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Varicella-zoster virus (VZV) infection involves the cell-cell spread of virions, but how viral proteins interact
with the host cell membranes that comprise intercellular junctions is not known. Madin-Darby canine kidney
(MDCK) cells were constructed to express the glycoproteins gE, gI, or gE/gI constitutively and were used to
examine the effects of these VZV glycoproteins in polarized epithelial cells. At low cell density, VZV gE induced
partial tight junction (TJ) formation under low-calcium conditions, whether expressed alone or with gI.
Although most VZV gE was intracellular, gE was also shown to colocalize with the TJ protein ZO-1 with or
without concomitant expression of gI. Freeze fracture electron microscopy revealed normal TJ strand mor-
phology in gE-expressing MDCK cells. Functionally, the expression of gE was associated with a marked
acceleration in the establishment of maximum transepithelial electrical resistance (TER) in MDCK-gE cells;
MDCK-gI and MDCK-gE/gI cells exhibited a similar pattern of early TER compared to MDCK cells, although
peak resistances were lower than those of gE alone. VZV gE expression altered F-actin organization and lipid
distribution, but coexpression of gI modulated these effects. Two regions of the gE ectodomain, amino acids
(aa) 278 to 355 and aa 467 to 498, although lacking Ca21 binding motifs, exhibit similarities with correspond-
ing regions of the cell adhesion molecules, E-cadherin and desmocollin. These observations suggest that VZV
gE and gE/gI may contribute to viral pathogenesis by facilitating epithelial cell-cell contacts.

Varicella-zoster virus (VZV) is a human alphaherpesvirus
that causes two diseases, varicella (chicken pox) and herpes
zoster (shingles); the latter disease is a recurrent infection
following prolonged latency in sensory ganglia. Despite genetic
similarities, VZV exhibits an extreme host range restriction in
vivo and grows poorly in tissue culture, suggesting that its
pathogenic mechanisms differ from those of related herpesvi-
ruses. The herpesvirus glycoproteins function at several points
in the replication cycle, including viral attachment, entry, en-
velopment, cell-cell spread, and egress. The VZV glycopro-
teins gB, gC, gE, gH, gI, gL, gK, and the putative gM have
some homology with those of herpes simplex virus type 1
(HSV-1), HSV-2, pseudorabies virus (PRV), and the other
nonhuman alphaherpesviruses, but VZV lacks gD and gG (12,
24). Although the spread of VZV is associated with extensive
fusion of cell membranes, information about the processes by
which VZV and other herpesviruses move to cell junctions,
including tight junctions (TJ) as well as adherens junctions,
and invade adjacent, uninfected cells is limited. These pro-
cesses are important for VZV replication, since syncytium for-
mation is a hallmark of VZV infection in vitro and multinu-
cleated polykaryocytes are common in VZV-infected tissues.

The VZV glycoproteins gE and gI form heterodimers and,
like the corresponding proteins of HSV and PRV, are likely to
be involved in cell-cell spread (3, 4, 15, 19, 30, 56). The func-
tions of VZV gE and the gE/gI complex are of particular
interest because, unlike the case for other alphaherpesviruses,
gE deletion appears to be incompatible with VZV replication
(35). While gI deletion mutants replicate in melanoma cells,
intact gI is necessary to achieve the polykaryocyte formation
characteristic of VZV infection (35). Full or partial deletion of

gI inhibited syncytium formation, altered the conformation
and distribution of gE, and reduced infectious-virus yields in
melanoma cells (35), and gI was required to generate infec-
tious progeny and to allow normal processing of gE in Vero
cells (11).

VZV gE has multiple functions, including Fc receptor activ-
ity for nonimmune immunoglobulin G (IgG) (31), binding to
mannose-6-phosphate receptors, which may facilitate virus en-
try, and interaction with the major tegument protein, IE62,
which may be involved in virion assembly (58). VZV gE has
targeting sequences for the trans-Golgi network (TGN) and is
transported from the endoplasmic reticulum (ER) to the TGN
in infected and gE-transfected cells (1, 20, 59). VZV gI is also
a type I membrane protein that is transported to the TGN and
to cellular membranes in VZV-infected and gI-transfected
cells (1, 2). In addition, VZV gE may serve as a navigator
glycoprotein, forming complexes that direct signal-deficient vi-
ral glycoproteins to the TGN (55). Expression of gE using the
vaccinia virus-T7 RNA polymerase transfection system indi-
cates that gE undergoes endocytosis from the cell membrane,
returning to endosomes and TGN, and recycles back to the cell
membrane in a continual trafficking pattern (43, 44). Coexpres-
sion of gE/gI in vaccinia virus-infected cells also indicates that
gI facilitates gE endocytosis and regulates the trafficking of the
gE/gI Fc receptor complex (41).

