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ABSTRACT
Tight junctions form a continuous intercellular barrier between epithelial cells that is required to
separate tissue spaces and regulate selective movement of solutes across the epithelium. They are
composed of strands containing integral membrane proteins (e.g., claudins, occludin and tricellulin,
junctional adhesion molecules and the coxsackie adenovirus receptor). These proteins are anchored
to the cytoskeleton via scaffolding proteins such as ZO-1 and ZO-2. In salivary glands, tight
junctions are involved in polarized saliva secretion and barrier maintenance between the
extracellular environment and the glandular lumen. This review seeks to provide an overview of
what is currently known, as well as the major questions and future research directions, regarding
tight junction expression, organization and function within salivary glands.
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Introduction

In epithelial cells, tight junctions (TJs) are considered
to be the principal structures that contribute to cell
polarity by acting as a barrier preventing lateral move-
ment of proteins between the apical and basolateral
membranes.1 TJs also form the primary barrier
against paracellular diffusion of solutes,2 thus main-
taining the selective transepithelial ion gradients
needed for saliva secretion.3 Moreover, TJs serve as
targets and effectors of signaling pathways that con-
trol gene expression, cell differentiation and prolifera-
tion.4 TJs appear as continuous belt-like structures in
electron microscopy pictures5 and as a branching
anastomosing network of strands in freeze fracture
replicas.6 These strands are composed of transmem-
brane proteins embedded within plasma membranes
of neighboring cells in which extracellular domains
interact to seal the intercellular junctions.7 The main
TJ proteins are claudins, occludin, tricellulin, junc-
tional adhesion molecules (JAMs) and the coxsackie
adenovirus receptor (CAR).8 These transmembrane
proteins are linked to the actin cytoskeleton via mem-
brane-anchored scaffolding proteins such as ZO-1
and ZO-2,9 indicating that the TJ complex is regulated
by the actin cytoskeleton.10 In salivary glands, TJs
allow unidirectional saliva secretion and maintain a
cellular barrier between blood and tissue fluids.11

Several studies have shown that TJ expression and
organization change during physiological and patho-
logical processes. For instance, salivary gland acini
allow paracellular flux of water while ducts remain
impermeable to water during saliva secretion.12 In
Sj€ogren’s syndrome (SS, an autoimmune disease that
causes salivary gland hypofunction), TJ expression
and organization are altered,13,14 indicating that they
have a significant role in maintaining intact salivary
gland functioning. This review seeks to provide an
overview of what is currently known, as well as the
major questions and future research directions,
regarding tight junction expression, organization and
function within salivary glands.

Structure of salivary glands

Salivary glands comprise multiple secretory units
(defined as acini) that are connected to the oral cavity
by way of salivary ducts. Humans and rodents possess
3 pairs of major salivary glands (parotid, submandibu-
lar and sublingual) as well as hundreds of minor sali-
vary glands located throughout the oral cavity.15

Salivary glands are also classified according to their
secretory product. For instance, serous glands produce
a watery secretion comprised almost exclusively of
proteins,16 while mucous glands produce a viscous
secretion rich in glycoproteins (i.e., mucins).16
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Likewise, there are also mixed serous/mucous glands
that produce both types of secretion. The cells of the
serous acini have a conical shaped appearance and the
nucleus is round and centrally located in the cyto-
plasm; by contrast, the cells of the mucous acini have
a flattened nucleus, as the mucous secretion tends to
push it to the periphery of the acinus.15 Parotid glands
are predominantly serous and both sublingual and
minor salivary glands are almost exclusively mucous.
Approximately 90% of saliva is produced by the major
salivary glands, with the remainder deriving from the
minor salivary glands.17

Myoepithelial cells are thin and spindle-shaped and
are sandwiched between the acinar and small ductal
epithelial cells, at one level, and the basement mem-
brane at another. They display features of both
smooth muscle and epithelium, such as numerous
microfilaments with focal densities in the cytoplasmic
processes and desmosomes, which attach them to the
epithelial cells. The cells of the intercalated duct are
cuboidal and mainly serve to connect acini with ducts.
The cells from the striated duct posses basal infoldings
at the basolateral side of the plasma membrane (typi-
cal of ion-pumping activity by the numerous mito-
chondria) and connect the intercalated ducts to the
interlobular duct.16 The structure of the salivary

glands and the presence of TJs within them are sum-
marized in Figure 1.

