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Paracellular lon Channel at the Tight Junction

Vivian W. Tang and Daniel A. Goodenough
Department of Cell Biology, Harvard Medical School, 240 Longwood Ave., Boston, Massachusetts 02115

ABSTRACT The tight junction of epithelial cells excludes macromolecules but allows permeation of ions. However, it is not
clear whether this ion-conducting property is mediated by aqueous pores or by ion channels. To investigate the permeability
properties of the tight junction, we have developed paracellular ion flux assays for four major extracellular ions, Na*, CI~, ca?",
and Mg®*. We found that the tight junction shares biophysical properties with conventional ion channels, including size and
charge selectivity, dependency of permeability on ion concentration, competition between permeant molecules, anomalous
mole-fraction effects, and sensitivity to pH. Our results support the hypothesis that discrete ion channels are present at the tight
junction. Unlike conventional ion channels, which mediate ion transport across lipid bilayers, the tight junction channels must
orient parallel to the plane of the plasma membranes to support paracellular ion movements. This new class of paracellular-tight

junction channels (PTJC) facilitates the transport of ions between separate extracellular compartments.

INTRODUCTION

Epithelia form boundaries of biological compartments,
creating specialized absorptive and secretive surfaces such
as the kidney tubules, the intestinal tract, and the mammary
gland. The ability of epithelial cells to regulate absorption
and secretion of essential ions such as sodium, chloride,
calcium, and magnesium is critical for the maintenance of
electrolyte balance. Ion transport across an epithelial layer
can be either transcellular or paracellular. The transcellular
pathway involves the movement of ions across the cytoplasm
via plasma membrane channels, carriers, and exchangers.
The paracellular pathway (Fig. 1 4) involves the movement
of ions through the intercellular spaces between epithelial
cells. The gatekeeper of the paracellular pathway is the tight
junction, which is located at apical cell-cell interactions of
adjacent epithelial cells. Although three known inherited
disorders, familial hypomagnesemia (Simon et al., 1999),
hypertension (Wilson et al., 2001), and autosomal recessive
deafness (Wilcox et al., 2001) have been linked to proteins
that localize at the tight junction, the physiological function
of the paracellular pathway remains relatively undefined.

The tight junction permits the passage of ions while
restricting the movement of large molecules and proteins
(Madara, 1990; Tice et al., 1977). The permeability of the
tight junction to ions can be assessed by transepithelial
electrical measurements which varies greatly among epithe-
lial cells, ranging from ~5 to >5000  cm?® (Fromter and
Diamond, 1972; Powell, 1981). Studies using membrane
impermeant tracers suggested that the tight junction has
pores of diameter ~6 A (Spring, 1998), a size similar to
some conventional ion channels (Balasubramanian et al.,
1995; Dwyer et al., 1980; Goulding et al., 1993).
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Unlike conventional ion channels, the paracellular tight
junction channels (PTJC) are oriented parallel to the plasma
membranes (Fig. 1 B). We have hypothesized that specific
ion channels are assembled extracellularly, within the physi-
cal seal of the tight junction, to allow selective ion permea-
tion (Wong and Goodenough, 1999). Others have proposed
that the tight junction contains aqueous pores (Tsukita and
Furuse, 2000). If PTJCs were aqueous pores, they would
behave as water-filled channels with no ion selectivity, re-
sembling the gramicidin A channel (Myers and Haydon,
1972). On the other hand, if PTJCs were bona fide ion chan-
nels, they would possess biophysical properties such as ion
and charge selectivity. In this study, we have used established
and newly developed assays to investigate the ion-conducting
properties of the paracellular tight junction channel.

Movement of ions through the tight junction is a pas-
sive process, which largely depends on the concentration
gradients of permeant ions. Although electrical measure-
ments provide important insights into ion selectivities, it
is imperative to study paracellular ion transport driven by
concentration gradients. Current methodologies employ ra-
dioactive isotopes, such as 86Rb, 45Ca, and 22Na, which only
permit the study of one molecular species at a time and the
use of limited amounts (uM) of tracers. However, most
paracellular ion transport involves multiple ions and much
steeper concentration gradients (mM). In this study, we de-
signed a novel scheme to measure paracellular flux of four
major extracellular ions: sodium, chloride, calcium, and
magnesium. These new flux assays have advantage over
electrical measurements and isotope tracer experiments
because absolute ion permeabilities can be obtained over
a wide range of concentration gradients and several ions can
be studied simultaneously.

MATERIALS AND METHODS
Cell culture and Immunofluorescence

MDCK I (Madin-Darby canine kidney, strain I) and MDCK II (strain II)
cells were grown in MEM medium (GIBCO, Grand Island, NY),
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FIGURE 1 Paracellular ion permeability. (4) Schematic drawing of the
paracellular pathway of an epithelial monolayer. Estimated pore diameter of
the paracellular tight junction channel (PTIC) is ~6 A. (B) PTIC is inserted
at the tight junction permeability barrier.

supplemented with 5% FBS (Hyclone, Logan, UT). T84 (human colon
adenocarcinoma) cells (ATTC, Rockville, MD) were grown in DMEM/F-12
medium (GIBCO), supplemented with 10% FBS. Experiments were per-
formed using double-chambered culture dishes with porous support in-
serts for the cells (Transwell-clear membranes; Costar, Corning NY). Flux
experiments were performed on ~2-3 weeks post-confluent cells when the
monolayers had extended up the edges of the Transwell cup. Indirect
immunofluorescent staining was performed on cells that had been fixed
directly on Transwells immediately after the experiments in 100% methanol
at —20°C for 3 h. Mouse anti-occludin (Zymed, S. San Francisco, CA) and
FITC-labeled anti-mouse (Chemicon, Temecula, CA) antibodies were used.
Images were acquired with Nikon E800 and SPOT digital image acquisition.