The purpose of these experiments was to investigate how
VZV gE and gI and the gE/gI complex may function in epi-
thelial cells. Epithelial cells are important in VZV patho-
genesis because the virus enters the host through respiratory
mucosal epithelial cells during primary infection and is
transmitted to susceptible contacts following cell-cell spread
and virus release from mucosal and cutaneous epithelial cells.
Madin-Darby canine kidney (MDCK) cell lines were con-
structed to express the VZV glycoproteins constitutively.
MDCK are polarized epithelial cells in which cellular mem-
brane proteins are restricted to discrete apical and basolateral
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domains, whereas the same proteins are distributed uniformly
on the surfaces of fibroblasts and other nonpolarized cells
usually used to investigate VZV replication in vitro. In epithe-
lial cells, cell-cell adhesion and formation of TJ are triggered
by Ca21 and are associated with localization of occludin, ZO-1,
ZO-2, E-cadherin, and b-catenin to targeted regions of the cell
membrane (25, 40). Actin filaments and other cell structural
components are also rearranged when these cells become con-
fluent (23). We found that VZV gE expression had multiple
effects on MDCK cells. First, it resulted in partial TJ formation
under low-Ca21 (LC) conditions whether expressed with or
without gI, indicating the capacity to enhance cell-cell contact.
Second, VZV gE expression was associated with rapid estab-
lishment of TJ gate function, measured by transepithelial elec-
trical resistance (TER) in the presence or absence of gI. As
expected, gE expression on cell membranes was limited rela-
tive to the intracellular signal, but confocal microscopy sug-
gested colocalization of gE with the cell TJ protein ZO-1.
Expression of gE at or near ZO-1 occurred without disruption
of normal TJ structures by freeze fracture electron microscopy.
However, VZV gE affected the cytoskeleton protein, F-actin,
and lipid diffusion in MDCK cells, and these effects on struc-
tural components of epithelial cells appeared to be modulated
by the coexpression of gI.

MATERIALS AND METHODS

Cells and gE- and gI-expressing cell lines. MDCK clone II/G cells (36) were
grown in Dulbecco minimal essential medium (DMEM) supplemented with 10%
fetal calf serum (FCS), penicillin, streptomycin, and kanamycin. The gE-express-
ing cell lines containing the ORF68 gene were constructed by inserting a
PCR fragment containing the VZV gE-coding region into TA cloning sites of
the pCR3.1 plasmid vector (Invitrogen, Carlsbad, Calif.) to make the plasmid
pVZVgE. Similarly, the gI-expressing cell lines containing the ORF67 gene were
constructed by inserting a PCR fragment containing the VZV gI-encoding region
to make the plasmid pVZVgI. The expression of the cloned genes was driven by
the cytomegalovirus (CMV) immediate-early promoter from the pCR3.1 vector.
Subconfluent MDCK cell monolayers in six-well cluster plates were transfected
with pVZVgE or pVZVgI or both, using the Lipofectin method. The transfected
cells were incubated for 48 h and then passaged to Falcon 3803 tissue culture
dishes in medium containing 250 mg of G418/ml. After selection for 14 days,
surviving colonies were isolated using cloning rings. These stably transfected cells
were designated MDCK-gE, MDCK-gI, and MDCK-gE/gI. Genomic DNA from
MDCK-gE, MDCK-gI, and MDCK-gE/gI cells was analyzed by PCR using
primer pairs gEf and gEb and gIf and gIb, respectively. G418-resistant MDCK
clones that had the expected 1.8-kb ORF68 DNA fragment from MDCK-gE or
MDCK-gE/gI and 1.1-kb ORF67 DNA fragment from MDCK-gI or MDCK-
gE/gI were expanded in the presence of G418, aliquoted, and stored in liquid
nitrogen. Protein expression of gE or gI was assessed by Western blotting and
immunofluorescence. Three positive clones of MDCK-gE were obtained from
screening 25 cell lines, and 15 clones of MDCK-gE/gI were recovered from 30
screened cell lines. Three MDCK-gE clones and three of the MDCK-gE/gI or
MDCK cell lines were used at low passage (,5) for all experiments. The mock
transfection control and gE- or gE/gI-expressing cells were grown at low density,
trypsinized, and plated onto Transwell filters in medium containing LC (5 mM).
Cells were incubated in LC medium for 4 h and then incubated in DMEM-FCS
containing normal (1.8 mM) calcium (NC). The cells from all gE- or gE/gI-
expressing clones could be maintained in NC-containing medium for up to 5 days
with no loss of viability. No differences in viability compared to that of the parent
MDCK clone II/G cells were observed. For calcium switch experiments, the
MDCK cells were grown at low density and plated onto collagen-coated cover-
slips or Transwell filters in LC medium for 4 h. Cells were then grown in NC
medium (calcium switch) or kept in LC medium up to 3 days. Protein kinase C
(PKC) agonist diC8 (1,2-dioctanylglycerol; Sigma, St. Louis, Mo.) at 0.5 mM and
PKC inhibitor H7 (1-[5-isoquinolinylsulfonyl]-2-methylpiperazine; Sigma) at 50
mM were added in some experiments.

Construction of plasmids. The entire VZV genome of the Oka strain is
contained in four overlapping SuperCos 1 cosmid vectors: pvFsp4 (1 to 33211),
pvSpe5 (21875 to 62008), pvPme19 (53877 to 96188), and pvSpe21 (94208 to
124884) (34). ORF67 spans VZV nucleotides 114497 to 115558, while ORF68
extends from nucleotides 115808 to 117676, located within the unique short
region in the cosmid pvSpe21. A 6-kb DNA fragment from nucleotides 111911 to
117989 that contained ORF67 and ORF68 was subcloned into the plasmid vector
pBS to generate pSac6A (35). The VZV gE open-reading-frame fragment was
amplified from pSac6A using primers gEf and gEb (59-ATGGGGACAGTTAA
TAAACC-39 and 59-CGGTGATCACCGGGTCTTATC-39). The VZV gI open

reading frame fragment was amplified from pSac6A using primers gIf and gIb
(59-CGCGATGTTTTTAATCCAATG-39 and 59-GTTCTATTTAACAAACGG
G-39). The PCR products were ligated into the pCR3.1 TA cloning vector,
yielding the plasmids pVZVgE and pVZVgI.

