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Abstract Topical zinc applications promote wound

healing and epithelialization. ‘‘Leaky’’ MDCKII epithelia

exposed to apical ZnCl2 (10 mM) showed a time-depen-

dent increase (t0.5 22.2 ± 2.7 min) of transepithelial

resistance (Rt) from 82.3 ± 2.4 X cm2 to 1,551 ± 225.6

X cm2; the increase was dose-dependent, being observed at

3 mM but not at 1 mM. Basal Zn2? applications also

increased epithelial resistance (at 10 mM to 323 ± 225.6

X cm2). The linear current–voltage relationship in control

epithelia changed after apical 10 mM ZnCl2 to show rec-

tification. Voltage deflections resulting from inward cur-

rents showed time-dependent relaxation (basal potential

difference (p.d.)-positive), with outward currents being

time-independent. Cation selectivity was tested after apical

ZnCl2 elevated resistance; both the NaCl:mannitol (basal

replacement) dilution p.d. and the choline:Na bi-ionic p.d.

decreased (PNa/PCl from 4.9 to 2.3 and PNa/Pcholine from 3.8

to 2.1, respectively). Transepithelial paracellular basal to

apical 45Ca fluxes increased approximately twofold when

driven by a basal positive Na:NMDG bi-ionic p.d., but with

basal 10 mM ZnCl2, 45Ca fluxes decreased approximately

twofold. Neither ZO-1 nor occludin distribution was

altered after *2-h exposure to apical 10 mM ZnCl2.

However, claudin-2, though present at the tight junction,

increased within the cell. Increased epithelial barrier

resistance by Zn2? is due to modification of the paracel-

lular pathway, most probably by multiple mechanisms.

Keywords Tight junction � Madin-Darby canine

kidney cell � Zinc � Paracellular pathway � Block

Introduction

Topical zinc applications provide the therapeutic benefit of

accelerated wound healing, with clinical evidence sug-

gesting roles in autodebridgement, epithelial restitution and

antimicrobial actions (Lansdown et al. 2007). Zinc oxide

paste in dressing and bandages provides a depot for bio-

available zinc concentrations, with constant levels of

1–3 mM being achieved that are nontoxic but high enough

to promote wound healing (Lansdown et al. 2007). Recent

studies have shown that extracellular Zn2? applied or

released from injured tissue may act via a zinc receptor

(GPR39) and MAP kinase activation, leading to keratino-

cyte migration and epithelial wound repair (Sharir et al.

2010).

Zinc is also implicated in modification of epithelial

barrier function in both renal and intestinal epithelia; zinc

protects renal function during cadmium toxicity, preventing

cadmium-induced change in claudin expression (Jacquillet

et al. 2006). Recent studies in intestinal epithelia have

shown that long-term depletion of zinc results in increased

paracellular conductance associated with alteration of

junctional proteins including ZO-1 and claudin-1 (Zhong

et al. 2010). A recent meta-analysis of 13 separate studies

(Lukacik et al. 2008) has confirmed the long-standing

observation (Roy et al. 1992) that oral zinc supplementation

decreases the severity and duration of diarrhea in humans.

Although the mechanism(s) is still uncertain, both direct

and indirect actions of zinc on the intestinal epithelium have

been suggested (Crane et al. 2007; Hoque et al. 2009;

Roselli et al. 2003). Tight junctional permeability assessed
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directly by lanthanum penetration across intestinal tight

junctions was decreased by zinc in an experimental model

of colitis (Sturniolo et al. 2002).

In our own studies of a renal inner medullary cell line

(mIMCD-3) (Linley et al. 2009) we identified in whole-cell

patch-clamp studies that extracellular zinc raised intracel-

lular Ca2?, stimulating a calcium-activated Cl- conduc-

tance. In order to extend whole-cell studies to the intact

epithelium, we tested the effect of extracellular zinc in

reconstituted epithelial monolayers. Although significant

activation of electrogenic transepithelial ion transport was

not observed, higher concentrations of zinc appeared to

result in a time-dependent increase in epithelial resistance

(decrease in epithelial conductance). This unexpected

result prompted us to ask whether zinc could modify

paracellular transport more generally. In the present report

we examined whether in the extensively characterized

model ‘‘leaky’’ epithelium, MDCKII (Cereijido et al. 1978;

Furuse et al. 2001; Richardson et al. 1981) a direct action

of zinc on the tight junction/paracellular pathway could be

established. We show that Zn2? has a major effect on the

MDCKII paracellular pathway, converting it to a high

resistance similar to that in ‘‘tight’’ epithelia. We suggest

that Zn2? action to increase epithelial barrier resistance is

an additional feature to its action in promoting epithelial

restitution after insult.