Measurements of transepithelial
electrical resistance

Voltage and current clamps were performed using EVC4000 Precision V/I
Clamp (World Precision Instruments, Sarasota, FL) with agarose bridges
containing 0.15 M KClI and 0.15 M NaCl. Clamp measurements were made
at 37°C in normal medium without serum. All other transepithelial electrical
measurements were obtained using Millicell-ERS and chopstick electrodes
(Millipore, Bedford, MA). All chemicals, except HEPES (GIBCO), were
purchased from Sigma, St. Louis, MO. For MDCK I and MDCK 1I cells in
Fig. 3, B and C, solutions used were 150 mM NaCl, RbCl, CsCl, or LiCl
with 2 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES pH
7.4. For T84 cells in Fig. 3 C, solutions used were 150 mM NaCl, RbCl,
CsCl, or LiCl with 1 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM
HEPES pH 7.4. For MDCK I, MDCK 1I, and T84 cells in Fig. 3, D-F,
solutions used were 120 mM NaCl, 1 mM MgCl,, 10 mM glucose, and 10
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mM HEPES pH 7.4 with either 1 mM CaCl, and 57 mM mannitol, 5 mM
CaCl, and 45 mM mannitol, 10 mM CaCl, and 30 mM mannitol, or 20 mM
CaCl,. For Fig. 7 A4, transepithelial electrical resistances (TERs) were mea-
sured directly in growth media before flux experiments. For Fig. 8 C, so-
lutions used were 150 mM NaCl, 1 mM MgCl,, 10 mM glucose, and 10 mM
HEPES pH 7.4 with either 1 mM or 5 mM CaCl,. For Fig. 8 F, solutions
used were | mM MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4 with
either 148.5 mM NaCl and 1 mM CaCl,, 147 mM NaCl and 2 mM CaCl,,
143 mM NaCl and 5 mM CaCl,, 136 mM NaCl and 10 mM CaCl,, 122 mM
NaCl and 20 mM CaCl,, 108 mM NaCl and 30 mM CaCl,, 96 mM NaCl and
40 mM CaCl,, 10 mM NaCl and 100 mM CaCl,, or 107 mM CaCl,. An
additional 5 mM of Na™ contributed from HEPES was used to calculate the
ratios of Na™ to Ca®". For Fig. 9 A, solutions used were Earle’s Balanced
Salt Solution (GIBCO) with 10 mM HEPES pH 7.4 or 10 mM MES pH 4.
For Fig. 9 B, solutions used were 135 mM LiCl, RbCl, NaCl, or CsCl with 1
mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4.
Buffers prepared in the absence of HEPES were pH 5. All TER data were
measured at 37°C and normalized to measurements obtained in the cor-
responding NaCl-based solutions containing 1 mM CaCl,, | mM MgCl,, 10
mM glucose, and 10 mM HEPES pH 7.4 at 37°C in the same experiment.

14C-ethanolamine and '*C-mannitol flux

All paracellular tracers were obtained from Amersham, Arlington Heights,
IL. Experiments were performed at 37°C for ~90 min. A final concentration
of 10 uM tracers was added to the basal solution. At the end of the
experiments, the entire apical solutions were collected and counted in
scintillation fluid (Ultima Gold, Parkard, Palo Alto, CA) using Beckman
LS60001IC counter. Permeability is the amount of tracer in the apical
bathing solution (wmol) per unit driving force (basal molar concentration of
tracer), per unit time (h), per area of the monolayer (cm?). For sodium flux in
Fig. 8 A, the apical solution was 277 mM mannitol, 1 mM CaCl,, 1 mM
MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4; the basal solution was
145 mM NaCl, 1 mM CaCl,, | mM MgCl,, 10 mM glucose, and 10 mM
HEPES pH 7.4. For calcium flux in Fig. 8 A, the apical solution was 280 mM
mannitol, I mM MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4; the
basal solution was 100 mM CaCl,, 1 mM MgCl,, 10 mM glucose, and 10
mM HEPES pH 7.4. For magnesium flux in Fig. 8 A4, the apical solution was
280 mM mannitol, 1 mM CaCl,, 10 mM glucose, and 10 mM HEPES pH
7.4; the basal solution was 100 mM MgCl,, 1 mM CaCl,, 10 mM glucose,
and 10 mM HEPES pH 7.4. No concurrent flux controls for Fig. 8 4 were
performed with the basal solutions in both basal and apical wells. For Fig. 9
D, the pH 4 solution was Earle’s Balanced Salt Solution (GIBCO), 10 mM
glucose, and 10 mM MES; the pH 7 solution was Earle’s Balanced Salt
solution, 10 mM glucose, and 10 mM HEPES pH 7.4.

