell and its adjacent 
LIS calculated. MDCK cell volume averaged 802.3 + 
125.6 fl (1l monolayers) in bicarbonate-buffered solu- 
tion and was unaffected by ouabain over a 20 min ex- 
perimental period. The ratio of cell volume in ouabain to 
the same cell in control solutions was 0.99 + 0.01 (n = 
11), not significantly different from 1.0. LIS volume 
was also not significantly altered by ouabain, with a ratio 
of experimental/control LIS volume = 1.08 _+ 0.04 (n = 
11) for the same LIS measured in ouabain and control 
solutions. This observation is in good agreement with 
previous reports that LIS geometry was unchanged by 
ouabain treatment (Chatton & Spring, 1995; Xia et al., 
1995). 

EFFECT OF OUABAIN ON NA TRANSIENTS IN THE L I S  

The mathematical model predicts that the Na influx into 
the LIS should be significantly reduced by inhibition of 
the Na,K-ATPase. In a previous study (Chatton & 
Spring, 1995) perfusion of MDCK monolayers with so- 
lutions containing 5 x 10 .4 M ouabain was used to reduce 
LIS Na concentration to values comparable to those in 
the bath. 

After the control period in which images of SBFO 
fluorescence during Na efflux or influx were obtained 
with HEPES or bicarbonate-buffered solutions, the per- 
fusate was switched to a solution of the same composi- 
tion (142 mM Na) containing 5 • 10 -4 M ouabain. After 
an equilibration time of at least 10 min, images were 
taken of the same cells at the same focal planes during 
the transients in LIS Na. 

As shown in Fig. 4 and Table 2, Na influx into the 
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Fig. 4. Na fluxes into or out of the LIS in 
response to the perfusate Na changes in the 
presence of ouabain. Influx and efflux do not 
differ significantly from each other in HEPES or 
bicarbonate/CO 2. The number of experiments in 
HEPES was 13 for efflux and influx; in 
bicarbonate/COa, 10 experiments were done for 
efflux and 11 for influx determinations. 

LIS in HEPES-buffered solutions in the presence of oua- 
bain was equal to efflux, in good agreement with the 
model prediction. Both fluxes were not significantly dif- 
ferent from those measured in the absence of ouabain. 
The fluxes were calculated from the measured rate con- 
stants and the previously determined LIS Na concentra- 
tion (Chatton & Spring, 1995). These results are consis- 
tent with the previous conclusion that very little active 
Na transport occurs across MDCK ceils in HEPES buf f  
ered solutions (Chatton & Spring, 1995). 

The Na influx and efflux from the LIS in bicarbon- 
ate buffered solutions in the presence of ouabain were 
also not significantly different from one another (Fig. 4, 
Table 2). Na efflux was somewhat greater than under 
control conditions (P < 0.0I), possibly reflecting an in- 
crease in tight junctional permeability secondary to 
changes in intracellular ionic composition. Na influx in 
the presence of ouabain did not differ significantly from 
that under control conditions (Table 2). 

REGULATION OF TJ PERMEABILITY BY c A M P  ANALOGUES 

Because the regulation of tight junctional permeability 
by intracellular cAMP has been the subject of recent 
controversy (Kottra et al., 1993a, b) and it was possible to 
measure the Na flux through a localized region of tight 
junctions and adjacent LIS, we examined the effect of 
alterations in intracellular cAMP or protein kinase A 
activity on the permeability of the TJ. Control experi- 
ments gave similar Na flux rate constants for two or three 
successive measurements on the same LIS under control 
conditions. The strategy was to measure the Na perme- 
ability of the same tight junction before and after perfu- 
sion of the monolayers with Rp-cAMPS and Sp-cAMPS, 
analogues of cyclic AMP in which one of two exocyclic 
oxygen atoms in the cyclic phosphate moiety are re- 

placed by sulfur. Rp-cAMPS is a competitive inhibitor 
of protein kinase A (type I and II). Sp-cAMPS is an 
activator of protein kinase A. 