Materials and Methods

Cell Culture

MDCKII cells (passages 114–120) (Richardson et al. 1981)

were serially cultured in Eagle modified essential medium

(EMEM), supplemented with fetal calf serum (10% v/v),

glutamine (1% v/v, final concentration 2 mM) and an

antibiotic mix of penicillin–streptomycin (100 U/ml,

100 lg/ml, respectively). mIMCD-3 cells (Linley et al.

2009) were grown in 75-cm2 Roux flasks without antibi-

otics in Ham’s F12 and DMEM (50/50 v/v%) with 1 g/l

glucose, 10% fetal calf serum and 2 mM L-glutamine at

37�C in humidified air:5% CO2 (Linley et al. 2009). Epi-

thelial layers of MDCKII/mIMCD-3 cells were prepared by

seeding onto 12-well culture inserts (Snapwell 3407 or

Transwell 3401 [MDCK only], 12 mm diameter, 0.4 lm

pore size, 1.14 cm2 growth area uncoated polycarbonate

filters; Costar, Corning BV, Amsterdam, Holland) at high

density (5 9 105 cells cm-2). Cells were maintained at

37�C in a humidified incubator with 5% CO2 in air for

5 days without medium replacement prior to use in

experiments. Routine monitoring of transepithelial resis-

tance to assess confluence was made using an Evometer

(World Precision Instruments, Stevenage, UK).

Solutions

A modified Krebs solution was used for electrical mea-

surements of epithelial layers and measurement of trans-

epithelial fluxes (all mmol/l): NaCl 137, KCl 5.4, CaCl2
2.8, MgSO4 1.0, NaH2PO4 0.3, KH2PO4 0.3, glucose 10,

HEPES/Tris 15 (pH 7.4, 37�C). For measurements of

bi-ionic/dilution potentials elicited across the cation-selective

paracellular pathway of MDCKII epithelia, equimolar

substitutions of NaCl were made using N-methyl D-gluc-

amine Cl, choline Cl or mannitol (274 mM).

Electrophysiological Experiments

MDCKII/mIMCD-3 epithelial layers grown on Snapwells

were mounted in modified Ussing chambers (Costar Corn-

ing, Lowell, MA), maintained at 37�C connected to an

automatic voltage/current clamp (DVC-1000; World Preci-

sion Instruments, New Haven, CT). Saturated 3 M KCL-

agar bridges were used to connect reversible electrodes

(calomel for potential difference (p.d.), [mV] measurements

and Ag/AgCl for current passage). Asymmetry in the p.d.

arising from the calomel/agar bridges was zeroed prior to

tissue mounting. Correction for voltage drop across the series

fluid resistance upon current passage was made in assembled

chambers prior to chamber assembly with Snapwells. Cor-

rection for junction potentials with asymmetric solutions

(Vef – Vf) was made using measurements of p.d. generated

using cell-free Snapwells in Ussing chambers corrected for

the diffusion potential across the filter (Vef) and calculated

values of NaCl dilution or bi-ionic potentials (Vf) (Ng and

Barry 1995; Yu et al. 2009). Relative ionic permeabilities

were calculated using the Goldman equation (Hille 1972).

Measurements of open-circuit electrical potential difference

and transepithelial resistance (Rt) were made by excursions

of the clamp in voltage/current clamp modes; all data were

recorded continuously using PowerLab software (ADI

Instruments, Chalgrove, UK). Measurements of Rt were

corrected for filter resistance (typically 76 X cm2).

As an alternative, Transwell-grown MDCKII epithelia

were assembled into individual chambers of the CellZ-

scope maintained at 37�C (NanoAnalytics, Münster, Ger-

many) for measurement of epithelial resistance (Rt) and

capacitance (Ct). In these experiments monolayer integrity

was confirmed prior to experimentation by measurement of

Na:NMDG bionic p.d. (see below). Rt and Ct were deter-

mined from fitting the impedance spectrum (1–105 Hz) of

individual determinations to a five-parameter equivalent

circuit model incorporating Rt, Ct and a constant phase

element representing the bathing solutions (NanoAnalyt-

ics). Since each impedance spectrum required *40 s to

capture, continuous determination of Rt was achieved using

Snapwell/Ussing chambers (see above).
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Transepithelial 45Ca Flux Measurements