Paracellular Na*, CI~, Ca®*, and Mg®"* flux

Paracellular ion flux experiments were performed from basal to apical as
described in Results. At the end of the flux period, apical solutions were
collected and spun at 1000 X g for 10 min before determination of ion con-
centrations. In experiments where net ion flux caused >10% variation in con-
centration gradients, corrected concentration gradients of 1/2(2[ion]pasa—
[ion]gnar apica) Were used. For sodium-flux curves in Fig. 5, the apical
solution was 280 mM mannitol, 2 mM CaCl,, 1 mM MgCl,, 10 mM glu-
cose, and 10 mM HEPES pH 7.4; the basal solutions were 2 mM CaCl,, | mM
MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4 containing either 145
mM NaCl, 110 mM NaCl and 70 mM mannitol, 80 mM NaCl and 130 mM
mannitol, 60 mM NaCl and 170 mM mannitol, 40 mM NaCl and 200 mM
mannitol, 20 mM NaCl and 240 mM mannitol, 10 mM NaCl and 260
mM mannitol, or 5 mM NaCl and 270 mM mannitol. For calcium-flux curves
in Fig. 5, the apical solution was 280 mM mannitol, 1 mM MgCl,, 10 mM
glucose, and 10 mM HEPES pH 7.4; the basal solutions were 1 mM MgCl,,
10 mM glucose, and 10 mM HEPES pH 7.4 containing either 100 mM
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CaCl,, 50 mM CaCl, and 130 mM mannitol, 20 mM CacCl, and 220 mM
mannitol, 10 mM CaCl, and 250 mM mannitol, 5 mM CaCl, and 265 mM
mannitol, or 2 mM CaCl, and 274 mM mannitol. In these Ca®* studies as
well as in the pH studies, described below, it was important that the
basolateral compartment was continuously bathed in basal solution during
the exchange of apical solutions. For magnesium-flux curves, the apical
solution was 280 mM mannitol, 1 mM CaCl,, 10 mM glucose, and 10 mM
HEPES pH 7.4; the basal solutions were 1 mM CaCl,, 10 mM glucose, and
10 mM HEPES pH 7.4 containing 100 mM MgCl,, 50 mM MgCl,, and 130
mM mannitol, 20 mM MgCl, and 220 mM mannitol, 10 mM MgCl, and
250 mM mannitol, 5 mM MgCl, and 265 mM mannitol, or 2 mM MgCl, and
274 mM mannitol.

For tetraionic flux profile in Fig. 6, 4 and B, and Fig. 8 E, the apical
solution was 280 mM mannitol, 10 mM glucose, and 10 mM HEPES pH 7.4;
the basal solution was 137 mM NaCl, 10 mM CaCl,, 5 mM MgCl,, 10 mM
glucose, and 10 mM HEPES pH 7.4. For calcium switch in Fig. 7 A4, the
apical solution was 280 mM mannitol, 10 mM glucose, and 10 mM HEPES
pH 7.4; the basal solution was 135 mM NaCl, 5 mM CaCl,, 5 mM MgCl,,
10 mM glucose, 10 mM HEPES pH 7. For triionic flux in Fig. 8 E, the apical
solution was 150 mM NaCl, 10 mM glucose, and 10 mM HEPES pH 7.5; the
basal solution was 128 mM NaCl, 10 mM CaCl,, 5 mM MgCl,, 10 mM
glucose, and 10 mM HEPES pH 7.4. For varying the ratios of sodium to
calcium flux ions in Fig. 8 D, the apical solution was 280 mM mannitol, 10
mM glucose, and 10 mM HEPES pH 7.4; the basal solutions were 5 mM
MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4 containing 139 mM
NaCl and 2 mM CaCl,, 102 mM NaCl and 25 mM CaCl,, or 55 mM NaCl
and 58 mM CaCl,. For sodium flux in the presence of increasing calcium in
Fig. 8 B, the apical solutions were 220 mM mannitol, 1 mM MgCl,, 10 mM
glucose, and 10 mM HEPES pH 7.4 containing either 1 mM CaCl, and 57
mM mannitol, 5 mM CaCl, and 45 mM mannitol, 10 mM CaCl, and 30 mM
mannitol, or 20 mM CaCl,; the basal solutions were 120 mM NaCl, 1 mM
MgCl,, 10 mM glucose, and 10 mM HEPES pH 7.4 containing either 1
mM CaCl, and 57 mM mannitol, 5 mM CaCl, and 45 mM mannitol, 10
mM CaCl, and 30 mM mannitol, or 20 mM CaCl,. For flux measurements at
pH 4 and 7 in Fig. 9 C, the apical solution was 280 mM mannitol, 10 mM
glucose, and 10 mM HEPES pH 7.4 or MES pH 4; the basal solution was
135 mM NaCl, 5 mM CaCl,, 5 mM MgCl,, 10 mM glucose, and 10 mM
HEPES pH 7.4.