Antibodies. The antibodies used in these experiments included affinity-purified
rabbit anti-ZO-1 antibody (Zymed Laboratories, Inc., South San Francisco,
Calif.); rabbit polyclonal anti-a-catenin, anti-b-catenin, mouse anti-gP135, and
mouse anti-E-cadherin antibody 3G8 (W. James Nelson, Stanford University,
Stanford, Calif.); mouse anti-VZV gE antibody 3B3 and anti-VZV gI antibody
6B5 (Charles Grose, University of Iowa, Iowa City, Iowa); mouse anti-VZV gE
antibody 3G8 (Bagher Forghani, California Department of Health Services,
Berkeley, Calif.); Oregon Green 488-conjugated phalloidin (Molecular Probes,
Eugene, Oreg.); donkey anti-rabbit antibody conjugated with horseradish per-
oxidase (Amersham, Little Chalfont, Buckinghamshire, England); and affinity-
purified fluorescein- and Texas Red-labeled secondary antibodies (Jackson Im-
munoResearch Laboratories, Inc., West Grove, Pa.).

Cell extraction, immunoprecipitation, and Western blot analysis. MDCK cells
were grown on Primaria tissue culture dishes and extracted in 900 ml of cell lysis
buffer (0.1% NP-40, 10 mM Tris [pH 7.5], 1-mg/ml DNase I, 1-mg/ml RNase A,
and 1 mM phenylmethylsulfonyl fluoride) on a rocker platform for 15 min at 4°C.
Cells were scraped from the plates and centrifuged at 12,500 3 g for 15 min at
4°C. Supernatants were adjusted with 100 ml of sodium dodecyl sulfate (SDS)
immunoprecipitation buffer (1% SDS, 10 mM Tris [pH 7.5], 2 mM EDTA).
Protein samples were separated on an 8.5% Laemmli gel and electrotransferred
to a nitrocellulose membrane (Immobilon P; Millipore, Bedford, Mass.). First,
mouse monoclonal antibody at a dilution of 1:2,000 was used as the probe and
detected with donkey anti-rabbit antibody conjugated with horseradish peroxi-
dase (Amersham) at a dilution of 1:4,000. For protein immunoprecipitation, cell
lysates were incubated with anti-gE (3B3) or anti-gI (6B5) antibody and immune
complexes were separated with protein A–Sepharose CL-4B (Amersham Phar-
macia Biotech, Uppsala, Sweden) on a rocker platform overnight at 4°C. After
being washed four times with buffers, the immunoprecipitates were analyzed on
a 10% polyacrylamide gel and processed for Western blotting as described above.

Immunofluorescence microscopy. Confluent monolayers of MDCK cells were
grown on coverslips coated with rat tail collagen or Transwell filters in DMEM-
FCS. After 48 h, the cells were washed with phosphate-buffered saline (PBS),
fixed with 1% formaldehyde, and permeabilized with 0.2% Triton X-100. Then
they were blocked with PBS–0.2% bovine serum albumin (BSA) containing 10%
normal goat serum. After a washing with PBS–0.2% BSA, they were incubated
with antibodies for 1 h at room temperature. After three washes with PBS–0.2%
BSA, the cells were incubated with secondary antibodies (fluorescein isothiocya-
nate [FITC] anti-rabbit IgG and Texas Red anti-mouse IgG). The coverslips
were washed with PBS and mounted in Vectashield (Vector Laboratory, Inc.,
Burlingame, Calif.). Cells were examined with a Nikon fluorescence microscope
using either a 403 lens objective or a Molecular Dynamics MultiProbe 2010 laser
scanning confocal microscope. Fluorescence images of stained cells were re-
corded using Kodak Ektachrome Elite II (ASA 400) films. Developed positive
images were then digitized with a slide scanner.

Time course of lipid diffusion in MDCK cells in low-density cultures. Cells
were grown for 10, 23, and 47 h. At each time, cells were labeled with the
lipophilic carbocyanine tracer CellTracker CM-DiI (Molecular Probes), a phos-
pholipid probe, for 10 min at 4°C. Cells stained with DiI were fixed and perme-
abilized. The cells were incubated with primary antibody ZO-1 and subsequently
washed with PBS-BSA before incubation with goat anti-rabbit IgG and conju-
gation with FITC. Cells were examined with a confocal microscope.

TER measurement. TER was determined by applying an alternating square-
wave current across a cell monolayer on a 12-mm-diameter Transwell filter
(Costar, Corning, N.Y.) and measuring the voltage deflection with the Millicell
electrical resistance system (Millipore). This device measures confluence quan-
titatively and assesses cell health qualitatively. TER was measured in three or
four filters for all cell lines. TER values were calculated by subtracting the blank
values from the filter and the bathing medium and were normalized to the area
of the monolayer (filter). Monolayer integrity was monitored after each TER
time course study by staining cells with Hoechst 33342 (Molecular Probes).
When the control MDCK II/G clone is triggered by calcium switch, TER during
the first 24 h ranges from 100 to 250 V cm2 (28).

Freeze fracture electron microscopy. Monolayers of cells grown in 75-cm2

plastic tissue culture flasks were washed briefly twice with 0.1 M PBS (pH 7.4)
and fixed in 2% glutaraldehyde (Ernest F. Fullam, Inc., Schenectady, N.Y.) in
PBS for 30 min at room temperature. After rinsing in PBS, cells were removed
from the substratum by using a plastic cell scraper (Nunc Inc., Naperville, Ill.).
The detached cells were infiltrated with 25% glycerol in 0.1 M cacodylate buffer
(pH 7.3), frozen in a liquid nitrogen slush, and freeze fractured in a Balzers 400
freeze fracture unit (Balzers, Liechtenstein). Replicas were cleaned in sodium
hypochlorite, washed in distilled water, placed on Formvar-coated grids, and ex-
amined with a 301 electron microscope (Philips, Eindhoven, The Netherlands).
In a given replica, all TJ images were photographed. The number of TJ parallel
strands was counted on electron micrographs by overlaying the area of the TJ
with a transparency marked at 1-cm intervals. Since the magnification for all
micrographs examined was 62,5003, counts were effectively made at 160-nm
intervals. Total TJ length examined by morphometry in each group ranged from
6.4 to 9.4 mm. When the histograms were constructed for the strand frequency,
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the strand counts were normalized to the greatest total length measured. All freeze
fracture experiments were performed and analyzed as a double-blind study.

