
&p.1:Abstract There are no reported, convenient in vitro
models for studying polarized functions in salivary epi-
thelial cells. Accordingly, we examined three often-used
salivary cell lines for their ability to form a polarized
monolayer on permeable, collagen-coated polycarbonate
filters. Only the SMIE line, derived from rat submandib-
ular gland, had this ability. The SMIE cell monolayer ex-
hibited junctional complexes, with a tight-junction-asso-
ciated protein, ZO-1, localized to cell–cell contact areas.
The Na+/K+-ATPase α1-subunit was detected predomi-
nantly in the basolateral membranes, while the Na+/H+

exchanger isoform 2 appeared primarily in the apical
membranes. Using adenovirus-mediated cDNA transfer,
SMIE cells were shown to be capable of routing marker
proteins (β-galactosidase ± a nuclear targeting signal,
α1-antitrypsin, aquaporin-1) to appropriate locations.
Furthermore, this salivary cell monolayer provided a
convenient tool for studying aquaporin-1-mediated, os-
motically directed, transepithelial fluid movement in vit-
ro. Thus, SMIE cells appear to be a useful experimental
model with which to study some polarized functions in a
salivary epithelial cell line.
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Introduction

Salivary glands have long been used as models for study-
ing exocrine physiology due to their convenient anatomi-
cal position, and the fact that their epithelial cells carry
out specialized vectorial transport functions. The acinar
cells (and possibly the intercalated duct cells) are consid-
ered relatively water permeable and secrete an isotonic
plasma-like primary fluid, whereas most duct cells are
considered relatively water impermeable and resorb Na+

and Cl– ions, resulting in a hypotonic final saliva being
secreted into the mouth [2, 5, 27]. As with other epithe-
lia, the formation and maintenance of the salt gradients
is a result of the polarized organization of cells into spe-
cific apical and basolateral plasma membrane domains.
The two domains are morphologically and biochemically
distinct, separated by tight junctions, and are composed
of different proteins and lipids [22].

The mechanisms underlying the polarized distribution
of plasma membrane proteins to the apical and the baso-
lateral domains are, thus, of fundamental importance for
understanding the secretory and absorptive functions of
salivary glands. General studies of the mechanisms re-
sponsible for epithelial cell polarity have been aided great-
ly by the availability of epithelial cell lines which, when
grown in vitro on permeable substrata, retain key aspects
of the morphological and functional polarity associated
with naturally occurring epithelia [4]. Indeed, a number of
epithelial cell lines have been extensively characterized in
this regard, including MDCK from dog kidney [4], LLC-
PK1 from pig kidney [23], A6 from toad bladder [20],
Caco-2 from a human colonic tumor [10] and T84 from a
human colonic carcinoma [9]. There are no reports of such
information on cells derived from salivary glands. Herein,
we describe an in vitro model system useful for studying
polarized functions in a salivary epithelial cell line.

X. He · J.A. Kulakusky · C. Zheng · C. Delporte · B.J. Baum (✉)
Gene Therapy and Therapeutics Branch,
National Institute of Dental Research, 10 Center Drive,
MSC 1190, Bldg 10/Rm 1N113, Bethesda MD 20892-1190, USA

G.A.J. Kuijpers · G. Goping · H.B. Pollard
Department of Anatomy and Cell Biology,
Uniformed Services University of the Heath Sciences,
Bethesda MD 20814, USA

C.-M. Tse · M. Donowitz
Departments of Physiology and Medicine,
Division of Gastroenterology,
The Johns Hopkins University School of Medicine,
Baltimore MD 21205, USA

R.S. Redman
Oral Pathology Research Laboratory,
Department of Veterans Affairs Medical Center,
Washington DC 20422, USA&/fn-block:

Pflügers Arch – Eur J Physiol (1998) 435:375–381 © Springer-Verlag 1998

O R I G I N A L  A RT I C L E

&roles:Xinjun He · Gemma A. J. Kuijpers · Gertrud Goping
Jill A. Kulakusky · Changyu Zheng · Christine Delporte
Chung-Ming Tse · Robert S. Redman · Mark Donowitz
Harvey B. Pollard · Bruce J. Baum

A polarized salivary cell monolayer useful
for studying transepithelial fluid movement in vitro