Measurement of ion concentration

For Na* concentrations, 25 uL aliquots of the apical solutions from each
Transwell were added to 25 uL of water before recording with a sodium
electrode (Orion, Beverly, MA). Standard Na™ curves were generated for
each experiment by using 25 uL preflux apical solutions and 25 uL water
containing known concentrations of NaCl. Sodium concentrations in each
sample were then calculated from the standard curve. For Cat, Mg2+, or
CI™ concentrations, colorimetric assays were optimized for each flux sample
and ion concentrations were calculated from standard linear curves. Calcium
concentrations were measured using Arsenazo III (2,2'-[1,8-Dihydroxy-3,
6-disulfonapthylene-2,7-bisazo]-bis-benzenearsonic acid, Sigma #588-3)
which formed a 600-nm absorbance maximum complex upon calcium
binding under acidic conditions. Magnesium concentrations were measured
using Magon (1-azo-2-hydroxy-3-(2,4-dimethyl-carboxanilido)-naphtha-
lene-1'-(2-hydroxybenzene-5-sulfonate, Sigma #596-3, that formed a 520-
nm absorbance maximum complex upon magnesium binding under alkaline
conditions. Chloride concentrations were measured by the formation of
a 420-absorbance maximum precipitate, Fe(SCN); upon displacement of
SCN from Hg(SCN), by chloride under acidic conditions (Sigma #461-3).
Briefly, an aliquot of the final apical solution was added to 500 uL of either
calcium reagent, magnesium reagent or chloride reagent. Absorbance of
individual samples was measured with a spectrometer. Sample volumes
varied from 0.2 uL to 300 uL and were determined empirically to fit in the
linear ranges of the colorimetric assays. Standard Ca>*, Mg?*, or CI~ curves
were generated with equal volumes of preflux apical solutions.
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RESULTS

We have chosen three well-characterized epithelial cell lines,
MDCK I, MDCK II, and T84, for our present study. MDCK
I cells show morphological and biochemical characteristics
of renal collecting duct epithelia, which have high TER, i.e.,
low paracellular ionic conductance (Barker and Simmons,
1981; Richardson et al., 1981). MDCK 1I cells show mor-
phological and biochemical characteristics of renal proximal
tubule epithelia, which have low TER, i.e., high paracellular
ionic conductance (Barker and Simmons, 1981; Richardson
et al., 1981). T84 cells show characteristics of intestinal
epithelia and have moderately high TER (Madara and
Dharmsathaphorn, 1985), intermediate to that of MDCK
I and MDCK 1I cells.

To establish consistent measurements, cells were plated
at confluent density and allowed postconfluent growth for
about two weeks. This routine was important for the control
of cell number and tight junction maturity, giving repro-
ducible electrical and flux measurements that could be used
for comparisons between experiments. Fig. 2 A shows
transepithelial electrical measurements using voltage-clamp
and current-clamp techniques. In our setup (see Materials
and Methods), voltage clamp was used for the high
resistance MDCK I and T84 cells and current clamp was
used for the low resistance MDCK 1I cells. We found that all
current-voltage relationships were ohmic and transgressed
through the origin, indicating that ion transit was passive and
a direct function of voltage.

Comparison of paracellular fluxes of tracers ('*C-man-
nitol, mol wt 182; *C-choline, mol wt 105) suggested that
PTJCs had narrow pores (Fig. 2 B). 14C-mannit01, which has
a calculated diameter of ~7.2 A (Madara and Dharmsatha-
phorn, 1985), had low permeabilities which failed to corre-
late qualitatively with TER of the three cell lines. Although
mannitol is widely used for the assessment of tight junction
function, our present data indicate that this six-carbon linear
sugar cannot move freely through the paracellular pore.
Indeed, paracellular permeabilities of the other larger tracers
inulin (mol wt 5000) and dextran (mol wt 1000 and 3000)
were negligible using our current protocol (data not shown).
Paracellular flux assays using a smaller tracer, '*C-eth-
anolamine, which has a calculated diameter of ~4.9 A
(Dwyer et al., 1980), showed a substantially higher per-
meability in the low resistance MDCK II cells than in the
higher resistance T84 and MDCK 1 cells. These results
suggested that the functional pores of the PTJCs must be at
least 4.9 A in diameter but not much bigger than 7 A, which
is comparable to the dimension of some conventional ion
channels (Balasubramanian et al., 1995; Dwyer et al., 1980;
Goulding et al., 1993).

To investigate the biophysical properties of the PTICs,
we measured transepithelial electrical resistance in defined
electrolyte solutions using a pair of AgCl/AgCl pellet
electrodes. All physiological experiments presented here
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were performed using cell monolayers grown on Transwell
membranes, where both apical and basolateral bathing
solutions could be changed separately. To avoid disturbing
the epithelial monolayer during experiments, it was ne-
cessary to change the bathing solutions by gently pipetting
at the top edge of the culture wells to allow gradual dilution
and exchange of the apical solution rather than direct
removal and replacement (Fig. 3 A4). All solutions were
prewarmed to 37°C and cells were maintained at 37°C during
experiments on a heat block. This protocol was essential
for reproducibility because ion mobility is a function of
temperature. At the end of each experiment, TERs of the
monolayers were again measured in the starting solutions.
Only monolayers that showed completely reversible TERs
were considered healthy and undisturbed. For comparison

Ethanolamine
~61 Da

of TERs obtained in different solutions, measurements were
normalized electroequivalently to a standard NaCl-based
solution (see Materials and Methods).