INHIBITION OF PROTEIN KINASE A 

After control measurements with bicarbonate-buffered 
solutions of high (142 raM) and low (24 raM) Na concen- 
tration, the monolayer was perfused with the solutions 
containing 0.1 mM Rp-cAMPS. Acquisition of images 
was performed every few minutes over 10 rain at the 
same focal plane and place as control measurements. 
As shown in Table 3 and Fig. 5, Rp-cAMPS dramatically 
slowed Na efflux from the LIS compared to control. Na 
efflux, based on a time constant of 0.87 + 0.04 rain and 
a concentration gradient of 133 raM, was reduced by 
43%. Na influx, calculated from the time constant of 
0.67 +_ 0.06 rain and a concentration gradient of 118 raM, 
was similarly reduced by Rp-cAMPS. 

STIMULATION OF PROTEIN KINASE A 

Perfusion of monolayers with 0.1 mM Sp-cAMPS for 10 
min resulted in the rapid loss of all SBFO from the LIS. 
The time constant for dye loss was 2.27 +_ 0.46 min (5 
monolayers), sufficiently rapid to make it impossible to 
measure Na in LIS and consistent with the conclusion 
that the permeability of the tight junctions had been sub- 
stantially increased. Control measurements without Sp- 
cAMPS showed a time constant for loss of the dye from 
the LIS of about 50 min. A lower concentration of Sp- 
cAMPS was then used to ascertain whether a balance 
could be found between increased junctional permeabil- 
ity to Na and rapid dye loss. Preliminary experiments 
showed that it was possible to measure Na changes in 
LIS when the Sp-cAMPS concentration in apical solu- 
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Table 3, Time constants and Na fluxes in the presence of Rp-cAMPS or Sp-cAMPS 

O. Kovbasnjuk et al.: Tight Junction Permeability 

Condition Time constant JN~ n p 
(rain) (fmoles/min) 

Bicarbonate buffer + Rp-cAMPS (0.I mM) 
Efflux 0.87 -+ 0.09 -7.11 -+ 0.74 9 NS 
Influx 0.67 -+ 0.06 8.19 _+ 0.77 9 NS 

Bicarbonate buffer + Sp-cAMPS (0.01 mM) 
Efflux 0.32 -+ 0.03 -19,32 -+ 1.88 8 <0,01 
Influx 0.21 + 0.01 26.t2 -+ 1.22 9 <0.01 

The mean +_ SEM is given for the Na flux calculated from the rate constant, k, according to Eq. 2. The number of monolayers is indicated by n. P 
value is for comparison of the absolute magnitude of efflux and inflnx using the Student's t test. 
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Fig. 5. Rp-cAMPS and SP-cAMPS effects on Na 
transients in the LIS in the presence of 
bicarbonate/CO 2 perfusates. Rp-cAMPS decreased 
both Na efflux and influx compared to control (P 
< 0.001). Na efflux and influx both increased 
significantly (P < 0.02) in the presence of 
Sp-cAMPS compared to control. 

tion was 0.01 raM. In the presence of 0.01 mM Sp- 
cAMPS, the time constant for Na efflux from the LIS 
was reduced to 0.32 + 0.03 rain leading to a calculated 
Na efflux 34% higher than control (Table 3). Na influx 
was also increased 33% by Sp-cAMPS based on the time 
constant of 0.21 _+ 0.01 rain (Fig. 5 and Table 3). 

Discussion 

This study was motivated by the previous observation 
from our laboratory (Chatton & Spring, 1995) that tran- 
sients in LIS Na were far slower than those for C1 (Xia 
et al., 1995). Two concerns were raised - -  that our 
MDCK cells differed in an unknown way from the cat- 
ion-selective monolayers studied by others, or that our 
choice of NMDG as a Na substitute was inappropriate. 
The dilution and bi-ionic electrophysiologic experiments 
showed clearly that our MDCK cells had cation-selective 
tight junctions as reported by others (Oberleithner et al., 
1990a, b). Further, it was clear that NMDG did not 
readily cross the tight junctions while another Na substi- 
tute, Li, did so as freely as Na. When the LIS Na tran- 
sient experiments were repeated with Li as a Na replace- 

ment, the rate constants and calculated Na fluxes across 
the tight junctions increased more than tenfold. The re- 
sults of these experiments yielded a number of insights 
about the properties of the tight junction and the LIS of 
MDCK cells. 