&misc:Received: 16 September 1997 / Accepted: 17 September 1997



Materials and methods

Cell cultures

The SMIE cell line is derived from rat submandibular gland epithe-
lial cells immortalized with the adenovirus 12S E1A gene product
[12]. A5 cells are a clonal line derived from rat submandibular ducts
[11]. HSG cells are derived from an irradiated human submandibular
gland and were a generous gift of Dr. Mitsunabo Sato (Tokushima
University, Japan) [24]. SMIE and A5 cells were maintained on 100-
mm-diameter plastic Petri dishes (GibcoBRL, Gaithersburg, Md.,
USA) in a humidified incubator at 37°C under a 5% CO2 atmosphere
in Dulbecco’s modified Eagle’s medium (DMEM), with a low glu-
cose concentration (1.0 g/l) (Biofluids, Rockville, Md., USA), sup-
plemented with 10% heat-inactivated fetal bovine serum (HyClone,
Logan, Utah, USA), 100 units/ml penicillin, 100µg/ml streptomy-
cin, and 2 mM L-glutamine (Biofluids). HSG cells were grown in a
1:1 mixture of DMEM and Ham’s F-12 medium with the above sup-
plements. Cells were subcultured by trypsinization once a week and
fed every 2 or 3 days. For experiments, approximately 3×106 cells
were plated on 24.5-mm-diameter (4.71 cm2), 0.45-µm pore size,
types I and III collagen-coated, Transwell-Col polycarbonate filter
inserts (Costar, Cambridge, Mass., USA). The upper and lower
chambers contained 1.5 and 2.6 ml growth media, respectively.

Light and transmission electron microscopy

Cells grown on a polycarbonate filter were fixed in 2% glutaralde-
hyde in 0.1 N cacodylate buffer (pH 7.4) containing 2% sucrose for
1 h at room temperature. Filters with fixed cells were cut into small
pieces. Samples were washed in buffer for 3×10 min on ice, and
postfixed in 1% OsO4 containing 1% sucrose and 1% potassium
ferricyanide for 1 h on ice. In order to accurately identify the nature
of the components of the junctional complexes between cells [3],
the following preparatory steps were employed (Dr. M. Brightman,
NINDS, NIH, Bethesda, Md.,USA, personal communication).
Samples were washed for 3×5 min in cold 0.1 N sodium acetate
buffer (pH 5.0) at 4°C. Subsequently, en bloc staining of samples
was carried out with cold 1% uranyl acetate in 0.1 N sodium ace-
tate buffer overnight at 4°C. Samples were then washed 3×5 min in
cold sodium acetate buffer at 4°C. Finally, samples were washed
once more in 0.1 N cacodylate buffer, dehydrated through a graded
series of ethanol solutions, and embedded in Epon or Unicryl. Po-
lymerization of Unicryl was carried out by UV light at –50°C.

Semithin (0.8–1µm) sections were cut perpendicular to the sub-
stratum on a Reichert Ultracut FC4 ultramicrotome. Sections were
stained with toluidine blue for 3–6 min, washed with H2O, air-dried,
and embedded in Cytoseal 60 (Stephen Scientific, Riverdale, N.J.,
USA) for examination with a Zeiss Axiophot light microscope. Ul-
trathin sections (70–80 nm) were collected on 400-mesh hexagonal
Cu grids, stained with uranyl acetate and lead citrate in an LKB Ult-
rostainer (Bromma, Sweden), and examined using a Philips TEM
400 electron microscope at an accelerating voltage of 80 kV.

Laser scanning confocal microscopy

Cells grown on filters were subjected to immunofluorescence stain-
ing for either the α1-subunit of the Na+/K+-ATPase, the Na+/H+ ex-
changer isoform 2 (NHE2) or a tight-junction-associated protein
(ZO-1) according to the method described by Marrs et al. [17] with
minor modifications. Briefly, cells were rinsed with PBS (phos-
phate-buffered saline, pH 7.4, Biofluids) and fixed with prechilled
(–70°C) 100% methanol on dry-ice for 15 min. Fixed cells were
rinsed with PBS and blocked with 5% donkey serum (Jackson Im-
munoResearch, West Grove, Pa.,USA) in PBS containing 0.2% bo-
vine serum albumin (BSA, Calbiochem, La Jolla, Calif., USA) for
20 min. Cells were incubated for 1 h with primary antibodies – ei-
ther a monoclonal antibody against the α1-subunit of the Na+/K+-
ATPase (a gift of Dr. Michael Caplan, Yale University), a polyclo-
nal antibody against NHE2 [26] or a monoclonal antibody against