To assess the selectivities of the PTJCs to monovalent
ions, we substituted the primary conductor, NaCl, with other
alkaline metal cations (Fig. 3, B and C). We found that the
monovalent ion selectivities were distinct for all three epi-
thelial cell types. The radius-TER curves, obtained by plot-
ting the measured TERs against the radii of the cations,
revealed that ion mobility deviated from free diffusion of
ions in solution (Eisenman, 1962; Robinson and Stokes,
1965). Three monolayers of MDCK 1I cells generated similar
U-shaped radius-TER curves with the selectivity Na™ > Rb™
> Li" > Cs™ (Fig. 3 B), a sequence that is shared by the
retinal and gustatory cyclic nucleotide-gated channel
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(Goulding et al., 1993; Lee et al., 2001). MDCK I cells had
a V-shaped radius-TER curve (Fig. 3 C) with the selectivity
sequence, Nat > Li" > Rb" > Cs™, identical to that of the
olfactory cyclic nucleotide-gated channel (Goulding et al.,
1993). These data were reproducible with two additional
MDCK I monolayers (data not shown). Measurements of
four T84 monolayers generated shallower V-shaped radius-
TER curves revealing a weak selectivity for the monovalent
cations (Fig. 3 (). All four T84 monolayers produced
identical ion selectivity sequences, despite variations in
TER, indicating that the biophysical properties of the PTICs
were conserved within the same cell type regardless of the
numbers of open channels. These data indicated that the
paracellular channels showed selectivity for size/charge.
Many conventional ion channels show a conductance
block by divalent ions such as calcium (Kerschbaum and
Cahalan, 1998; Nasi and del Pilar Gomez, 1999; Worley
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et al., 1992; Zufall and Firestein, 1993). To assess whether
the PTJCs also share this property with conventional chan-
nels, we measured TER in increasing concentrations of Ca>"
in a solution containing NaCl as the primary conductor. We
found that the sensitivities to Ca>" were distinct in all three
epithelial cell types (Fig. 3, D-F). Although T84 channels
were relatively insensitive to Ca®>", MDCK I and MDCK II
cells showed variable sensitivity to calcium.

To further examine the ion-conducting properties of
PTICs, we developed paracellular flux assays for Na®,
Cl™, Ca®", and Mg2+ (see Materials and Methods). In these
assays, the ion of interest was added to the basal
compartment of the Transwell and its flux across the
epithelial monolayer was calculated from its concentration
in the apical solution at the end of an experiment (Fig. 4 A4).
In general, paracellular ion flux reached steady state within
an hour. All flux experiments were performed at 37°C for
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~1-3 h. A sodium electrode was used to measure sodium
concentrations. Colorimetric assays were used to measure
calcium, magnesium, and chloride concentrations. Quanti-
tative assays were optimized for each flux sample and ion
concentrations were calculated from standard linear curves
(Fig. 4, B-E).

When the paracellular flux of Na* was measured with
increasing Na™ concentration gradients, we found a linear
relationship between the net flux and the concentration
gradient (Fig. 5 A). The Na™* flux-gradient curve for MDCK
IT monolayers did not show saturation at physiological Na™*
concentration. However, T84 monolayers had a less graded
flux-gradient curve that eventually saturated at ~100 mM
Na™ (reproducible in three separate experiments). A plateau
of Na™ flux was evident at low gradients (5-10 mM),

400 600 800

Chloride ion (nmole)

suggesting increased Na' permeabilities. These results were
in qualitative agreement with TER measurements for T84
and MDCK I cells. To the best of our knowledge, there is
no basal-to-apical transcellular ion transport mechanism in
MDCK and T84 cells that is known to operate under our
experimental conditions, therefore the majority of the mea-
sured Na™ flux must pass through the tight junction.
Measurements of paracellular fluxes of Ca®" and Mg*"
indicated that the divalent cations had lower fluxes than
sodium in both MDCK II and T84 cells (Fig. 5, B and C).
Ca*" was more permeable than Mg?" in MDCK II cells.
However, both Ca?" and Mg had low paracellular fluxes
in T84 cells. To assess the concentration-conductance re-
lationship, ion permeabilities were plotted against their re-
spective concentration gradients (Fig. 5, D and E). With
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solution (molar, M) by its volume (liter, L),
divided by the duration of flux (time, h) and the
area of the monolayer (cm?), expressed here as
wmol/h cm?. Permeability (wmol/M h cm?) is
defined here as the net flux divided by the
chemical driving force, which has the same
unit as the conventional cm/s. (C) Na™, Ca”,
and Mg”" fluxes in T84 cells, as functions of
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Concentration Gradient (mM)

concentration gradients. (D) Permeabilities of
Na*, Ca®*, and Mg®* in MDCK II cells, as
functions of ion concentration gradients. (E)
Permeabilities of Na™, Ca>", and Mg*" in T84

cells, as functions of ion concentration gra-
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the exception of sodium permeabilities in MDCK 1I
channels, which were approximately constant from 10 to
145 mM Na® gradients, all ions showed increasing
permeabilities with decreasing concentration gradients. The
substantial rise in Ca®" and Mg®" permeabilities at low
concentration gradients could be physiologically significant
as most paracellular transports of these divalents operate at
a range below 5 mM. The observed dependency of ion
permeability on ion concentration is also a characteristic of
many conventional ion channels (Balasubramanian et al.,
1997; Guia et al., 2001; Heginbotham and MacKinnon,
1993; Olans et al., 1984).