RESULTS

Expression of VZV gE in MDCK-gE and VZV gEgI in
MDCK-gE/gI cells. Three positive clones of MDCK-gE and
MDCK-gE/gI along with two MDCK control cell lines were
tested for gE and gI expression. GP135, an actin-associated
apical membrane protein in MDCK cells (41), was used as a
housekeeping protein to assess the loading of each sample
(Fig. 1A). Western blotting with anti-gE antibody yielded a
92-kDa protein from MDCK-gE or MDCK-gE/gI cell lysates
that was not present in MDCK cell lysates (Fig. 1B). Anti-gI
antibody recognized a 55-kDa band in all three MDCK-gE/gI
clones tested (Fig. 1C). Clones were chosen for further analysis
based upon the consistency of gE/gI protein expression.

To determine the distribution of gE in MDCK-gE clones
with or without coexpression of gI, the cells were grown on
filters and probed with anti-gE antibody 3G8. In addition to
gE, the cellular TJ plaque protein, which is required for TJ
integrity, was detected with anti-ZO-1 antibody (27) and cells
were stained for E-cadherin, which localizes primarily to the
basolateral membrane in confluent MDCK cells (8). Laser
scanning confocal microscopy of the clones of MDCK-gE and
MDCK-gE/gI cells revealed that most gE was in intracellular
sites, as was expected from transient expression of gE in other
systems. However, colocalization of gE with ZO-1 along cell
membranes was observed (Fig. 2). Confocal XZ sections also
indicated colocalization of some gE and ZO-1 in MDCK-gE
and MDCK-gE/gI cells (Fig. 2). VZV gE did not appear to
colocalize with E-cadherin, which was detected at the same
lateral membrane sites in confluent MDCK cells with or with-
out expression of gE or gE/gI (data not shown).

Effects of VZV gE and gI on cell-cell contact and TJ forma-
tion. Calcium switch was used to investigate the effect of gE
and gI on MDCK cell-cell contact and TJ formation as de-
tected by confocal microscopy (21). E-cadherin belongs to a

family of Ca21-dependent adhesion molecules. As the E-cad-
herin–catenin complex mediates Ca21-dependent cell-cell
adhesion, E-cadherin becomes localized to the basolateral
membranes of MDCK cells (10); removal of calcium makes
cadherins accessible to proteases and disrupts cell adhesion
(52). As expected, MDCK cells in LC medium showed only
occasional staining with anti-ZO-1 antibody at sites of inter-
cellular contact, indicating that no triggering of cell adhesion
and TJ formation had occurred. In contrast, ZO-1 was de-
tected in a continuous pattern along the plasma membrane at
several sites of intercellular contact after 20 h of incubation of
the clones of MDCK-gE or MDCK-gE/gI cells in LC medium
(Fig. 3A and B, middle panels; and Fig. 3A, right panel). NC
conditions were not required to trigger partial TJ formation
by MDCK-gE or MDCK-gE/gI cells. With the “switch” of
MDCK cells to NC medium, confluent monolayers were es-
tablished. And as expected, ZO-1 was detected in a reticular
pattern, indicating the translocation of TJ proteins to regions
of cell-cell contact in all cell lines. These data suggested that
VZV gE has functions that promote cell-cell contact and TJ
formation in the absence of Ca21 triggering of E-cadherins
(Fig. 3A).

Under NC conditions, E-cadherin binding of extracellular
Ca21 triggers the assembly of cell junctions and TJ sealing in
monolayers of MDCK cells. Several pathways may be involved
in these processes, including the PKC cascade, the calmodulin
pathway, and the G protein signaling pathway (5). To deter-
mine whether the functional effect of gE on induction of TJ
formation was downstream of the PKC cascade, the PKC ag-
onist diC8 or the PKC inhibitor H7 was added to cells in LC
medium (6). As expected, diC8 induced partial TJ formation
between MDCK cells grown in LC in the control experiments
(Fig. 3B, left panel). The PKC inhibitor H7 partially blocked
TJ formation between MDCK-gE cells, resulting in a punctate
pattern of ZO-1 under LC conditions (Fig. 3B, right panel,
arrows). The fact that some TJ formation was maintained
indicates that gE functions as more than just a PKC agonist
and suggests that there is an alternative pathway for the en-
hancement of ZO-1 translocation and TJ formation by gE.

When control MDCK cells were triggered to form cell-cell
contact by Ca21-dependent, E-cadherin effects, ZO-1 was lo-
calized almost exclusively to sites of intercellular contact. ZO-1
showed its usual very limited expression on membranes that
constituted the outer margins of MDCK cells at the edge of the
monolayer (Fig. 4). Although the difference could not be quan-
titated, the consistent observation for all clones of MDCK-gE
or MDCK-gE/gI cells was that ZO-1 could be detected more
commonly in cell membranes along boundaries where there
were no adjacent cells than in control MDCK cells. This ob-
servation suggests that VZV gE and gE/gI may have novel
effects on the distribution of the TJ protein ZO-1.