Saliva secretion

Saliva allows for the performance of basic functions
within the oral cavity (e.g., swallowing, digestion and pre-
vention of oral infections) and is a complex mixture
composed primarily of ions, electrolytes, proteins, glyco-
proteins and some lipids.18 Saliva from the major salivary
glands is first produced and secreted within the acini
(stage 1) and then modified as it passes through the sali-
vary ducts (stage 2).19 Fluid and electrolyte secretion in
acinar cells is initiated through stimulation of parasym-
pathetic nerves by the cholinergic agonist acetylcholine,20

whereas protein secretion is initiated through stimulation
of sympathetic nerves by the b-adrenergic agonist adren-
aline.21 During fluid and electrolyte secretion, acetylcho-
line stimulates G-protein coupled muscarinic receptors,
resulting in increased intracellular-free calcium concen-
tration [Ca2+]i as well as activation of Ca2+-dependent
apical Cl- and basolateral K+ channels.19 The stimulated
efflux of Cl- and K+ produces a transepithelial potential
difference that triggers transcellular water secretion (via
the water channel aquaporin-5) as well as paracellular
Na+ and water diffusion (via TJs).12 Primary saliva

Figure 1. Tight junction localization in salivary glands. This diagram depicts the basic structure of a salivary gland. In it, TJs are repre-
sented in contrasting colors on the basis of their localization within the gland (i.e., pink within the acinus, blue in intercalated ducts and
yellow in striated ducts) to illustrate changes in TJ composition due to differing functions within various salivary gland compartments.
Finally, the inset shows tight junction transmembrane proteins (i.e., occludin, claudins and JAM family members) that are linked to the
cytoskeleton via cytoplasmic ZO-1.
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becomes hypotonic as it passes through the ducts, due
both to actions of reabsorption (of Na+ and Cl-) and
secretion (of K+ and HCO3

-).22 During protein secretion,
adrenaline or norepinephrine stimulate G-protein-cou-
pled b-adrenergic receptors, thereby increasing cyclic
adenosine monophosphate (cAMP) and leading to
exocytosis.21

Previous studies suggest that TJ composition and
organization change not only during water secretion
but also during secretory granule exocytosis. Regard-
ing water secretion, studies using MDCK cells demon-
strated that TJs are water permeable and that
paracellular permeability is determined by the molec-
ular composition of the TJs.23 Furthermore, a lack of
aquaporin-5 causes reduction of water transport
through both the plasma membrane and the salivary
gland TJs.12 Concerning exocytosis, previous studies
showed that the driving force required to complete the
collapse of secretory granules is provided by the
recruitment of F-actin and nonmuscle myosin II on
the granule membranes in salivary glands.21 Likewise,
studies involving intestinal epithelium demonstrated
that F-actin and myosin contraction regulate TJs.24,25

Together, these studies indicate that water secretion
and secretory granule exocytosis in salivary glands are

regulated by changes in TJ composition and
organization.

Transmembrane tight junction proteins

Several TJ transmembrane proteins have been detected in
human and rodent salivary glands (e.g., claudins, occlu-
din and JAMs) will be discussed in this section; their
structure is shown in Figure 1 and their classification is
summarized in Table 1.

Claudins

Claudins, of which there are <27 members in humans
and rodents, are the backbone of TJ stands in that
they are capable of forming TJ without the aid of any
other transmembrane TJ proteins.7 Claudins span the
cellular membrane 4 times, with both N and C-termi-
nal ends located within the cytoplasm.26 Their C-ter-
minal ends vary among subtypes, as claudins posses
multiple phosphorylation sites and binding domains.27

Additionally, they have 2 well-conserved extracellular
loops that participate in a variety of homophilic and
heterophilic interactions (on the basis of their location
within a given tissue).26

Table 1. Tight junction expression in salivary glands. This table summarizes TJs detected to date (both in salivary glands and related cell
lines). Abbreviations within it are as follows: SMG: submandibular gland, PG: parotid gland, MSG: Major salivary glands, mSG: minor sali-
vary glands, Par-C10 and Pa4: rat parotid cell lines, HSG: human submandibular cell line and MG: Matrigel.