Epithelial layers were washed (four times) in modified

Krebs buffer and placed in 12-well plates, and 0.5 ml of

modified Krebs buffer were added to apical and 1.0 ml to

basal chambers for 10 min at 37�C. Monolayer integrity

and paracellular cation selectivity were then tested by

transfer of the cell layers to 12-well plates containing the

NMDG-Krebs and measurement of the resulting bi-ionic

p.d. (40.0 ± 1.3 mV basal solution electropositive, n = 12)

(Carr et al. 2006). Epithelial layers were then replaced in

normal Krebs solutions. Radiolabeled 45Ca (0.5 lCi/ml,

NEZ013, 370 GBq/g; New England Nuclear, Boston, MA)

was then added to the basolateral chamber with equal

concentrations of 2.8 mM unlabeled Ca present in both

apical and basal chambers. The use of such concentrations

(low specific activity) minimizes transcellular radiolabeled

flux. Fluxes in the secretory (basal to apical, Jb–a) direction

were determined to also minimize the contribution from

transcellular (absorptive) fluxes. Fluxes were then mea-

sured in three consecutive periods of 1 h so that the effects

of transepithelial voltage imposition could be assessed in a

paired manner on individual cell monolayers. Apical

samples were 0.1 ml with replacement. In the second

period epithelial layers were transferred to 12-well plates

containing 1.0 ml of 45Ca NMDG-Krebs solution to pro-

vide an electrical driving force across the epithelium (Carr

et al. 2006). Finally, transfer to 12-way plates containing
45Ca-Krebs allowed an additional control period in the

absence of the imposed electrical gradient to be measured.

Samples of 45Ca-Krebs/NMDG Krebs were also taken.
45Ca activities were determined by liquid scintillation

spectrometry. All fluxes are expressed as moles per centi-

meter squared per hour.

Confocal Microscopy

Control and treated MDCKII cell monolayers were washed

in Krebs, fixed and permeabilized in methanol at 0�C for

15 min and then stored overnight in phosphate-buffered

saline (PBS) at 4�C. Cell layers were washed again, over-

laid on 3% horse serum in PBS at room temperature for 1 h

and then incubated overnight at 4�C with primary antibody

(typically diluted 1:100 in 3% horse serum in PBS). The

antibodies used were anti-occludin, a mouse monoclonal

against an undefined epitope within 150 amino acids of the

C terminus of human occludin, showing canine cross-

reactivity; anti-claudin-2, a rabbit polyclonal against the C

terminus of human claudin-2, showing canine cross-reac-

tivity; and anti-ZO-1, a mouse monoclonal against amino

acids 334–634 of the human ZO-1 protein, also displaying

canine cross-reactivity. All primary antibodies were pur-

chased from Invitrogen (Carlsbad, CA). Monolayers were

then washed three times and incubated for 1 h at room

temperature in 3% donkey serum in PBS prior to incubation

with an appropriate Alexa Fluor conjugated secondary

antibody (Molecular Probes, Eugene, OR). Typically,

monolayers were then washed three times in PBS and

counterstained with propidium iodide (Molecular Probes) to

label nuclei. Immunofluorescence was detected by confocal

laser scanning microscopy (TCS NT confocal microscope;

Leica, Cambridge, UK).

Statistics

Data are expressed as mean values ± SEM for n separate

epithelial layers. Significance of difference between mean

values was determined using ANOVA with Bonferroni

corrections for multiple comparisons applied to Student’s

t-test (unpaired data) or t-tests between individual data

pairs (where appropriate). For data that did not display a

normal distribution, a Kruskal-Wallis ANOVA on ranks

was performed with multiple comparisons for significance

performed by Dunn’s method or by Mann-Whitney U by

rank between individual data pairs. The level of signifi-

cance was set at P B 0.05.

Results

Epithelial monolayers of mIMCD-3 reconstitute with a

transepithelial resistance (Rt) of 151 ± 22.7 X cm2

(n = 9). We initially sought to test the effect of extracel-

lular applications of ZnCl2 since 400 lM Zn2? activated a

Cl– conductance (Linley et al. 2009). No effect on short-

circuit current consistent with Cl- secretion was evident in

this cell line with apical Zn2?, but at more elevated levels

of Zn2? an increased Rt was observed. With 10 mM apical

ZnCl2, Rt increased to 967 ± 344 X cm2 (n = 9, P\0.01,

paired signed rank test). Since mIMCD-3 paracellular

pathways are poorly characterized, we chose MDCKII

epithelial monolayers for further study.