VZV gE and gE/gI enhance the establishment of TER. The
gate function of TJ, as distinguished from their barrier func-
tion, regulates ion and solute diffusion through paracellular
spaces (49). The effects of gE and gI on TJ gate function were
measured by TER, a test of ion diffusion. The establishment of
TER by MDCK-gE, MDCK-gI, MDCK-gE/gI, and MDCK
cells was compared at intervals over a 54-h period under LC or
NC conditions (Fig. 5). Under LC conditions, TER remained
very low in the clones of MDCK-gE as well as in MDCK cells;
failure to establish TJ gate function was consistent with the
discontinuous ZO-1 staining observed in MDCK-gE and gE/gI
cells grown in LC medium (Fig. 3). After a switch to NC
medium, the TER of MDCK-gE cell monolayers reached a
very high resistance of 420 V cm2 by 20 h (Fig. 5); MDCK cells
expressing gE/gI or gI alone also developed high TER in a

FIG. 1. Western blot analysis of constitutively gE- or gE/gI-expressing cell
lines. Two clones of MDCK control cells, three clones of MDCK-gE-expressing
cells, and three clones of MDCK-gE/gI-expressing cells were grown on six-well
cluster plates for 20 h and then extracted in lysis buffer. Proteins were separated
by SDS–8.5% polyacrylamide gel electrophoresis, transferred to nitrocellulose
membrane, and probed with anti-gP135 monoclonal antibody (A) or anti-gI
monoclonal antibody (C). The same cell lysates were immunoprecipitated with
anti-gE monoclonal antibody, separated by SDS–10% polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membrane, and probed with anti-gE
monoclonal antibody (B).
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short time. For MDCK-gE, MDCK-gE/gI, and MDCK-gI cells,
resistance was sustained at much higher levels than in MDCK
cells for up to 30 h; for MDCK-gE clones, it remained above
TER for MDCK cells at the last time point of 54 h. MDCK
cells expressing gE/gI reached a high maximum TER after
approximately 10 h, although the maximum resistance was
somewhat lower than that observed in MDCK-gE cell mono-
layers. To exclude the possibility that the process for generat-
ing G418 selected MDCK clones altered the characteristic
TER of the parent MDCK II/G clone, cells selected for reten-
tion of pTRE, a plasmid that does not express VZV proteins
(MDCK-TRE), were tested; both control MDCK cells and the
clones of MDCK-TRE showed the expected TER during the
first 48 h after calcium switch, ranging from 100 to 250 V cm2

(data not shown). These data suggested that TJ gate function
was enhanced in the presence of gE, gE/gI, or gI at early times
after cellular confluence was established. Although TER re-

mained significantly higher than in control MDCK cells, inter-
actions between gE and gI appear to modulate the effect of gE
alone on TJ gate function in MDCK-gE/gI cells. Based on the
acceleration of endocytosis when both gE and gI are present
(1, 43), this difference may reflect an increased return of gE
from TJ sites to endosomes or to the TGN in gE/gI-expressing
cells.

Effect of VZV gE expression on TJ strand organization. In
freeze fracture replicas of MDCK-gE cells, the TJ formed a
network of interconnected parallel strands present near the
apex of the lateral membranes (Fig. 6, lower panel). Its ap-
pearance was similar to that in control MDCK cells (Fig. 6,
upper panel) (50, 51). These data suggest that the presence of
gE near TJ sites or its possible interactions with TJ proteins,
such as ZO-1, did not affect TJ strand organization.

Effects of gE and gI on cell morphology, cytoskeletal pro-
teins, and cellular lipids. MDCK-gE and MDCK-gE/gI cells

FIG. 2. Immunofluorescence analysis of gE distribution in MDCK-gE and MDCK-gE/gI cells. Clones of MDCK-gE- or MDCK-gE/gI-expressing cells and the
MDCK control cells were grown on Transwell filters for 20 h and were fixed and permeabilized. The cells were incubated with the primary antibodies, rabbit anti-ZO-1
or murine anti-gE monoclonal antibody, before incubation with secondary antibodies, goat anti-mouse IgG conjugated with Texas Red or goat anti-rabbit IgG
conjugated with FITC. Cells were examined by confocal microscopy. ZO-1 expression; gE staining; and the overlay of ZO-1 and gE staining, visualized by xy analysis
of cell monolayers, are shown. ZO-1 and gE expression were subjected to xz analysis. Bar, 10 mm.
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were consistently larger than the nontransfected controls (Fig.
2). The average number of MDCK cells per microscopic field
was 70, compared to 34 for MDCK-gE cells and 32 for MDCK-
gE/gI cells. In order to assess whether this difference in mor-
phology was associated with changes in the distribution of
cytoskeletal proteins, the cells were stained with Oregon Green
phalloidin, a dye specific for F-actin, and evaluated by confocal
fluorescence imaging (Fig. 7). The organization of F-actin
filaments in MDCK-gE, MDCK-gE/gI, or MDCK cells was
scanned in apical to basolateral sections. MDCK-gE cells ap-
peared to be flattened on the substratum compared with
MDCK cells, based on the xz images (Fig. 7). In contrast to

MDCK cells, in which F-actin fibers were lined up in the
normal pattern next to cell-cell contacts, F-actin in MDCK-gE
cells was localized predominantly in stress fibers at the baso-
lateral regions of the cells and in thick cortical bundles at the
periphery. The cytoplasmic region of E-cadherin is anchored
to cytoskeletal actin microfilaments through catenins (46). To
investigate whether gE might disturb F-actin organization by
an interaction with catenins, MDCK-gE cells were examined
for colocalization of gE with a-catenin and b-catenin by con-
focal microscopy. VZV gE did not appear to colocalize with
catenin proteins, indicating that gE may alter F-actin distribu-
tion by an indirect pathway (data not shown). F-actin organi-