Claudin-1 Human SMG Human MSG Human MSG
Human Msg
Rat PG

Par-C10 HSG

Claudin-2 Human SMG Human MSG Human MSG SMG-C6 HSG
on MG

Claudin-3 Human SMG
Rabbit SMG

Human MSG
Mouse MSG

Human MSG
Mouse MSG

Par-C10 SMG-C6
HSG on MG

Claudin-4 Human SMG Human MSG Human MSG
Rat PG Mouse
SMG

Par-C10 SMG-C6
HSG on MG

Claudin-5 Human SMG Human MSG
Rat MSG

Claudin-6 E mouse SMG
Claudin-7 Human SMG

Mouse SMG
Human mSG

Claudin-8 E mouse SMG E mouse SMG
Claudin-10 E mouse SMG

E rat SMG
Par-C10

Claudin-11 Human SMG Human mSG
Claudin-12 Mouse SMG
Claudin-16 Human MSG Human MGS
Occludin Human MSG

Human mSG
Mouse SMG

Human MSG
Human mSG
Mouse SMG

Human MSG Pa-4 Par-C10
HSG on MG

JAM-A Human MSG Human MSG Par-C10 HSG
on MG

ZO-1 Human SMG Human MSG
Human mSG
Mouse SMG

Human MSG
Human mSG
Mouse SMG

Human MSG Par-C10
SMG-C6
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Claudins can be functionally divided into 3 groups: a)
those that seal the TJs (claudins 1, 3, 4, 5, 8, 11, 14 and
19), b) those that provide TJ paracellular permeability
(claudins 2 and 10), and c) those that perform both
functions (claudins 7, 12, 15 and 16).28 Structurally,
claudins can be subdivided into 2 groups, one of which
is highly homologous (claudin 1–10, 14, 15, 17 and 19)
and the other which is non-homologous (claudin 11–
13, 16, 18 and 20–27).29 Tissue-specific expression of
various claudin combinations have been shown to deter-
mine barrier characteristics.30 Specifically, expression of
claudin-5 tightly seals the paracellular TJ cleft,31 while
claudin-2 facilitates paracellular ion permeability.32 The
pore-forming function of specific claudins is mainly
determined by the first extracellular loop,32 while the
tightening of the paracellular TJ cleft is primarily regu-
lated by the second of these loops.33 Claudin-claudin
interactions in salivary glands have not yet been charac-
terized; however, multiple claudin combinations may
give rise to functional specificity in acinar and ductal
cells and are likely to regulate salivary gland functions.11

To date, claudins 1-8, 10, 11, 12 and 16 have been
detected in salivary glands and are detailed below.

Claudin-1
Claudin-1 was the first in its family to be identified34

and studies ablating claudin-1 expression in mice have
demonstrated that this protein is essential for epider-
mal barrier functioning. Specifically, claudin-1-defi-
cient mice lose high amounts of water due to
compromised epidermal barrier (despite the presence
of intact layering of keratinocytes). As a consequence,
mice had wrinkled skin and died within 1 d of birth.35

Furthermore, the first extracellular loop of claudin-1
possesses a sequence motif that contributes to the reg-
ulation of TJ structure and function and has been
shown to be critical for epithelial barrier integrity.36

Claudin-1 has been detected both in the interca-
lated and striated ducts from human major and minor
salivary glands as well as in rat parotid glands.37,38,39

Functional studies using Par-C10 cells showed that
claudin-1 downregulation was associated with disrup-
tion of TJ structure and function,40 and based on these
studies, claudin-1 is thought to determine barrier
function in serous salivary glands. However, future
studies will be necessary to understand how claudin-1
interacts with the full range of claudins and TJs for
salivary gland regulation.

Claudin-2
Similar to claudin-1, claudin-2 is capable of inducing
the formation of networks of strands and grooves at
cell–cell contact sites when introduced into fibroblasts
lacking TJs.34 Claudin-2 is mostly expressed in cation-
leaky epithelia (e.g., kidney proximal tubules); how-
ever, it is absent in the remaining distal nephrons,
which are considered to be tight epithelia.23,41,42 Fur-
thermore, mice that are deficient in this protein have
reduced rates of reabsorption for Na+ in the proximal
tubule, further supporting its role in paracellular
transport.43

In human major salivary glands, claudin-2 is
known to be expressed in mucous and serous acini as
well as in striated and intercalated ducts;39 by contrast,
it has not been detected in minor salivary glands.37,38

Previous studies have shown that claudin-2 contrib-
utes to permeability of water and Na+ in the kidney
proximal tubules.42,43 Therefore, it is likely that this
permeability function may also occur in salivary gland
acini; however, future studies will be needed for
confirmation.