SELECTIVITY OF M D C K  CELL TIGHT JUNCTIONS 

Our present results show that MDCK cell tight junctions 
are cation selective with a transference number for Na of 
about 0.84. The cation selectivity sequence of the tight 
junction may be deduced from a previous study on LIS 
pH (Harris et al., 1994) and the present optical and elec- 
trical experiments as Na = Li > NMDG > H. Although 
predominantly cation selective, the tight junctions allow 
passage of large anionic dyes (up to 1000 MW, R. 
Nitschke and K.R. Spring, unpublished). In previous 
studies, the LIS could not be loaded with cationic dyes 
regardless of their size (Harris et al., 1994) and tight 
junctional permeability to H was extremely low (Chatton 
& Spring, 1994). Thus, the picture which emerges is of 
a tight junctional permeability barrier with many, some- 
what selective cation channels and fewer, nonselective 
anion channels. 
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Na f l u x e s - a b s o r p t i v e  Volume and Na Content  

4~ 1.4 fmoles/min Bath Na 142 rnM 

6.8 fmoles/min Volume 800 fl / / 46.5 fl 
Na cone. 20 mM I / 155 mM 

~Na content 16 fmolesl /7.2 fmoles 

5.4 fmoles/min L 
l J 

Fig. 6. Calculated Na fluxes and compartment sizes under control 
conditions based on the experimental measurements of cell and LIS 
volume, estimated Na concentration in the cell, and measured Na con- 
centrations in the LIS and the bath. 

NA FLUX ESTIMATION 

The transcellular and transjunctional Na fluxes can be 
estimated by application of the mathematical model in 
Fig. 1 to the Na fluxes derived from the LIS Na tran- 
sients. The results of these calculations are shown in 
Fig. 6. MDCK cell volume was measured in the present 
study as 802 fl, and if cell Na is about 20 mM/1, cell Na 
content would be -16 fmoles. LIS volume was 46.5 fl, 
calculated as 5.8% of cell volume; measured LIS Na 
concentration was 155 raM/1 yielding a Na content for the 
LIS of 7.2 fmoles. LIS Na content is about 45% of that 
estimated for the cell. The actively transported Na flux 
from cell-to-LIS in bicarbonate-buffered solutions is 6.8 
fmoles/min, about 43% of the total cell Na content per 
minute. Approximately 1.4 fmoles/min of the trans- 
ported Na leaks back to the apical bath across the tight 
junction. This back flux constitutes about 20% of the 
active Na efflux from cell-to-LIS, leading to a net Na 
efflux from the LIS of 5.4 fmoles/min. The flux esti- 
mates are in remarkably good agreement with those of 
Xia et al. (1995) for C1 in which the back flux of C1 from 
LIS to apical bath was calculated as 0.7 fmoles/min and 
the CI flux from cell-to-LIS as 6.2 fmoles/min. The es- 
timated net C1 flux out of the LIS was 5.5 fmoles/min, 
virtually identical to that calculated for Na in the present 
study (Fig. 6). 

LIS  AND CELL VOLUME IN THE PRESENCE OF OUABAIN 

Ouabain inhibition of the Na,K-ATPase failed to change 
either MDCK cell or LIS volume significantly. Swelling 
of epithelial cells is a common occurrence after Na pump 
inhibition by ouabain, and many previous studies have 
utilized this cell swelling to delineate the mechanisms of 

NaC1 entry across the apical membrane. Cell swelling 
results from the increase in intracellular NaC1 after Na 
exit is inhibited (Spring & Hoffmann, 1992). The lack of 
effect of ouabain on MDCK cell volume could indicate 
that the rate of Na entry and exit are virtually zero or that 
the loss of cell K just balances the rate of Na entry. 
Because LIS Na concentration was elevated above that 
of the bathing solution only in bicarbonate buffer, the 
present experiments employing ouabain were done in the 
presence of bicarbonate to maximize the likelihood of 
detecting an effect of ouabain on cell or LIS volume. 
We speculate that MDCK cell volume is stable for -20 
min in the presence of ouabain because of a balance 
between K loss and Na gain rather than a complete lack 
of Na entry into the cells. 