FIG. 3. The effects of VZV gE on cell-cell adhesion and TJ formation. Clones of MDCK-gE and MDCK-gE/gI cells and MDCK controls were grown on glass
coverslips in LC or NC medium for 20 h. Cells were fixed and permeabilized before incubation with rabbit anti-ZO-1 and FITC-conjugated anti-rabbit IgG and were
examined by confocal microscopy. (A) Membrane staining with ZO-1 is observed at cell contacts between MDCK-gE and MDCK-gE/gI cells but not between MDCK
cells under LC conditions; MDCK cells under LC conditions have the characteristic morphology of single cells prior to triggering of monolayer formation by Ca21. With
the switch to NC medium, all cell lines have the expected localization of ZO-1 to cell-cell junctions. (B) diC8, a PKC agonist, permitted some localization of ZO-1 to
cell membranes in MDCK cells under LC conditions, and ZO-1 localization in MDCK-gE-expressing cells became extensive; the PKC inhibitor H7 partially blocked
TJ formation between MDCK-gE cells, resulting in a punctate pattern of ZO-1 under LC conditions. Arrows, ZO-1 protein.
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zation was similar in MDCK-gE/gI cells and MDCK cells,
suggesting that gI binding to gE diminished the disruption of
cytoskeletal protein organization induced by gE.

Cellular lipids were stained with CM-DiI and anti-ZO-1
antibody (Fig. 4). At 10 h, staining by CM-DiI was extensive in
plasma membranes of all cell lines (data not shown). By 23 h,
lipid staining remained somewhat more predominant in the
plasma membrane of MDCK-gE cells than in MDCK cells.
The pattern of lipid localization in MDCK-gE/gI cells was similar
to that observed in MDCK cells; in both cases, lipids were shown
to be evenly distributed throughout the cytoplasm (Fig. 4).

Sequence homologies with cadherins and MDCK desmo-
collin. Computer-assisted amino acid similarity searches
(CLUSTALW and Swissprot BestFit) were used to determine
relationships between VZV gE and HSV-1 gE and the cell ad-
hesion molecules E-cadherin and MDCK desmocollin (9, 13).
The multiple-amino-acid sequence alignment by CLUSTALW
and Swissprot BestFit indicated that the extracellular segments
of VZV gE, E-cadherin, and desmocollin were similar in size
and that these segments had regions of similarity and identity
not found in comparing their cytoplasmic components. Two
regions of the VZV gE ectodomain, amino acids 278 to 330
and 467 to 498, were shown to have high degrees of similarity
(43.4 and 37.5%) and identity (22.6 and 19%) with regions of
the cell adhesion molecules E-cadherin and desmocollin. In
contrast, HSV-1 gE amino acids 198 to 256 and 403 to 444 had
similarities of 25.0 and 11.9% and identities of 10.7 and 4.8%
(Fig. 8). The Genetics Computer Group (GCG) GAP program
was used to evaluate the significance of the alignment. This
program generated the average alignment score 6 standard
deviation, based on repeated randomized alignments, and this
average quality score was compared to the quality score of the
actual alignment. VZV gE amino acids 278 to 330 had a sig-
nificantly higher quality score than E-cadherin by this test (30
versus 15.4 6 5.6). We speculate that the gE 278-to-330 amino
acid sequence might be a functional domain of VZV gE that
enhances cell-cell contact, which we observed as partial TJ
formation under LC conditions and enhanced maximum TER
in gE- and gE/gI-expressing MDCK cells. VZV gE, consistent
with a capacity to enhance cell-cell contacts under LC condi-
tions (45), has none of the calcium binding motifs PENE, LDRE,
DQNDN, and DAD, which are common in cell adhesion mole-
cules (Fig. 8).

DISCUSSION

This investigation of gE and gI expression in MDCK cells
provides initial information about how these VZV proteins
may affect the structure and function of polarized epithelial
cells. VZV gE expression was associated with the translocation
of the TJ protein ZO-1 to cell membranes under LC condi-
tions, whether expressed with or without gI. This effect of gE
and gE/gI on the formation of MDCK cell-cell contacts was
Ca21 independent, in contrast to the requirement for Ca21

when it is mediated by E-cadherin. While most VZV gE was
intracellular in its distribution, evidence of gE colocalization
with the TJ protein ZO-1 with or without concomitant expres-
sion of gI was suggested by confocal microscopy. In contrast,

FIG. 4. Effect of expression of gE on ZO-1 and lipid diffusion in low-density cells. MDCK, MDCK-gE, and MDCK-gE/gI cells were grown on coverslips for 23 h.
Cells were stained with DiI to identify intracellular lipids, fixed, and permeabilized. The cells were incubated with rabbit anti-ZO-1 before incubation with
FITC-conjugated goat anti-rabbit IgG. Cells were examined by confocal microscopy. Bar, 5 mm. Arrows: left panel, cell membranes; middle and right panels, ZO-1 in
cell membranes.

FIG. 5. Development of TER in MDCK cells constitutively expressing VZV
gE, gI, or gE/gI. The kinetics of TER was measured sequentially over 54 h in
clones of VZV gE-, gI-, or gE/gI-expressing MDCK cells, tested from the time of
calcium switch, at time zero to NC conditions. The y axis indicates TER, and the
x axis indicates the time (hour) at which TER was measured. TER measurements
are given for MDCK, MDCK-gE, MDCK-gI, and MDCK-gE/gI cell lines in
NC medium; measurements were also made with MDCK (MDCK.LC) and
MDCK-gE (MDCK-gE.LC) cell lines in LC medium. The data are reported as
the means 6 standard deviations for three assays. At the end of each experiment,
filters were fixed and stained with Hoechst 33342 to confirm the integrity of the
monolayer.
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the homologous HSV gE protein localized with b-catenin and
the glycoprotein encoded by Us9 in the human CMV short
unique region were found with E-cadherin when expressed in
epithelial cells (15, 16, 33, 34). Experiments assessing TJ gate
function demonstrated that VZV gE, gI, and gE/gI expression
also accelerated the kinetics of induction and maximum TER
in MDCK cells.