ZO-1 (Chemicon, Temecula, Calif., USA), a 225-kDa protein that
is localized exclusively to the cytoplasmic surface of the tight junc-
tions in a variety of epithelia [25]. Primary antibodies were diluted
1:250 in PBS containing 0.2% BSA. Cells were then washed for
3×5 min in PBS containing 0.2% BSA, and incubated for 20 min
with the secondary antibodies, fluorescein-isothiocyanate-(FITC-)
conjugated donkey anti-mouse or anti-rabbit immunoglobulin G
(IgG, Jackson ImmunoResearch) diluted 1:150 in PBS containing
0.2% BSA. Cells were then washed twice in PBS containing 0.2%
BSA, and twice in PBS alone. Pieces of filter with cells attached
were excised and mounted on Silanated glass slides (Digene,
Beltsville, Md., USA) in Citifluor glycerol/PBS mixture (Ted Pella,
Redding, Calif., USA). Slides were examined using a Nikon Opti-
phot II photomicroscope (Melville, N.Y., USA) equipped with an
MRC-1000 laser scanning confocal imaging system (Bio-Rad Life
Science, Hercules, Calif., USA), using a Krypton/Argon laser as
the light source, as recently described [6, 14].

Adenovirus-mediated cDNA transfer
and assessment of foreign protein routing

Cells grown on filters were infected with a multiplicity of infec-
tion ≈80 of either Ad.RSVβgal (a recombinant adenovirus encod-
ing β-galactosidase with a nuclear localization signal; [1]), Ad-
CMVβgal (a recombinant adenovirus encoding β-galactosidase
without a targeting signal; [1]), AdhAQP1 (a recombinant adeno-
virus encoding human aquaporin-1, an integral plasma membrane
protein; [7]), and Adα1AT (a recombinant adenovirus encoding
human α1-antitrypsin; [1]). One day following infection, cell cul-
tures were examined for the location of these proteins. β-Galacto-
sidase activity was detected histochemically using X-Gal (Boeh-
ringer Mannheim, Ind., IN, USA) as a chromogenic substrate [18].
Aquaporin-1 was detected by confocal microscopy, as above, us-
ing an affinity-purified antibody [16]. α1-Antitrypsin in culture
media and cell lysates was measured with an enzyme-linked im-
munosorbent assay (ELISA) assay as described [18].

Measurement of net fluid movement
across SMIE cell monolayers

Net fluid movement across SMIE cell monolayers in response to
an osmotic gradient was determined essentially as described previ-
ously [6, 7]. This method represents a modification of a technique
described originally by Neufeld et al. [19]. Briefly, SMIE cells
were grown to confluence on collagen-coated filter inserts as de-
scribed above, and then infected with AdhAQP1 [7] or AdCMV-
hGH, a genetically identical virus but which encodes human
growth hormone (He et al. manuscript submitted for publication),
at a multiplicity of infection of ≈5. After 24 h, the medium in the
apical chamber was removed and a hyperosmotic medium (440
mosmol/l, i.e. 100 mM sucrose in culture medium) added. The
medium in the basal chamber was replaced with fresh isosmotic
medium (340 mosmol/l; DMEM-low glucose, above). Transepi-
thelial fluid movement was measured after 60 min.

Results

Monolayer formation of SMIE cells grown
on permeable filters

Light microscopy examination of filters between 1 and 7
days of culture showed that SMIE cells formed a contin-
uous monolayer of uniform cells 1 day after plating on
the collagen-coated polycarbonate filters (Fig. 1A). Sev-
en days after plating the monolayer grew more compact,
with narrower but taller cells (Fig. 1B). These cells dis-
played the polygonal-shaped, cobblestone appearance
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that is characteristic of cultured epithelial cells. Electron
microscopy examination (Fig. 2) revealed that the apical
surfaces contain short microvilli whereas the lateral sur-
faces are characterized by numerous interdigitations. Nu-
clei were generally located basally, often beneath the
well-developed Golgi complex. Scattered profiles of
rough endoplasmic reticulum were present around the
nucleus and in the apical part of the cytosol. Mitochon-
dria were often observed adjacent to the cisternae of the
rough endoplasmic reticulum. Numerous free ribosomes
occurred throughout the cytoplasm. A single cilium was
occasionally observed on the apical surface of a cell (not
shown). When samples were prepared by block staining
with uranyl acetate [3], and embedded in the acrylic res-
in Unicryl, there was unequivocal evidence that tight
junctions with a pentalaminar appearance were present
between adjacent SMIE cells (Fig. 2). When cell mono-
layers were examined in the xy plane using an antibody
to detect ZO-1, a tight-junction-associated protein, im-