The stability of LIS volume and geometry in the 
presence of ouabain has been noted before (Chatton & 
Spring, 1995; Xia et al., 1995) and was confirmed in the 
present study. Since a previous investigation reported a 
highly deformable LIS in the Necturus gallbladder 
(Spring & Hope, 1978), the stability of the MDCK LIS in 
the presence of ouabain may seem somewhat surprising. 
However, rigidity of the lateral cell membranes and me- 
chanical stability of the LIS in MDCK cells were also 
observed in a study of the water permeability and me- 
chanical properties of MDCK cell membranes and LIS 
(M. Timbs and K.R. Spring, in preparation). 

Ouabain inhibition of the transcellular component of 
Na influx into the LIS was used as a tool to estimate the 
magnitude of that component. Although influx and ef- 
flux were not statistically different in the presence of 
HCO 3, both fluxes were elevated compared to those un- 
der control conditions (Table 2). Such a result is consis- 
tent with an increase in tight junctional Na permeability 
associated with Na,K-ATPase inhibition. The mecha- 
nism of this increase was not investigated, but the ex- 
periments involving PKA stimulation and inhibition 
show clearly that TJ permeability is subject to regulation. 

REGULATION OF TIGHT JUNCTIONAL PERMEABILITY 

The possibility of regulation of the permeability of epi- 
thelial tight junctions is in dispute. In an early study of 
Necturus gallbladder (Duffey et al., 1981) reported that 
tight junctional permeability, as assessed by transepithe- 
lial electrical resistance, was slowly increased by addi- 
tion of cAMP to the bathing solutions. Recent papers by 
Kottra et al. (1993a, b) disputed the earlier findings in 
Necturus gallbladder and attributed the increase in trans- 
epithelial resistance to collapse of the LIS induced by 
cAMP. Other studies of intestinal epithelia (Bakker & 
Groot, 1984, 1989; Holman et al., 1979) and rabbit prox- 
imal tubule (Jacobson, 1979; Lorentz, 1974) reported 
that cAMP reduced transepithelial resistance. Of con- 
cern in all of these experiments was the possibility that 
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the observed resistance/permeability changes were the 
result of localized changes in cellular integrity or perme- 
ability rather than the uniform response of the tight junc- 
tions of the entire tissue. 

Our experiments provide the first direct evaluation 
of the effects of both up- and downregulation of protein 
kinase A on tight junctional permeability. Since each 
experimental period was preceded by a control measure- 
ment of the same tight junction, concerns about effects 
on tissue integrity were abrogated. Our experiments 
clearly demonstrate a powerful effect of alterations of 
protein kinase A activity on the junctional tightness of 
MDCK cells. Stimulation of protein kinase A increased 
junctional permeability significantly while inhibition di- 
minished permeability. The permeability increase in- 
duced by Sp-cAMPS seemed nonspecific, involving both 
Na and SBFO. An evaluation of the effects of Rp- 
cAMPS could only made on the Na permeability of the 
tight junctions as measurements of differences in the rate 
of dye loss were not feasible. 

In summary, the permeability of the MDCK cell 
tight junction is about 5 times higher to Na than to C1 and 
is regulated by intracellular cAMP levels. Based on the 
changes in the rates of dye loss, it is likely that the cAMP 
regulation of junctional tightness is nonspecific. Our 
model calculations show that about 20% of the Na efflux 
from the cell during fluid absorption leaks back across 
the TJ, and that about 43% of the intracellular Na content 
is extruded every minute. 

We thank Carter Gibson, Gennady Slobodov and Cuong Vo for valu- 
able technical assistance. 
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