Epithelial cell junction proteins move from the ER to form
complexes at the plasma membrane that include occludin,
ZO-1, ZO-2, cadherins, and catenins (8, 22, 26, 27, 39). When
epithelial cells are plated at confluence in calcium-sufficient
medium, they adhere to the substrate and form E-cadherin-
rich adherens junctions, while occludin and ZO-1 localize to
the subapical sites on lateral membranes, forming TJ. As the
most apical segment of the intercellular junctions within an
epithelial layer, TJ form a regulated seal that restricts paracel-
lular diffusion of ions and solutes and intramembrane diffusion
of lipids (21, 32). The E-cadherin–catenin complex is a Ca21-
regulated cell-cell adhesion complex; E-cadherin transport
from the ER to lateral membranes is mediated by b-catenin
binding to its cytoplasmic domain (10), and catenins anchor
E-cadherin to the cytoskeletal protein F-actin (46). ZO-1
mRNA transcription in MDCK cells is also regulated by cal-
cium (22). We found that VZV gE enhanced ZO-1 transloca-
tion to cell membranes in the absence of Ca21 triggering,
which was observed as partial TJ formation when MDCK-gE
cells were tested in calcium switch experiments performed at
low cell density. This effect on ZO-1 was maintained when gE
was expressed in the presence of gI. The mechanisms by which
gE may affect ZO-1 trafficking under LC conditions remain to
be determined. Whether gE functions as a PKC agonist like
diC8 to facilitate the translocation of ZO-1 or is directly in-
volved in TJ formation, or both, is not certain. Some additional
evidence that VZV gE or gE/gI may alter ZO-1 trafficking was

provided by the tendency of this TJ protein to appear on cell
membranes at the free margin of the monolayer after the
calcium switch, while it was rarely found in confluent mono-
layers of control MDCK cells.

The induction of membrane adhesion between gE- or gE/
gI-expressing MDCK cells incubated at low density and under
LC conditions suggests that VZV gE may have the capacity to
function as a Ca21-independent adhesion protein to enhance
cell-cell contact. Since gE has a large extracellular domain like
E-cadherin, one hypothesis is that gE may bind to a cell mem-
brane ligand on uninfected cells in proximity to the infected
cell, which could assist viral transport from infected cells. Al-
ternatively or in addition, gE could contribute to the fusion of
neighboring cells that were infected independently, since it
forms homodimers as well as heterodimers with gI (31, 42);
this mechanism would mimic dimer formation by the extracel-
lular domains of E-cadherin (57). Residues 278 to 330 and 467
to 498 in the ectodomain of gE have identities of 22.6 and
18.8% and similarities of 43.4 and 37.5%, respectively, with the
corresponding regions of E-cadherin and the MDCK cell ad-
hesion protein desmocollin, but predicted Ca21 binding resi-
dues are absent in VZV gE. These similarities between the
amino acid sequences of extracellular segments of gE and cell
adhesion molecules are only suggestive; whether they actually
represent functional domains of gE will require analysis in
mutagenesis experiments. However, this possibility is of inter-
est because VZV gE is a substantially larger molecule than its
counterparts in other herpesviruses, and its multifunctional
nature is becoming well documented (1, 12, 43).

The change in kinetics of induction and peak TER in
MDCK cells was a notable and reproducible effect of VZV gE,
gI, or gE/gI expression. Although the claudins and occludin are
known to be the critical molecules, how they are arranged to
form TJ strands is not clear; the molecular mechanisms that

FIG. 6. Freeze fracture electron microscopy of TJ strand organization in MDCK cells expressing VZV gE. The lower panel shows a freeze fracture replica of an
MDCK cell stably transfected with gE, demonstrating an exoplasmic fracture face of a representative TJ. The upper panel shows an exoplasmic fracture face of a
representative TJ in a nontransfected control MDCK cell. The appearance of the TJ is similar in both cells. Magnification, 362,500.
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account for the gate functions of TJ remain unresolved, but the
regulation of paracellular solute transport is an active process
that continues after TJ formation (54). Similar effects on TER
were reported with overexpression of occludin or a COOH-
terminal truncation of occludin in MDCK cells (7). However,
it is not likely that gE or gI has any direct occludin-like func-
tions, since gE and gI are type I transmembrane proteins. By
contrast, occludin and the 18 known claudins are all tetraspan
integral membrane proteins with both N and C termini in the
cytoplasm (49). Extracellular domains of occludin are unique
in that they have unusually high tyrosine and glycine content
(37). The unusual TER kinetics in MDCK cells expressing gE,
gE/gI, or gI is intriguing and indicates that viral proteins may
affect TJ regulation of paracellular ion diffusion, but specific
pathways cannot be suggested from current information.