munofluorescence staining showed a characteristic [25]
perijunctional ring (Fig. 3). Using vertical optical sec-
tioning (xz plane), ZO-1 could be localized to sites of
cell–cell contact in the apical–lateral region (Fig. 3). Im-
mediately subjacent to the apical membrane, a meshwork
of fine filaments connected to the tight junctions (Fig. 2).
This was interpreted as a terminal web. Desmosomes
were also observed in cells, as soon as 1 day after plat-
ing, but were generally rudimentary and relatively un-
common (not shown). In Epon-embedded cells, tight
junctional ultrastructure was much less clearly defined
(not shown). In contrast to SMIE cells, A5 cells grew in
unpolarized, multiple layers and exhibited frequent
“holes” (not shown). HSG cells were unable to form an
intact monolayer on the filters used here.

Polarized distribution of membrane proteins

We next examined the SMIE cell monolayers to deter-
mine if they were able to maintain the ability to sort the
Na+/K+-ATPase correctly. This essential endogenous
plasma membrane protein is targeted to the basolateral
membrane domain of rat submandibular epithelial cells
in vivo [14]. The α1-subunit of the Na+/K+-ATPase was
detected solely on the cell surface of SMIE cells
(Fig. 4A). Specifically it was localized by xzvertical sec-
tion to the basolateral cell surface (Fig. 4B). By contrast,
a non-selective, general immunostaining of A5 cells was
evident throughout the plasma membrane (not shown).

We also examined SMIE cells for evidence of NHE2
[26]. Western blots of plasma membrane preparations
from SMIE cell cultures demonstrated the specific ex-
pression of NHE2 by these cells, while immunofluores-
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Fig. 1A, B SMIE cell monolayer grown in low-glucose medium
as seen by light microscopy. The cells form a continuous mono-
layer. A One day after plating. B Seven days after plating. Arrows
point to the collagen-coated polycarbonate filters. Bar = 50µm&/fig.c:

Fig. 2 Electron micrograph of
SMIE cells. Cells were cultured
for 4 days, and formed a con-
tinuous monolayer. Intracellu-
lar compartments that can be
clearly distinguished are nuclei,
mitochondria, lysosomes, the
Golgi system and endoplasmic
reticulum. Junctional complex-
es between cells are present at
the apical side of the cell layer
(thick arrow at top). Bar = 4 µm.
Inset: magnification of a junc-
tional complex between two
SMIE cells, indicated by the
thick arrow. Within this junc-
tional area distinct foci are
present (two thin arrows)
where the cell membranes are
so closely apposed that they
form tight junctions with a typ-
ical pentalaminar appearance
(“zonulae occludentes”).
Bar = 0.1µm&/fig.c:



cence staining of SMIE cell monolayers resulted in a fo-
cal, lace-like, regular pattern of NHE2 limited to the api-
cal portion of the cells (not shown). When these experi-
ments were repeated using an antibody preincubated with
an NHE2 fusion protein [26], Western blot and positive
immunofluorescence results were eliminated (not shown).

Assessment of foreign protein routing in SMIE cells

In order to determine if SMIE cells are able to route for-
eign proteins to their predicted locations, we infected
cells with several recombinant adenoviruses encoding
proteins with distinctive topographical distributions. We
chose to transfer the cDNAs using these viruses because
we observed that more traditional methods of cDNA
transfer (e.g. calcium phosphate precipitation, electrop-
oration) were inefficient; likely because of the cell’s
small size. As shown in Fig. 5A, when cells were infect-