When the fluxes of all four extracellular ions were
measured simultaneously, a permeability profile representing
concurrent ionic fluxes was obtained (Fig. 6 4). The overall
ion permeability correlated qualitatively with TER for the
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three epithelial cells. Although MDCK I and T84 channels
allowed approximately equal permeation of the four ions,
MDCK II channels showed a strong selectivity for Na* and
Cl~ over Ca*" and Mg?". Two interesting observations
emerged. First, the permeabilities of Na™, Ca®", and Mg*"
in MDCK 1I cells were substantially lower when obtained in
a profile than one ion at a time (Figs. 5 D and 6 4). Whereas
Nat permeability was reduced twofold, Ca®>" and Mg>"
permeabilities decreased almost 10-fold. These results
suggested that all three cations competed with each other
for transit through the channels. This was not true for T84
channels as the three cations retained their permeabilities
even when measured concurrently in a profile. Second,
despite having the lowest TER, MDCK II cells were least
permeable to Mg®" when compared to MDCK I and T84
cells. Furthermore, T84 cells, which had intermediate TER,
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were twofold more permeable to Ca®" than both the higher
TER MDCK I cells and the lower TER MDCK 1I cells at the
same time. These observations underscored the value of our
permeability measurements over the standard TER method.
Because TER is the summated conductance of all ions
moving in both directions, apically and basally, it is strongly
biased toward the movements of the primary conductors and
thus does not necessarily represent the permeabilities of
secondary ions such as calcium and magnesium.

The temperature sensitivity of ion flux will be different
depending on whether it is a physical process, such as ion
flow through a pore, or a chemical process that involves
carriers and transporters. According to the Qo rule of
Arrhenius, the rate of a physical process changes ~10-15%
per each 10 degree difference in temperature whereas the rate
of a chemical process changes ~two- to threefold per 10
degrees. To verify that paracellular ion flux represents a true
physical process rather than a chemical process, we com-
pared ion fluxes performed at 37°C and 4°C (Fig. 6 B). We
found reduction in ion permeabilities according to the Qg
rule for both MDCK 1II and T84 channels. MDCK II Na™
flux decreased from 13.7 wmol/M h cm? to 8.7 wmol/M h
cm? and T84 Na™ flux decreased from 6.5 wmol/M h cm? to
4.3 pmol/M h cmz, both values within the predictions for
a physical process. In addition, the overall paracellular ion

Flux Temperature
(degree Celsius)

flux profiles were maintained at 4°C for both MDCK II and
T84 cells. Therefore, the paracellular ion permeabilities in
MDCK 1II and T84 cells approximated the temperature
sensitivity expected from channels, but not carriers or
transporters. However, ion permeabilities of MDCK I mo-
nolayers showed sensitivities to temperature beyond the
prediction of the Qg rule, making it difficult to interpret the
flux results.

To establish the role of tight junctions in the generation of
paracellular ion selectivity, ion fluxes were monitored during
tight junction assembly (Fig. 7 4). When MDCK 1I cells are
allowed to grow in low calcium medium (<50 uM), tight
junctions do not form. Synchronized formation of tight
junctions can be induced by the addition of normal Ca**-
containing medium (Wittchen et al., 2000). In the absence of
tight junctions, paracellular ion permeabilities increased
>10X and the flux profiles were completely abolished (Fig.
7 A, see the earliest time point, # = 0.3 h). Upon addition of
Ca”", TER peaked at ~24 h and restabilized to ~60  cm?
at ~48 h. The overshoot of TER at ~24 h was a reproducible
phenomenon during tight junction assembly although its na-
ture is unknown (Wittchen et al., 2000). The paracellular flux
of all ionic species decreased continually during tight junc-
tion formation, until a steady state was reached at ~24 h. At
this time, the characteristic ion permeability profile was fully
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established, correlating with the continuous morphological
localization of occludin, an integral membrane protein of
the tight junction (Fig. 7 B). These results suggested that
paracellular ion selectivity required the formation of intact
tight junctions.

Channels show exclusion effects as permeant molecules
compete for occupancy. Our results suggested that Na™,
Ca®" and Mg*" competed with each other for transit through
the MDCK II channels (Figs. 5 and 6). To further study this
exclusion effect, we examined 14C_ethanolamine permeabil-
ities in the presence and absence of a concurrent flux of Nat,
Ca’", or Mg*". We found that '*C-ethanolamine perme-
abilities were reduced when the tracer and the ions were
driven simultaneously by concentration gradients (Fig. 8 4).
Therefore, Na™, Ca®’" and Mg>" also competed with
!4C-ethanolamine for transit. These results suggested that
all four permeant molecules share a common PTJC and
affect transport of each other by exclusion.