Claudin-3
Claudin-3 expression has been demonstrated in respi-
ratory, urinary, gastrointestinal and mammary epithe-
lia.7 Additionally, this protein has been shown to be
part of the blood-brain and blood-testis barriers.44,45

Studies using kidney epithelium as a model have
determined that claudin-3 acts as a sealing component
of the TJ for ions of both charged and uncharged sol-
utes.46 In human and mouse salivary glands, claudin-3
is expressed in mucous and serous acini as well as in
intercalated and striated ducts.37-39 Claudin-3 is
expressed in the SMG-C6 rat submandibular cell
line.40,47 Particularly, treatment of these cells with the
pro-inflammatory cytokine TNF-a reduced transepi-
thelial resistance (TER) and increased FITC-dextran
flux. In these studies, claudin-3 was down-regulated
and redistributed, whereas other claudin family mem-
bers were unaffected, thereby demonstrating a selec-
tive effect for this protein in submandibular epithelial
barrier function.47 Furthermore, overexpression of
claudin-3 in these cells prevented effects on barrier
function typically caused by TNF-a. Likewise, mecha-
nistic studies demonstrated that TNF-a-mediated
alteration of claudin-3 was dependent on Erk1/2 and
slug signaling.47 These results suggest claudin-3 plays
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a key role in the barrier function of the salivary
epithelium.

Claudin-4
Claudin-4 has been detected in diverse epithelia,
including renal, lung, intestinal and epidermal cells.7

Previous studies have found that claudin-4 is specifi-
cally induced during epithelial repair, while higher
claudin-4 expression levels are associated with intact
barrier functioning in injured human lungs.48 More-
over, recent studies involving claudin-4 knockout
mice suggest it may help to protect against acute lung
injury.49

In human salivary glands, claudin-4 has been
detected in both acinar and ductal cells,38,39 whereas
in rat parotid and mouse submandibular glands clau-
din-4 was detected only in ductal cells.37,50 Studies
involving SMG-C6 cells showed that claudin-4 is
required for paracellular permeability during agonist-
mediated fluid secretion51 and plays a crucial role in
AMPK-modulated paracellular permeability in these
cells.52 Taken together, these findings suggest that
claudin-4 is involved in regulation of barrier function-
ing during agonist-stimulated secretion in salivary
epithelium.

Claudin-5
Claudin-5 has been shown to be expressed in endothe-
lial cells from brain and lung vasculatures. This pro-
tein is also expressed in liver and dermal vascular
endothelia as well as in the blood-brain barrier.53

Claudin-5 is a key component of TJ strands, the role
of which is to selectively decrease their permeability to
ions.33 Furthermore, claudin-5 has been shown to
improve paracellular solute and water movement
across endothelial monolayers.53 The function of TJs
relies largely on homo- and hetero-philic interactions
of claudin-5 with other claudins.44 The expression of
claudin-5 in the major salivary glands of humans and
rats has been shown to be restricted to endothelial
cells surrounding acinar and ductal cells.37,39 The
function of claudin-5 in salivary glands is unknown;
however, based on its location, it is likely involved in
controlling nutrient supply from blood to salivary
glands, a hypothesis that must be confirmed by further
studies.

Claudin-6
Claudin-6 is mostly expressed during prenatal devel-
opmental stages.54 In adult mammalian tissues, clau-
din-6 was reported in the kidney,55 taste buds56 and
mammary gland.57 In embryos and neonates, claudin-
6 has been found in the kidney,55 liver 58 and periderm
of the skin.59 Other studies have shown that claudin-6
is present in undifferentiated stem cells and its expres-
sion decreases together with a downregulation of the
pluripotent factors Oct4, Nanog and Sox2.60 In mouse
salivary glands, claudin-6 is expressed apically in the
ducts at embryonic day 16 and completely absent after
birth.50 These studies suggest that claudin-6 may play
a role in epithelial differentiation from stem cells;
however, future studies will be needed to determine
whether claudin-6 is also involved in salivary gland
morphogenesis.