MDCKII layers (CellZscope measurements) in Krebs

buffer exposed to apical ZnCl2 at 10 mM showed a sus-

tained rise in Rt from control levels (82.3 ± 2.4 X cm2) to

those typical of a high-resistance tight epithelium (1,551 ±

225.6 X cm2, P \ 0.001, Mann-Whitney U) (Fig. 1A, B).

Since MDCKII epithelial conductance is dominated by the

paracellular pathway (Cereijido et al. 1978; Gitter et al.

1997; Lo et al. 1995), the decrease in epithelial conduc-

tance from 12 to 0.6 mS cm-2 (*95% reduction) indicates

that the site of action of Zn2? is the paracellular pathway.

In order to test whether Zn2? was effective from both sides

of the paracellular pathway, 10 mM ZnCl2 was applied to

the basolateral cell surface; Rt was also increased, but peak

values were later and smaller than those achieved with
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apical application (to 323 ± 225.6 X cm2, P \ 0.001,

Mann-Whitney U vs. controls) (Fig. 1A, B). Addition of

10 mM ZnCl2 to both apical and basal solutions resulted in

a decrease in Rt to 44.4 ± 1.9 X cm2 (P \ 0.001 vs. con-

trols) (Fig. 1B).

The action of ZnCl2 to increase Rt with unilateral

exposure was observed in two other measurement systems:

in Transwell-grown MDCKII monolayers measured in situ

with Evometer chopstick electrodes and in Snapwell-grown

MDCKII monolayers mounted in Ussing chambers. For

Transwell-grown MDCKII epithelial monolayers with

apical addition of 10 mM ZnCl2, resistance increased from

210 ± 7 X cm2 (all n = 3) to 2,334 ± 175 X cm2 at 90-

min incubation (P \ 0.001), while with 3 mM apical

addition the increment was smaller at 450 ± 33 X cm2.

Applications of 1 mM gave 207 ± 9 X cm2 (NS). A similar

pattern was observed for basal additions of ZnCl2; from

control values of 154 ± 6 X cm2 (all n = 3) Rt increased to

587 ± 20 X cm2 at 90-min incubation (P \ 0.001), while

with 3 mM apical addition the increment was smaller at

393 ± 20 X cm2. Applications of 1 mM were without

effect, 154 ± 6 X cm2 (NS). Note that control epithelial

layers contained 50 mM mannitol to control for any

osmotic effects of ZnCl2 addition; Rt minus mannitol was

150 ± 3 X cm2 or 107 ± 3 X cm2 for apical/basal layers

prior to mannitol addition. The increased Rt plus apical or

basal ZnCl2 was reversed by washing; after 5 min Rt had

decreased from 2,311 ± 217 X cm2 (n = 3) to 118 ± 8 or

585 ± 23 X cm2 (n = 3) to 180 ± 1 X cm2, respectively.

Since CellZscope measurements do not allow detailed

time-resolved measurements of the increase in resistance, a

detailed time course was obtained using Snapwell-grown

MDCKII layers in Ussing chambers. Figure 2A shows that

Zn2? addition did not stimulate any change in transepi-

thelial p.d. (no baseline change), as would be expected if

transcellular transport was altered; instead, there was a

slow increase in Rt with a t0.5 of 22.2 ± 2.7 (n = 7) min.