In contrast to VZV, HSV-1 gE and gI accumulated at lateral
membranes and colocalized with b-catenin in endometrial ep-
ithelial (HEC-1A) cells and MDCK cells (17). The human
CMV glycoprotein Us9 colocalized with E-cadherin in a baso-
lateral distribution and with F-actin (33). Other differences
were that VZV gE trafficked to cell membranes with or without
gI in MDCK cells, albeit in limited amounts relative to intra-
cellular concentrations, whereas HSV gE required gI for its
translocation to plasma membranes and no colocalization of
HSV proteins with ZO-1 was observed. While these various
patterns suggest virologic differences, interpretations must be
tempered by the fact that these experiments were done using
different expression systems and different cellular substrates.
Although the effects of VZV gE on ZO-1 localization and
TER could be observed in the absence of gI, their occurrence
in the presence of gI is important if a functional role in virus-
infected cells is to be considered, because gE typically forms
heterodimers with gI during VZV replication.

Dingwell and Johnson have suggested that targeting of cer-

tain herpesvirus glycoproteins to regions of epithelial cell con-
tact and their interaction with cell junction proteins facilitate
the movement of virions into uninfected cells by creating mem-
brane fusion or enable virion release into intercellular spaces,
followed by fusion of the viral envelope to the uninfected cell
membrane (17). A second hypothesis, which was suggested for
human CMV Us9, is that the viral glycoproteins destabilize the
cellular proteins that constitute adherens junction complexes,
enhancing access to adjacent cells in epithelial tissues by dis-
ruption of basolateral membranes (33). We showed that VZV
gE and gE/gI complexes did not disturb TJ gate function, as
measured by TER. TJ gate function was also preserved in
epithelial cells expressing HSV-1 gE and gI (17). Our experi-
ments further demonstrated that TJ strands were structurally
intact by freeze fracture electron microscopy. Thus, the evi-
dence is that neither VZV nor HSV-1 gE or gE/gI complexes
disrupt the plasma membrane contacts that are generated by
cellular proteins. Our experiments indicate that VZV gE and
gE/gI actively promoted adhesion of epithelial cell membranes
and the establishment of TJ gate function. Although ZO-1 is at
the apex of the lateral membrane and b-catenins move to
lateral membrane segments below the TJ when MDCK cells
are confluent, trafficking of particular herpesvirus glycopro-
teins to either of these sites could fit the functional model that
gE and gI enhance membrane fusion or local release of virions
into intercellular spaces next to uninfected cells, as illustrated
by Dingwell and Johnson (17). The small-plaque phenotype
observed with deletion of VZV gI (11, 35) or with HSV-1 and
PRV gE and gE/gI deletion mutants (3, 17, 29, 30) could occur
if either fusion or release was impaired. In addition to having
pathogenic effects on epithelial cells, the alphaherpesviruses
are neurotropic and neuronal cells are also polarized (48).
Studies of HSV and PRV gE mutants or mutants that block the
formation of gE/gI heterodimers demonstrate that gE and the

FIG. 7. Effect of expression of gE on cell morphology and F-actin filament distribution. After 24 h of incubation in NC medium, MDCK, MDCK-gE, and
MDCK-gE/gI cells were fixed, labeled with 0.165 mM phalloidin, and examined by confocal microscopy. The panels show staining when cell monolayers were examined
as xy sections, showing the pattern detected at the apical (AP) level (upper row) and the basolateral (BL) level (lower row). Arrow, actin stress fibers; arrowhead, actin
in thick cortical bundles. Bar, 5 mm. Narrow panels at bottom show xz sections of cell monolayers.
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gE/gI complex make a critical contribution to central nervous
system spread in animal models, and recent PRV experiments
demonstrate that this effect is independent of the gE endocy-
tosis motif (3, 4, 16, 29, 30, 53, 56).

In cellular adherens junctions, cadherins and actin filaments
are aligned in bundles with the plasma membrane (38, 52).
Viral pathogens, especially poxviruses, have been shown to
manipulate cellular cytoskeletal components during replication
(14). In contrast to human CMV Us9 protein, VZV gE did not
colocalize with E-cadherin or F-actin (33). Nevertheless, VZV
gE expression appeared to disrupt the prominent bundles of
actin filaments that encircle the lateral membranes in associa-
tion with adherens junctions and induced the formation of
“stress” fibers. Since actin fibers are anchored to cadherins by
catenins, gE expression appears to disrupt this complex along
the lateral membrane (47). Of note, these changes in actin
were independent effects in gE-expressing cells and were not
associated with any altered ZO-1 localization, TJ gate function
as measured by TER, or TJ structure as visualized by freeze
fracture electron microscopy. These marked changes in the
cellular cytoskeleton may explain why it has been difficult to
generate and maintain VZV gE-expressing cell lines. The yield
of MDCK gE-expressing clones was much lower than that of
MDCK-gE/gI clones in our experiments. Although gI is dis-
pensable for VZV replication in Vero and melanoma cells, its
deletion resulted in a significant decrease in infectious-virus
yields, which may reflect the toxic effects of gE on cells when it
is not modulated by binding to gI (11, 35). In contrast, the
MDCK-gE/gI clones exhibited morphology, F-actin organiza-
tion, and lipid distribution patterns like those of control MD
CK cells. Thus, our experiments suggest that under the normal
conditions of VZV infection in which both gE and gI are
expressed, their synthesis and intracellular trafficking are asso-

ciated with preservation rather than with disorganization of the
links between membrane cadherins and the actin cytoskeleton
in epithelial cells. Cell-cell spread of VZV is associated with
the formation of distinctive “viral highways” that disappear
when gI is deleted (18, 35). Maintaining membrane and/or
cytoskeletal connections through dual expression of gE and gI
might be important during the early stages of VZV infection.

This analysis of VZV gE and gI in MDCK cells adds to the
accumulating evidence that some herpesvirus glycoproteins
may function to enhance contacts between epithelial cells and
suggests that these viral proteins have the capacity to facilitate
cell adhesion by pathways distinct from those of the Ca21-
dependent E-cadherin-like molecules.
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