Claudin-7
Claudin-7 is expressed in various epithelial tissues,
with the lung and the aldosterone-sensitive distal
nephron of the kidney having the highest levels.61,62

Mice lacking claudin-7 were shown to have urinary
salt wasting, dehydration, and growth retardation as
well as to die within 12 d of birth.63 It appears to act
as a paracellular Cl- pore, given that the distal nephron
mediates electrogenic Na+ reabsorption and is accom-
panied by passive paracellular Cl- transport. Another
unique feature of claudin-7 is that it is strongly
expressed in the basolateral membrane of many tis-
sues and interacts with various adhesion molecules, all
of which suggests a role in regulating cell-cell adhesion
and cell motility.64

In human minor salivary glands, claudin-7 is
expressed in ductal cells across the lifespan (i.e., from
the early developmental stages through adulthood).38

Finally, previous studies in parotid glands have shown
that mice lacking the water channel aquaporin-5 dis-
played claudin-7 downregulation.12 These results fur-
ther indicate that claudin-7 plays an important role in
the regulation of water transport in salivary glands.

Claudin-8
Claudin-8 is expressed in intestinal, kidney, inner ear,
mammary and bladder epithelium.61,65,66 The function
of this protein can be highlighted in mice lacking clau-
din-8, which have been shown to develop hypoten-
sion, hypochloremia, and metabolic alkalosis.67

Claudin-8 functions as anion-selective channel and as
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a Na+ barrier or a Cl- pore.68. In mouse submandibu-
lar glands, claudin-8 has been detected in the ducts
and terminal tubules at both the pre- and post-natal
stages;50 however, further research is needed to deter-
mine its function and expression patterns in human
salivary glands.

Claudin-10
Claudin-10 is expressed in a variety of tissues, includ-
ing the kidney, intestine, lung and heart.69 The 2 iso-
forms of claudin-10 are 10a and 10b; while 10a serves
as an anion pore, claudin-10b acts as a strong cation-
permeating channel.69 In mouse submandibular
glands, claudin-10 is expressed in the terminal tubules,
where it is co-localized with ZO-1;50 however, studies
involving rat major salivary glands indicate that clau-
din-10 is also present at the basolateral region of aci-
nar cells, demonstrating an ectopic subcellular
localization where TJ strands do not exist.70

Claudin-11
Claudin-11 appears to have a wide variety of functions
in mammals. First, it determines the permeability
between layers of myelin sheaths.71 Second, claudin-
11 is present in Sertoli cells and is apparently involved
in spermatogenesis,72 based on the observation that
male claudin-11 knockout mice lose spermatocyte dif-
ferentiation and are consequently sterile.72 Third,
these mice display inner ear deafness due to a disap-
pearance of TJs from the basal cells and the resulting
loss of endocochlear potential, thereby indicating a
further role of claudin-11 in hearing.73 Taken
together, these studies indicate the claudin-11 pos-
sesses a wide variety of functions depending upon the
cell system in which it is involved. As for the specific
role in this protein in salivary glands, relatively little is
known. To date, we know that claudin-11 is expressed
in cytoplasm from ductal cells but is absent in acinar
cells38 and that it is also expressed in the terminal
tubules (precursors of acini) and ducts, where it is co-
localized with ZO-1.50 Consequently, further investi-
gation of the role of this protein is warranted (particu-
larly in light of its varied expression patterns, as
detailed above).

Claudin-12
Claudin-12 is atypical in that its extracellular loops
display a low level of homology with other claudins.
Furthermore, this protein is unlikely to interact with

ZO-1, as it lacks the C-terminal PDZ binding domain
found in other claudins.29 Claudin-12 has been local-
ized in the blood-brain barrier, inner ear and intestinal
epithelium74 and it appears necessary for vitamin D-
dependent Ca2+ absorption in intestinal epithelium.75

Regarding its role in salivary glands, recent studies
found that claudin-12 is expressed in mouse subman-
dibular glands and that it was up-regulated in sub-
mandibular glands from NOD/ShiLtJ SS mouse model
(as compared to healthy mice).14 These studies indi-
cate a role for claudin-12 in salivary gland inflamma-
tion; however, future studies will be necessary to
better understand the role of claudin-12 in salivary
glands as well as in other tissues.