ed with Ad.RSVβgal the encoded protein was found in
the nucleus, its expected location. If cells were infected
with AdCMVβgal, which lacks a nuclear localization
signal, the β-galactosidase was found in the cytoplasm
primarily (Fig. 5B). Aquaporin-1, which is not normally
produced by SMIE cells [7], was found entirely in the
plasma membrane following adenovirus-mediated cDNA
transfer (Fig. 5C, D). Finally, ≈92% of the α1-antitrypsin
produced by Adα1AT-infected SMIE cells was found in
the apical or basal chamber culture media, consistent
with its correct sorting as a secretory protein (apical me-
dia 3.4 ± 0.2µg; basal media 5.65 ± 0.22µg; cell lysate
0.78 ± 0.03µg; values represent the mean ± SEM of trip-
licate determinations of the total amount of α1-antitryp-
sin found in each compartment).
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Fig. 3 Immunolocalization of (ZO-1) in SMIE cells. SMIE cells
were grown on collagen-coated filters for 4 days, fixed and pro-
cessed for immunofluoescence using a monoclonal antibody
against ZO-1 as described in Materials and methods. The upper-
panel imageis a confocal micrograph of a horizontal (xy) optical
section through the SMIE cell monolayer at a level toward the
apical surface. The lower-panel imageis a confocal micrograph
of a vertical (xz) optical section of the cell monolayer at a z-step
of 0.2µm. The arrow is at the top of the collagen-coated polycar-
bonate filter&/fig.c:

Fig. 4A–C Immunolocalization of the Na+/K+-ATPase in SMIE
cells. SMIE cells, grown on collagen-coated polycarbonate filters,
were fixed and processed for immunofluorescence using a mono-
clonal antibody against the α1-subunit of the Na+/K+-ATPase as
described in Materials and methods. A A confocal micrograph of a
horizontal (xy) optical section through a SMIE cell monolayer of a
4-day-old culture at the level of the cell nuclei. B A confocal mi-
crograph of a vertical (xz) optical section of a SMIE cell monolay-
er cultured for 7 days. The negative control (C) shown is a 4-day-
old cell monolayer incubated with the secondary antibody only&/fig.c:



Assessment of fluid movement
across SMIE monolayers

Finally, we assessed the ability of the SMIE cell mono-
layer to serve as an epithelial barrier across which facili-
tated fluid movement could be measured. Previously, we
have reported that MDCK cell monolayers can be useful
for this purpose [6, 7]. As shown in Table 1, when SMIE
cell monolayers were infected with AdhAQP1, osmoti-
cally directed transepithelial fluid movement was ap-
proximately sixfold that seen with cells infected with a
control virus, AdCMVhGH. This control virus encodes a
transgene product, human growth hormone, which would
be unexpected to influence facilitated fluid movement.

Discussion

In this report we have described a rat submandibular
gland cell line, SMIE, which when cultured on collagen-

coated polycarbonate filters, forms an apparently intact,
uniform monolayer which exhibits a polarized morphol-
ogy, authentic tight junctions and a polarized membrane
protein distribution. The general morpholgical appear-
ance of these cells, however, is not that of a well-differ-
entiated salivary cell, but rather seems most consistent
with that of a glandular anlage in which a lumen has just
formed but further cytodifferentiation has not occurred
[21]. Additionally, we showed that SMIE cells are also
able to target foreign marker proteins, introduced using
recombinant adenoviruses, to their appropriate cellular
location. Finally, we have demonstrated that the SMIE
cell monolayer is useful for measurement of an impor-
tant epithelial function: osmotically directed fluid move-
ment. For this purpose we examined fluid movement
mediated by a transgene product, human aquaporin-1.
Our aggregate findings demonstrate that SMIE cells ap-
pear to provide a useful model for the study of some im-
portant polarized functions in salivary-gland-derived
cells in vitro.