The decrease in epithelial conductance (1/Rt) approximates

only a single exponential (Fig. 2B), indicating that a simple

one-site action of Zn2? is unlikely. Figure 3 shows cur-

rent–voltage plots for epithelial layers in the presence or

absence of Zn2?; for controls, square-wave excursions of

the clamping transepithelial current in the range ±250 lA

in 50-lamp steps gave a linear current–voltage relationship

(Fig. 3B), with voltage deflections showing no time

dependence (Fig. 3B). In contrast, after prolonged appli-

cation of apical 10 mM ZnCl2 to achieve the steady-state

resistance increase, the current–voltage relationship was

markedly nonlinear, outward (–) currents generating a

basal negative transepithelial p.d. giving rise to a conduc-

tance calculated at 0–200 lA of 1.18 ± 0.28 mS cm-2

(n = 4), which was smaller than that seen for inward

currents, 0–200 lA of 2.52 ± 0.39 mS cm-2 (n = 4). In

addition to the rectifying current–voltage relationship,

inward current excursions plus apical ZnCl2 showed time-

dependent relaxation of voltage (basal p.d.-positive); in

contrast, outward current excursions were relatively time-

independent (Fig. 3C). On application of ZnCl2 to the basal

bathing solution, both the rectification and kinetic profile

were reversed (Fig. 3D); in this case, outward current

excursions plus basal ZnCl2 now showed marked kinetics

with time-dependent relaxation of voltage (basal p.d.-neg-

ative), while inward current excursions were relatively

time-independent (Fig. 3D). This behavior is consistent

with a voltage-dependent block of the paracellular cation-

selective pore (Tsien et al. 1987).

We also investigated the permselectivity of the para-

cellular pathway after 90-min incubation with apical

ZnCl2, at which time the increase in Rt had reached a

plateau; the NaCl:mannitol (basal replacement) dilution

p.d. decreased from 38.1 ± 2.6 mV (basal solution elec-

tropositive) to 20.1 ± 1.1 mV (n = 7) (PNa/PCl from 4.9 to
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2.3) and the choline:Na bi-ionic p.d decreased from 32.0 ±

2.7 to 18.0 ± 1.3 mV (PNa/Pcholine from 3.8 to 2.1).

Therefore, the overall cation selectivity of the paracellular

pathway was decreased.

In order to verify blockade of the paracellular pore by

unilateral application of ZnCl2 by an independent method,

we characterized voltage-dependent 45Ca fluxes. The

paracellular pathway is a major route for divalent cation

permeation (Wright and Diamond 1968), with calcium and

magnesium fluxes across the paracellular pathway being

the major routes for absorption in thick ascending limbs of

the kidney (Blanchard et al. 2001). We have previously

described a method (Carr et al. 2006) to identify paracel-

lular flux of a cationic solute by imposing a transepithelial

p.d. in the absence of external current passage by estab-

lishing a bi-ionic p.d. dependent on the Na gradient.

Figure 4 shows that basal to apical 45Ca flux was increased

approximately twofold in the presence of an Na:NMDG-

mediated p.d., and this was fully reversed on return to

control conditions; in contrast, in the presence of basal

ZnCl2, 45Ca flux was decreased approximately twofold

compared to controls despite the presence of the

Na:NMDG-mediated p.d. Therefore, comparing 45Ca flux

driven by the imposed p.d. in the presence and absence of

Zn2?, it is clear that unilateral application of Zn2? prevents

cation movement via the paracellular pathway.

Finally, we asked whether unilateral (apical) ZnCl2
treatment was associated with structural change within the

tight junction as represented by protein content or distri-

bution. As can be seen from Figure 5, there was no dis-

cernible change in the distribution of either ZO-1 or

occludin on *2-h exposure to apical 10 mM ZnCl2.

However, it is noteworthy that a fraction of claudin-2 was

delocalized from the tight junctions and was present in an

intracellular perinuclear compartment after Zn2? exposure,

suggesting an increased turnover and internalization of

claudin-2 from the tight junction.

Discussion

The data presented here show that application of Zn2? to

the apical surface of MDCKII epithelia has a profound

effect on increasing the barrier resistance, values at steady-

state approaching those typical of ‘‘tight’’ epithelia.

Since the pioneering work of Fromter, Wright and Dia-

mond (Fromter 1972; Fromter and Diamond 1972; Wright

and Diamond 1968), it has been known that differences

between ‘‘tight’’ and ‘‘leaky’’ epithelia result mainly from

differences in the resistance of the paracellular pathway

between epithelial cells rather than the high-resistance

transcellular pathway. In leaky epithelia, such as rabbit

gallbladder and small intestine, the paracellular pathway

consists of conductive water-filled channels/pores lined by

ionizable acidic groups that render them cation-selective. On

the basis of molecular studies, the important protein com-

ponents of such tight junctions are claudin family members

(Anderson and Van Itallie 2009). Of special importance in

examining structure–function studies has been the use of

high- and low-resistance MDCK cell lines in which claudin

expression has been manipulated (Colegio et al. 2003;

Furuse et al. 2001; Stevenson et al. 1988; Yu et al. 2009).