Besides competing with other permeant molecules, Ca®"
also increased TER in a dose dependent manner in MDCK II
cells, suggesting a blockade of the PTJCs (Fig. 2 C). To
clarify these Ca®" effects, the paracellular flux of Na™ was
measured in the presence of 1, 5, 10, or 20 mM Ca®" in both

Biophysical Journal 84(3) 1660-1673

generated using a representative measurement
for each time point. (B) Immunofluorescence
detection of occludin at various time points

45hx after calcium induced tight junction formation.

apical and basal compartments, ie., in the absence of
concomitant Ca®>" flux. We found that the permeability of
Na™t was not decreased by Ca>", indicating that the PTICs
were not blocked (Fig. 8 B). To determine whether the ion
selectivities of the PTJCs were affected, radius-TER curves
were obtained in the presence of 1 and 5 mM Ca”" (Fig. 8
(). We found an upward shift of the radius-TER curves
without a change in the ion selectivity sequence. Therefore,
the increases in TER must be due to the exclusion of the
alkaline metal ions by Ca®" when all the ions were driven
simultaneously to traverse the PTJCs. In conclusion, Ca*t
did not close, block, or modify the paracellular pathway.
Instead, Na and Ca®" must be competing for the same
PTICs.

Ion-ion and ion-pore interactions have been used to
explain a behavior called the ‘‘anomalous mole-fraction ef-
fect,” where two different ions, having different affinities for
the pore, compete and interact with each other. To test
whether such a phenomenon can be used to explain our
observations on the ion permeation properties of MDCK 1I
channels, we measured ion flux profile in varying ratios of
flux ions (Fig. 8 D). We found that the permeabilities of Na™
to Ca®" changed from ~6:1 to ~2:1 when their initial
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concentrations in the basal solution were changed from
139:2 to 55:58. In addition, the permeabilities of Na™ to
Mg®" also changed from ~17:1 to ~4:1. These results
confirmed that all three cations indeed competed for the same
PTJCs. On the other hand, the permeability of CI™ remained
relatively constant, suggesting that the anion did not compete
with the cations and/or directly interact with the pores.
Moreover, in the absence of concurrent Nat flux, Ca**
permeability increased sevenfold, exceeding that of Na' in
a parallel experiment (Fig. 8 E). We also reproduced the
anomalous effect by electrical measurements (Fig. 8 F).
When the ratio of Na® to Ca®>" was varied systematically,

we observed a rise in transepithelial electrical resistance as
the bathing solution contained increasing concentrations of
Ca”", until a peak TER was reached and further addition of
Ca”" resulted in a decline in TER. These data also showed
that two independent monolayers of MDCK 1I cells, despite
having different basal TERs, manifested a similar anomalous
mole-fraction effect. Again, it was the absolute numbers
of channels that would account for the variation in TER
between individual monolayers although the physical pro-
perties of the PTJICs were conserved within the same cell
type. Many conventional ion channels share this anomalous
mole-fraction effect where a mixture of two permeant ions
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yields a lower single channel conductance than with either
ion species alone (Friel and Tsien, 1989; Heginbotham and
MacKinnon, 1993; Qu et al., 2001; Sesti et al., 1995).
Electrostatic interactions are the basis for ion-ion and ion-
pore interactions. Therefore, changing the pH frequently
results in the modulation of ion conducting properties of
channels (Dzeja et al., 1999; Tombaugh and Somjen, 1996;
Zhou and Jones, 1996). To assess the possible role of fixed-
charges on the PTICs, we studied the effects of pH on ion
permeabilities and selectivities of MDCK II channels. When
the apical bathing solution was changed from pH 7 to 4, we
found an ~4X increase in TER, as shown by the generation
of a steeper I-V curve (Fig. 9 A). This was accompanied by
a disruption of the radius-TER curve (Fig. 9 B). The dis-
ruption of ion selectivity by low pH was reversible imme-
diately upon returning to neutral pH and was likely to be
a direct effect of protonation of channel side chains (inset,
Fig. 9 B). Lowering the pH also altered the overall ion flux
profile, resulting in an ~3X decrease in Na* permeability,
an ~6X increase in ClI™ permeability, and ~10X increases
in Ca®>" and Mg*" permeabilities (Fig. 9 C). However, the
disruption of the ion selectivities of PTJCs was unlikely to be
due to closing or decrease in numbers of channels because
tracer flux of '*C-mannitol actually increased whereas

Tang and Goodenough

14C-ethanolamine did not decrease (Fig. 9 D). In conclusion,
fixed charges appeared to also play a role in ion permeation
through the PTJCs.

DISCUSSION

Using established methods, we found that the tight junction
of MDCK I, MDCK 1II, and T84 cells had distinct mo-
novalent ion selectivity, Ca®" sensitivity, and permeabil-
ities to paracellular tracers. Comparison of '*C-mannitol and
'4C-ethanolamine fluxes suggested that the tight junction
channels have pores of diameter ~5 to 7 A, a dimension
comparable to many ion channels. Larger tracers, such as
4C-inulin and Dextran (mol wt > 3000), were impermeant
in our experiments (data not shown).