Our interest in commencing these studies was as an
initial step to understand the mechanisms by which sali-
vary gland epithelia sort membrane proteins, and achieve
a functional polarity. There has been considerable study
of the mechanisms responsible for attainment of cell po-
larity and protein sorting in other epithelia. These studies
have been aided by the availability of several model cell
lines including MDCK (dog kidney), LLC-PK1 (pig kid-
ney), A6 (from toad bladder), and T84 and Caco-2 (hu-
man colonic tumors). These cells, however, may not be
entirely appropriate models for questions relevant to sali-
vary glands, as sorting pathways can vary among epithe-
lial subtypes. For example, as pointed out by Dempsey
and Coffey [8], MDCK cells generally target newly syn-
thesized membrane proteins directly to either the apical
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Table 1 Effect of AdhAQP1 infection on net fluid movement
across SMIE cell monolayers. SMIE cells were grown on filter in-
serts as described in the text and infected with either AdhAQP1
(encoding aquaporin-1) or AdCMVhGH (a genetically identical
virus but encoding a different transgene, human growth hormone)
at a multiplicity of infection ≈5. Transepithelial fluid movement
was measured after 60 min as described [7] (N = number of exper-
iments)&/tbl.c:&tbl.b:

Virus N Fluid movement (µl/cm2)

AdhAQP1 3 42.9 ±0.6*
AdCMVhGH 2 7.6 ±1.5

* Significantly different from results (mean ± SEM) with Ad-
CMVhGH-infected cells, t = 25.7, P<0.001&/tbl.b:

Fig. 5A–D Topographical lo-
calization of adenovirus-encod-
ed foreign proteins in SMIE
cells. A Cells infected with
Ad.RSVβgal (a recombinant
adenovirus encoding β-galacto-
sidase with a nuclear localiza-
tion signal); B cells infected
with AdCMVβgal (a recombi-
nant adenovirus encoding β-ga-
lactosidase without a targeting
signal); C, D confocal images
of cells infected with AdhAQP1
(a recombinant adenovirus en-
coding human aquaporin-1).
The image in C is of a horizon-
tal (xy) optical section, while
the image in D is of a vertical
(xz) optical section. Cells in A
and B were stained with X-Gal
substrate, and cells in C and D
were immunostained with the
affinity-purified antibody to
aquaporin-1, as described in
Materials and methods&/fig.c:



or basolateral domains while hepatocytes deliver all
newly synthesized membrane proteins to the basolateral
membrane and shuttle those intended for the apical
membrane by a transcytotic process. Furthermore, Caco-
2 cells deliver proteins to apical membranes by both di-
rect and indirect pathways. Thus, it seems clear that in
order to understand the pathways followed for protein
sorting in a particular cell type, it is most useful to study
an adequate model of the same cell type [15].

We also have compared SMIE cell behavior in vitro
with that of A5 cells, an often studied (e.g. [11, 28]) sali-
vary cell line with immune reactivity to all rat subman-
dibular gland ductal epithelia. A5 cells exhibited disor-
ganized, multilayer growth in vitro on the collagen-coat-
ed filters. No distinct basolateral-domain-specific distri-
bution of the α1-subunit of the Na+/K+ATPase was ap-
parent in these cells. Although also not directly present-
ed herein, we studied the growth and behavior of HSG
cells, another frequently studied salivary cell line (e.g.
[13, 24]), on collagen-coated filters. These cells are de-
rived from a human submandibular gland and reportedly
display intercalated-duct-cell-like characteristics. How-
ever, HSG cells were unable to form a morphologically
intact monolayer on the filters used here for growth. Oth-
er available salivary-gland-derived cell lines are much
less studied, and to our knowledge there have been no re-
ports, prior to this, of any salivary cell line able to form a
polarized monolayer in vitro.

Despite their polarized appearance and the presence of
tight junctions, initial examinations of paracellullar per-
meability showed that cultures of SMIE cells are quite
leaky. Measurements of transepithelial electrical resis-
tance were quite low, only ≈30 Ω. cm2 above the bare fil-
ter. Furthermore, the monolayer was also relatively per-
meable to the water-soluble, membrane-impermeant
probes mannitol and dextran (only approx. twofold great-
er restriction than bare filters alone). Mannitol flux, how-
ever, was approximately fourfold greater than dextran
flux. Thus, while the SMIE cell monolayer does not form
a tight functional barrier, it appears able to discriminate
differently sized molecules, and act as a selective molecu-
lar barrier. This view is further supported by the studies
presented herein of osmotically directed fluid movement
across SMIE cell monolayers. In the presence of an ex-
pressed transgene encoding aquaporin-1, fluid movement
across this in vitro epithelial barrier was markedly greater
than that seen in the presence of a control transgene.

In summary, from the results presented in this report
we suggest that the SMIE cell line should be a useful ex-
perimental tool in helping to understand some polarized
functions in a salivary epithelial cell line.
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