MDCKII epithelia are typical leaky epithelia, where

impedance analysis and voltage scanning studies have con-

firmed the paracellular pathway as the location of the

majority ([80%) of the transepithelial conductance (Gitter

et al. 1997; Lo et al. 1995). Expression of claudin-2 results in

the formation of cation-selective pores in leaky epithelia and

transforms tight epithelia to leaky (Furuse et al. 2001; Yu

et al. 2009). Claudins are tetraspan membrane proteins with

two extracellular loops that project and must span the space
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between the two adjacent membranes from adjoining cells

that form the tight junction complex (Tsukita and Furuse

2002). Of the two extracellular claudin domains, domain 1

has been shown to contain key acidic amino acids that

determine the cation selectivity of the pore (Colegio et al.

2003; Van Itallie et al. 2003; Yu et al. 2009). Domain 2,

though containing conserved acidic residues, must be

involved in some way in the formation and stabilization of

the interaction of proteins across the tight junction cleft

(Anderson and Van Itallie 2009).

There are two main possibilities as to the action of

extracellular zinc. First, the effect could be indirect, by Zn2?

activating an intracellular signaling cascade to alter the

properties of the tight junction. Activation of the EGFR via

the membrane-bound HB-EGF ligand (Singh et al. 2007)

results in a long-term increase in Rt, which is associated with

a reduction of claudin-2 expression within the tight junction.

Chronic acidification also leads to reduction of claudin-2 and

increased resistance in MDCKII cells (Balkovetz et al.

2009). The partial cellular redistribution of claudin-2 by

Zn2? observed in the present data could indicate that this

may, in part, explain the increase in resistance observed.

However, claudin-2 is still present in cell junctions after
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Zn2?, and it is clear that the dynamic behavior of ZO-1 and

occludin in traffic between intracellular vesicles and the tight

junction is much more rapid than that of claudins, which

show extended retention within the tight junction and a low

turnover rate (Shen et al. 2008). Though we cannot exclude

such indirect cellular actions, the alternative is a direct action

of Zn2? within the paracellular pathway.

Tang and Goodenough (2003) have emphasized the

pore-like behavior of the tight junction paracellular path-

way in leaky epithelial cells, describing its similarity to

plasma membrane ion channels with respect to selectivity,

molecular size discrimination, concentration dependence of

ion permeabilities, competition between permeant ions,

anomalous mole-fraction behavior and pH sensitivity. An

additional feature of conventional ion channels is the

voltage-dependent channel block by divalent cations (Tsien

et al. 1987); indeed, divalent cations such as zinc have been

reported to block epithelial Na channels and so prove to be

useful probes of channel function (Amuzescu et al. 2003).

We propose therefore that Zn2? acts to block the para-

cellular pore. Evidence for this is that unilateral block of

the paracellular pore shows a clear voltage dependence for

both the current–voltage relationship and the time-depen-

dent relaxation of voltage with outward current on apical

application (and vice versa on basal application of Zn2?).

This finding suggests that Zn2? may enter the paracellular

pore but traverse it only slowly since block is not relieved

by negative or positive transepithelial p.d. but only by

positive p.d. for apical application and negative p.d. for

basal application (Tsien et al. 1987). The apparent low

affinity of zinc action may suggest that access of the larger

hydrated divalent cation to the paracellular pore, compared

to sodium, is restricted by the pore size and the relative

field strengths of acidic residues (e.g., Asp68) and the

hydrated zinc cation.

Few studies have used soluble probe molecules to

address the nature of the leaky paracellular pathway. The

studies of Moreno (1975) identified 2,4,6-triaminopyrimi-

dine and a variety of other pyrimidine derivatives as such

probes, in that their molecular size suggested they would

gain access to the paracellular channel and their strong

H-bond proton donor ability would allow them to interact

Fig. 5 Action of apical ZnCl2 (10 mM) at 2 h on junctional protein

distribution. A, B Control monolayer immunofluorescence for

claudin-2, xy (en-face view) and xz sections, respectively. C, D
Zinc-treated monolayer, immunofluoresence for claudin-2, xy and xz
views. E, F Control monolayer immunofluorescence for occludin, xy

and xz views. G, H Zinc-treated monolayer immunofluorescence for

occludin, xy and xz views. I, J Control monolayer immunofluores-

cence for ZO-1, xy and xz views. K, L Zinc-treated monolayer

immunoflourescence for ZO-1, xy and xz views. a apical, b basolat-

eral. Scale bars = 10 lm
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with acidic groups within the channel. 2,4,6-Triaminopyr-