In general, tracer flux experiments have their limitations
and caveats. Chemical decay of tracers that generate smaller
and more permeant degradation products can increase the
apparent flux measurements. In fact, it is essential to purify
the larger tracers, 4CLinulin and Dextran, by gel filtration
(Sephadex G-25) immediately before each experiment to
prevent erroneous results (unpublished data). Purification of
smaller tracers requires putting the radioactive compounds
through HPLC (high performance liquid chromatography),
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which is not done routinely. *H-compounds are chemically
less stable and have higher degradation rates which can
potentially compromise the accuracy of flux measurements.

Beside tracer fluxes, the study of tight junction permeabil-
ity has relied on TER measurements. Relative ion perme-
abilities (permeability ratios) have been obtained that are
based on the assumption that ions transit through the tight
junction are independent of each other. Frequently, the
permeabilities of many ions (such as calcium and magne-
sium) in the bathing solutions were assumed to be zero for the
ease of interpretation and the calculation of permeability
ratios (Colegio et al., 2002; Van Itallie et al., 2001). As this
approach may obscure the potentially interesting permeabil-
ity of divalent ions, we developed a new experimental design
that permits the direct measurement of paracellular ion fluxes.

We have used a novel scheme to measure paracellular flux
of four major extracellular ions (Na™, C1~, Ca*", and Mg ™).
We have continued to use MDCK I, MDCK II, and T84 cells
in our study because these epithelial cells have very small
membrane conductance (Bell and Quinton, 1992; Cereijido,
1984; Cliff and Frizzell, 1990; Devor et al., 1990; Lang and
Paulmichl, 1995). The resting membrane potentials of both
MDCK and T84 cells are measured at ~50 mV, suggesting
that their cell membrane conductances are primarily of
potassium and/or chloride currents (Devor et al., 1990;
Paulmichl et al., 1986). Indeed, whole cell membrane
resistance of T84 cells was measured to be >3 G with
negligible sodium and calcium currents (Bell and Quinton,
1992; Devor and Duffey, 1992; Devor et al., 1990). Whole
cell membrane resistance of MDCK cells was measured to be
~60 MQ or ~2000 Q) cm?, also with negligible sodium and
calcium conductance (Cereijido, 1984; Lang and Paulmichl,
1995; Paulmichl et al., 1986; Ritter and Lang, 1990). In
addition, electrode probe experiments that scan the surface of
MDCK cells had identified the intercellular junction as the
major site of ion conductance (Cereijido et al., 1981).
Therefore, these epithelial cells have minimal transcellular
ion channel activities when compared to the paracellular
pathway and provide an invaluable, well-characterized
system for the study of tight junction ion permeability.

Using our new techniques, we have shown that the
paracellular tight junction channel (PTJC) manifested bio-
physical properties of ion channels including ion and size
selectivity, concentration dependent ion permeability, com-
petition between permeant molecules, anomalous mole-
fraction effect, and sensitivity to pH. In addition, formation
of intact tight junctions appeared to be a functional pre-
requisite for paracellular ion selectivity. We propose that
discrete ion channels be inserted at the tight junction to
support paracellular ion transport.

PTJCs have been hypothesized to be constructed by
the extracellular domains of integral membrane proteins,
creating pores that are oriented parallel to the membrane
plane (Wong and Goodenough, 1999). The insertion of these
PTJCs at the tight junction would provide regulated ex-
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FIGURE 10 Working hypothesis of paracellular tight junction channels.

tracellular ion transport through the paracellular pathway.
The tight junction contains linear arrays of intramembrane
particles forming a network of fibrils that can be seen in
freeze-fracture replicas by electron microscopy. Unfortu-
nately, the structural information provided by these freeze-
fracture replicas is insufficient to explain the variation in
ion conducting properties of the tight junction in different
epithelial cells. Although a correlation between TER and
fibril structures can sometimes be made (Claude and
Goodenough, 1973), numerous studies have indicated that
structure does not relate function (Cereijido et al., 1983;
Furuse et al., 2001; Gonzélez-Mariscal et al., 1984; Jaeger
et al., 1997; Mandel et al., 1993; Martinez-Palomo and Erlij,
1975; Mollgard et al., 1979; Stevenson et al., 1988; von
Bulow et al., 1984; Walker et al., 1988). Therefore, elements
that are not revealed by freeze-fracture replicas must be
important in dictating the ion conducting properties of
PTICs.

Many proteins, including occludin (three isoforms),
claudin (>21 orthologs), and JAM (junction-associated
molecule) have been localized to the tight junction.
However, the stoichiometry of these proteins in a single
tight junction fibril and their oligomerization into hetero-
meric and heterotypic assemblies are not known. Elucidation
of the unit composition of PTJC and the overall molecular
architecture of the tight junction is a very challenging but
essential step in the understanding paracellular ion transport.
However, without the knowledge of the molecular compo-
sition of a unit PTJC, it is premature to assign precise
function to each tight junction protein.

Our data do not provide enough information for the
comparison of individual PTJCs between different epithelial
cells. Inasmuch as TER and fluxes are measurements from
a population of PTJCs, they cannot be directly translated into
unitary conductance without the knowledge of the total
numbers of PTJCs in each cell monolayer (Fig. 10). Ex-
periments that directly count PTJCs in these epithelial cells
are necessary for further understanding and characterization
of these paracellular ion channels.
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