Claudin-16
Claudin-16 is expressed in several tissues (e.g., in the kid-
ney,76 mammary glands77 and enamel)78 and mutations
of this protein cause familial hypomagnesemia, hypercal-
ciuria, and nephrocalcinosis.79 When claudin-16 is miss-
ing, magnesium does not return from the renal tubules to
the blood and is lost in the urine,80 that in turn leads to
hypomagnesemia. These studies indicate that claudin-16
provides a cation-selective channel in the renal tubule,
which is significant because similar functions could occur
in salivary glands.

In human major salivary glands, claudin-16 has been
detected at the basolateral pole of the acini and the apical
region of the ducts. While its significance for acini func-
tioning is unknown, the ductal placement of this protein
strongly suggests a role in calcium andmagnesium trans-
port.81 As such, further studies are needed to confirm the
significance of cluadin-16 for ductal functioning and
exploratory studies are warranted to determine its poten-
tial significance in the acini.

Occludin

Occludin is a transmembrane TJ protein formed by a
multidomain tetraspan structure, with individual
domains exhibiting distinct functions and regulatory
features.82 The extended C-terminus is essential for
occludin interactions with ZO-1, subsequently medi-
ating its intracellular trafficking to the plasma mem-
brane TJ site.83 The C-terminus also has essential
signaling functions and mediates occludin dimeriza-
tion,84 with previous studies suggesting a possible
copolymerization with claudins for proper stabiliza-
tion of TJ strands.85 Occludin is localized in a variety
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of tissues (e.g., in renal, intestinal and gastric epithelia
as well as in endothelial and brain cells).86 There is an
ongoing controversy regarding the roles of occludin in
TJ regulation in various epithelia.87,88 Specifically,
occludin knockout mice have not demonstrated per-
meability defects;88 likewise, siRNA mediated knock-
down of occludin have not been shown to affect TJ
structure and permeability.89 Furthermore, although
overexpression of dominant-negative occludin con-
structs 90 or cell exposure to occludin-derived peptides
appear to disrupt TJ,82 these effects may suggest high
levels of hydrophobic polypeptides and do not reliably
indicate the patterning of epithelial TJs.

In human major salivary glands, occludin was
detected in ductal and acinar cells as well as in endo-
thelial cells surrounding the epithelium.39 Further-
more, occludin has been shown to be expressed in
acini and ducts from human minor salivary and
mouse submandibular glands;14 likewise, this protein
has been found in cell lines of salivary gland origin
(e.g., in polarized Par-C10 and SMIE cells).40,91

Finally, mice lacking occludin showed loss of cyto-
plasmic granules in striated ducts from salivary
glands,92 suggesting that occludin may control salivary
gland phenotype in both acinar and ductal structures.

The functional role of occludin in salivary gland TJs
has been demonstrated though studies involving
polarized cell lines. In rat parotid Pa-4 cells, transfec-
tion of an oncogenic Raf-1 resulted in a complete loss
of TJ function (and the acquisition of a stratified phe-
notype that lacked cell–cell contact growth control).93

Specifically, occludin and claudin-1 expression was
downregulated and ZO-1 and E-cadherin organization
patterns were altered. Interestingly, introduction of
the human occludin gene into Raf-1–activated Pa-4
cells restored the monolayer phenotype and func-
tion.93 Another study involving murine submandibu-
lar gland carcinoma cells expressed an N-terminally
truncated occludin construct that decreased TER and
paracellular permeability to 4-42 kDa tracers.94

Together, the above results indicate that occludin
plays a critical role in TJ barrier functioning within
salivary epithelium.

Junctional adhesion molecules (JAM)

Junction adhesion molecules (JAM) are a family of
proteins that includes JAM-A, JAM-B, JAM-C,
JAM-4, JAM-L and CAR.95 Unlike occludin and

claudins, JAM proteins have a single transmem-
brane domain.96 JAM-A has been detected in polar-
ized epithelial and endothelial cells and is also
believed to contribute to the adhesion and transmi-
gration of monocytes through endothelial cells.97 In
fact, studies involving JAM-A-deficient epithelial
cells and JAM-A knockout mice indicate that this
protein is an important regulator of epithelial para-
cellular permeability.98 More recently, it was shown
to be required for establishment of viremia and viral
spread to sites of secondary replication.99 In human
major salivary glands, JAM-A is the only member of
its family that has been detected in acini and
ducts.39 Given the role of JAM-A in regulating para-
cellular permeability, it appears likely that a similar
function may occur in salivary glands; however, fur-
ther studies are needed to explore this possibility.