imidine specifically reduces conductance (increases resis-

tance) in gallbladder epithelium by reducing Na

conductance. Resistance increased from *100 to 260

X cm2. Importantly, block of the paracellular pathway by

2,4,6-triaminopyrimidine also reduced the cation selectiv-

ity of the junctional route as measured by dilution and

bi-ionic p.d. elicited across the epithelium. 2,4,6-Triami-

nopyrimidine was rapidly effective at both epithelial sur-

faces (t0.5 10 s from the apical side, 130 s from the basal

side), any disparity being explained by the diffusional

differences imposed by the unstirred layers in the prepa-

ration (Moreno 1975). It is apparent that the time course of

Zn2? action on Rt is considerably slower than that of 2,4,6-

triaminopyrimidine, with an extended t0.5 of *22 min after

apical Zn2? application. Zn2? action is not symmetric;

when applied from the basal surfaces, the resistance

increase is attenuated and only peaks after 1 h of exposure.

An additional feature of the response is the entirely dif-

ferent response of epithelial conductance to bilateral Zn2?

exposure; there is a sustained increase in epithelial con-

ductance. In a similar manner to 2,4,6-triaminopyrimidine,

Na:choline bi-ionic p.d. values are decreased compared to

controls after 90 min. MDCK epithelia, however, retain

overall cation selectivity after prolonged incubation despite

a 95% reduction in conductance with apical Zn2?. These

observed differences between Zn2? action within the

paracellular pore and that of 2,4,6-triaminopyrimidine

block in gallbladder suggest that a simple single-site

binding model is unlikely.

It now seems that monovalent cation selectivity of the

tight junction pore is derived from acidic residues present

within the first extracellular domain (1) of claudins (e.g.,

claudin-2) (Van Itallie et al. 2003; Yu et al. 2009). It is also

apparent from studies of mutated claudin-2 in high-resis-

tance MDCK I epithelial monolayers that Asp68 contrib-

utes the important carboxylic acidic group to the selectivity

filter (Yu et al. 2009). The second extracellular domain (2)

is thought to be unimportant to monovalent cation selec-

tivity and contributes to structural interactions across the

tight junction cleft (Anderson and Van Itallie 2009; Piontek

et al. 2008).

Studies of amino acid motifs within proteins of Zn2?

coordination sites involved in structural stability of pro-

teins or in protein–protein interface sites have identified

clusters of four cysteines (Auld 2009) or mixtures of four

histidine/aspartate residues (Papageorgiou et al. 1995).

Therefore, a possibility is that Zn2? may bind to similar

sites formed within the tight junction pore. The conserved

cysteine residues in all claudin proteins could form such a

coordination site within extracellular domain 1; this would

physically occlude the pore while maintaining monovalent

access to Asp68 to match the observed partial cation

selectivity in the Zn2? occluded pore. The claudin motif

W-GLW-C-C is maintained in all claudins, but the func-

tions remain unclear (Anderson and Van Itallie 2009).

Mutation of either cysteine seems crucial for function (e.g.,

of claudin-5), but since the effects of mutation are not

equivalent, intermolecular bonding or divalent ion coordi-

nation may be important. Given that a full divalent cation

binding site requires residues from interacting claudin

molecules across the junctional cleft, it seems possible that

such divalent cation coordination might contribute to the

mechanism of formation and stabilization of homotypic

and heterotypic interactions between claudins (Zhong et al.

2010). A puzzling action of Zn2? applied to both epithelial

surfaces at the same time is the drop in epithelial resis-

tance; perhaps full charge shielding of fixed negative sites

within the pore when Zn2? is available from both surfaces

generates a high-conductance and nonselective state.

Recent studies of alamethacin pores indicate that internally

localized histidine residues may act as a Zn2? binding site,

resulting in extended open states of high conductance

(Noshiro et al. 2010). In epithelial Na channels Zn2? acts to

block from an extracellular face; but if present concurrently

at the cytosolic face of the channel, this relieves block and

increases overall conductance (Amuzescu et al. 2003).

In conclusion, Zn2?, at concentrations attained in ther-

apeutic situations, increases barrier function in an arche-

typal leaky epithelium. The location of Zn2? action is

likely to be the paracellular junctional pore in which

claudins determine the ion-selective properties. The present

observations may be of significance to epidermis since

claudin expression and formation of tight junctions are

associated with maintaining the normal epidermal func-

tional barrier (Brandner et al. 2002; Furuse et al. 2002).
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