Tight junction plaque proteins

The TJ plaque is a region of cytoplasm underlying
transmembrane TJs that contains multiple protein
complexes with varied functions (e.g., scaffolding of
membrane proteins, regulation of cytoskeletal organi-
zation and establishment of polarity and cell signal-
ing).100 The TJ plaque is mainly formed by proteins
containing PDZ domains that contribute to TJ assem-
bly and epithelial barrier formation;100 however, TJ
plaque also contains proteins lacking PDZ domains
that are involved in the regulation of signaling.101 TJ
plaque proteins that contain PDZ domains are: 1) ZO
proteins: ZO-1, ZO-2 and ZO-3; 2) membrane-associ-
ated guanylate kinase inverted proteins (MAGIs):
MAGI-1 and MAGI-3; 3) the multi-PDZ protein
MUPP1; 4) the Ras target protein AF-6/afadin and 5)
PAR proteins: PAR-3, PAR-6, PALS-1, and PATJ.102

TJ plaque proteins that do not contain PDZ domains
are: 1) the cingulin and JACOP/paracingulin proteins,
which seem to be specifically expressed in epithelial
tissues and mainly interact with ZO-1; 2) angiomotin
family members: Angiomotin (Amot), JEAP (Angio-
motin-like-protein1) and MASCOT (Angiomotin-
like-protein-2), which appear to be important for tis-
sue morphogenesis; 3) small GTPases, which regulate
assembly of TJs and 4) Symplekin (a protein with dual
location in TJs and cell nucleus), which contribute to
TJ integrity of the epithelial monolayer and cellular
polarity.101 The TJ plaque proteins listed above are
numerous; however, among them only the ZO-1
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protein has been found in mammalian salivary gland
epithelium to date (and for that reason the discussion
will focus on this protein). As such, the unexplored TJ
plaque proteins within salivary plaque present a much
needed and likely fruitful area for future research.

ZO-1 is a scaffolding protein of the membrane-
associated guanylate kinases (MAGUK) family. It
possesses 3 PDZ domains, one SH3 domain, and one
guanylate kinase (GuK) domain.103 ZO-1 also inter-
acts with other cytoplasmic proteins (e.g., ZO-2 and
ZO-3, which are homologues of ZO-1) and with the
actin cytoskeleton,104 as well as with F-actin and trans-
membrane TJ proteins.105 In addition to their struc-
tural function at cell-cell contacts, ZO-1 appears to
participate in the regulation of cell growth and prolif-
eration.106 Furthermore, the amino acid sequences of
ZO-1, ZO-2 and ZO-3 exhibit conserved functional
nuclear localization and export motifs.107 ZO proteins
also interact with dual residency proteins found within
the plasma membrane and the nucleus,108 and its pri-
mary function is highlighted in studies involving use
of ZO-1 knockout mice that die during gestation
(highlighted by the fact that no viable embryos lacking
this protein were found beyond embryonic day 11.5).
Additionally, these mice showed disturbed yolk sac
angiogenesis and delayed embryonic growth. Interest-
ingly, deficiency of ZO-1 did not exert any effects on
the localization of ZO-2/ZO-3 at junctional sites but
did induce mislocalization of endothelial JAMs in the
yolk sac,109 which might explain the disturbance of
vascular development. ZO-1 is expressed in acini,
ducts, and inter-glandular endothelial cells from
human major salivary glands and mouse submandibu-
lar glands 14,39,81 and is also co-localized with claudin-
16 at the excretory duct of human major salivary
glands.81 ZO-1 has been used as a marker for salivary
gland polarity and differentiation;110 however, further
studies are needed to determine the molecular mecha-
nisms by which ZO-1 modulates TJs in salivary
glands.

Models available to study tight junctions
in salivary glands

Several salivary gland epithelial cells lines are available to
the research community for the study of TJs. Specifically,
rat parotid Par-C10 and Par-C5 cell lines, rat submandib-
ular SMG-C6, SMG-C10 and SMIE cell lines, the human
parotid HSY cell line as well as the human

submandibular HSG cell line have each been useful for
understanding the barrier functioning of salivary epithe-
lium.111 Par-C10 cells form polarized monolayers
(expressing occludin, claudin-1, -3, -4, -10, JAM-A and
ZO-1) when cultured on permeable supports (i.e., in a 2-
dimensional culture) and acinar spheres when single cells
are grown on Matrigel (i.e., in a 3-dimensional cul-
ture).40,112 Studies using SMG-C6 have demonstrated
that claudin-4 is required for modulation of paracellular
permeability by muscarinic acetylcholine receptors in
epithelial cells,51 while additional studies with the same
cell line have indicated that claudin-3 plays a role in
TNF-a-modulated paracellular permeability.47 More-
over, SMIE cells have been shown to display selective bar-
rier functioning and fluid transport,91,113 while it has been
demonstrated that HSY cells form polarized monolayers
that respond to growth factors related to salivary gland
morphogenesis.114 Finally, HSG cells are known to
express TJ proteins (i.e., occludin, claudin-1, -2, -3, -4,
JAM-A and ZO-1) as well and aquaporin-5 when grown
on permeable supports and coated with Matrigel but do
not display these features when grown on plastic.115 In
summary, the above models have proven useful for
examining TJ expression, morphology, organization, ion
transport and barrier functioning and present many
options for future research on TJs (i.e., individual proper-
ties and interactions) in salivary glands.

Several recent studies have demonstrated that TJs
can be formed from primary salivary in vitro,110,116-119

an advance which can be used to study barrier func-
tion of the salivary epithelium in a system that more
closely resembles native tissue. Furthermore, the use
of knockout mice for the various TJ proteins will also
prove useful in determining the role of these proteins
for in vivo salivary gland functioning. Finally, further
study is needed to determine the role of specific TJs in
modulating fluid secretion and secretory granule
exocytosis.

Tight junctions in salivary gland dysfunction

SS is an autoimmune disease characterized by chronic
inflammation of salivary and lacrimal glands that pro-
gressively decreases secretion of saliva and tears, thereby
leading to dryness in the mouth and eyes. 120 The dimin-
ished function of exocrine glands in SS is commonly
associated with extensive lymphocytic infiltration, acinar
destruction, and local production of proinflammatory
cytokines (e.g., tumor necrosis factor-a (TNF-a),
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interferon-g (IFN-g), interleukin (IL)-1b, IL-6, and IL-
10).121 Despite extensivemolecular, histological, and clin-
ical studies, the cause and cure for SS remain largely
unknown. Alternation of TJ expression and organization
has been demonstrated in salivary glands with SS, sug-
gesting a central role for these proteins in the study of sal-
ivary gland dysfunction. Specifically, ZO-1 and occludin
were shown to be down-regulated, claudin-1 and clau-
din-4 were overexpressed in minor salivary glands from
SS patients, and claudin-1 and -4 were redistributed from
the apical to the basolateral side of acinar cells.13 More-
over, SS-related pro-inflammatory cytokines have been
shown to compromise TJ integrity, thereby resulting in
salivary epithelial dysfunction in vitro.40,112 Particularly,
the pro-inflammatory cytokines TNF-a and/or IFN-g
have been shown to disrupt barrier functioning in Par-
C10 cell monolayers. Such disruption is associated with
changes in cell and TJ morphology as well as decreased
expression of the TJ protein claudin-1, alterations that
correlate with decreases in TER and agonist-induced
anion secretion along with increases in paracellular per-
meability of normally impermeant proteins.40 Thus,
TNF-a and IFN-g contribute to secretory dysfunction in
SS by disrupting TJ integrity. Taken together, these stud-
ies suggest that TJ structure and function are altered in
connection with SS; however, further investigation is
needed to confirm and extend these findings.

Finally, TJs have not been studied in relation to sev-
eral important salivary gland conditions (e.g., salivary
gland cancer, hyposalivation due to head and neck
radiation therapy related to this and other cancers,
medications with xerostomia as a side effect, and all
developmental disorders with a salivary gland compo-
nent). Such areas of study are wide open for future
investigation and offer a high degree of reward for
efforts to pursue them.

Conclusion

TJ expression patterns in human and rodent sali-
vary glands have been detailed and the current
models available for the study of barrier function-
ing have been described in this review. The benefits
of studying TJs in salivary glands is well-estab-
lished; moreover, rapidly improving tissue culture
techniques and bioengineering approaches, together
with the availability of knockout mouse models for
many of the TJs, offer the promise of continued
advances for this endeavor.
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