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Abstract Salivary, lacrimal and pancreatic secretions are known to account for mul-
tiple physiological functions. These exocrine secretions are watery fluids containing
electrolytes, and a mixture of proteins, and can be stimulated by a number of ago-
nists. Since water movement is involved in exocrine secretion, aquaporins (AQPs)
have been hypothesised to contribute to fluid production in exocrine glands. This
chapter will focus on the expression, localisation and function of AQPs in salivary
and lacrimal glands and pancreas. The role of multiple water and ion transporters
and channels in exocrine fluid secretion will also be reviewed. Finally, this chapter
will address the potential role of AQPs in Sjogren’s syndrome.
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1 Introduction

Aquaporins (AQPs), a family of water-permeable channel proteins, have been
shown to account for transcellular permeability in many organisms (Agre 2004;
Verkman 2005). As the main function of secretory glands is fluid secretion, hypoth-
esis was made that such glands could express AQPs. Numerous studies evaluated
the expression of AQPs in secretory glands, such as salivary and lacrimal glands,
and pancreas. Functional roles of AQPs in secretory glands have been investigated
using physiological and biochemical approaches, and analyzing the phenotype of
transgenic mice lacking an AQP.

In this chapter, an overview of the expression and role of aquaporins in secre-
tory tissues (salivary and lacrimal glands, and pancreas) and the role of AQPs in
Sjogren’s syndrome will be discussed.

2 Aquaporins

Based on membrane permeability measurements performed in epithelia and various
cell types, the existence of a protein channel allowing passage of water was hypoth-
esised for many years. The first water-specific channel, named CHIP28 (channel-
forming integral protein of 28 kDa) and renamed aquaporin-1 (AQP1), was isolated
from red blood cells as a 28-kDa protein, prior to it being cloned and biophysically
characterised (Smith and Agre 1991; Preston and Agre 1991; Preston et al. 1992).
AQP1 presents high amino acid homology with major intrinsic protein (MIP) of
the lens, indicating AQP1 is a member of the MIP family of membrane proteins
(Preston and Agre 1991). Since the discovery of AQP1, several other aquaporins
have been cloned from a wide range of organisms including mammals (Agre 2004;
Verkman 2005), anurans (Suzuki et al. 2007), yeast (Pettersson et al. 2005), bacteria
(Tanghe et al. 2006), parasites (Beitz 2006) and plants (Maurel 2007). In mammals,
aquaporin family has 13 members: AQPO to AQP12.

AQPs are small hydrophobic integral membrane proteins of approximately 270
amino acids. They exist as monomers of 28-30-kDa that can associate in tetramers
(Verbavatz et al. 1993). AQPs present six transmembrane domains in each monomer,
as well as three extracellular and two intracellular loops (Preston and Agre 2001).
Two repeating Asn-Pro-Ala (NPA) sequences, present in the first intracellular and
third extracellular loop, represent the amino acid signature sequence motifs of the
AQPs (Agre 2004). On the basis of their permeability characteristics and their amino
acid sequences, members of the AQPs family can be divided in three groups: aqua-
porins, aquaglyceroporins, and aquaporins containing unusual NPA motifs. Aqua-
porins (AQPO, AQP1, AQP2, AQP4, AQPS5, AQP6, AQPS8) are primarily permeable
to water, whereas aquaglyceroporins (AQP3, AQP7, AQP9, AQP10) also transport
glycerol and small solutes (Agre 2004; King et al. 2004; Takata et al. 2004; Krane
and Goldstein 2007). Aquaporins containing unusual NPA motifs appear to be more
distantly related to other mammalian aquaporins and aquaglyceroporins (Agre 2004;
Ishibashi 2006).
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3 Morphology of Salivary and Lacrimal Glands, and Pancreas

Typical exocrine secretory glands include salivary glands, lacrimal glands and pan-
creas. Exocrine secretory glands are multilobular tissues mainly composed of aci-
nar, ductal and myoepithelial cells. Acinar cells are the sites of synthesis, storage
and secretion of proteins. Acinar cells are either serous, mucous, or seromucous.
The terms serous and mucous derive from classical histological terminology defin-
ing the physical consistency of secretions of acinar cells as being either viscous or
watery, respectively (Denny et al. 1997). Mucous acinar cells secrete mucins-large
glycoproteins negatively charged, contributing to the viscosity of mucous secretions.
Serous acinar cells secrete a variety of proteins and lack mucins. Seromucous acinar
cells are more closely related to mucous than serous cells due to their functional and
biochemical properties, and their substantial secretion of mucins. Acinar cells drain
into the intercalated ducts, and groups of intercalated ducts converge into larger in-
tralobular ducts. These in turn drain into extralobular ducts and finally to the main
collecting duct (pancreas) or excretory ducts (salivary and lacrimal glands). The pri-
mary function of ductal cells is to modify the primary fluid secreted by acinar cells.
The multiple processes of myoepithelial cells surround the basal area of acinar and
ductal cells. Myoepithelial cells, containing o-smooth muscle actin, are thought to
contract and force fluid out of the ducts.

Salivary glands in mammals are composed of three major pairs of parotid, sub-
mandibular and sublingual glands, as well as numerous minor salivary glands scat-
tered throughout the oral cavity. Parotid glands of most species, including rodents
and human, are entirely composed of serous acinar cells, whereas submandibular
and sublingual glands contain both serous and mucous acinar cells. In human sub-
mandibular glands, serous acinar cells outnumber mucous acinar cells, whereas the
opposite is true for the human sublingual glands. Seromucous cells, featuring secre-
tory granules rich in sialomucin, are present in both submandibular and sublingual
glands. Lacrimal glands possess an acinous structure similar to salivary glands and
are made of serous acinar cells; the exocrine pancreas is also composed of serous
acinar cells. Contrary to salivary and lacrimal glands, the terminal portion of the
pancreatic duct system extends into the acini, so that flattened duct cells (known as
centroacinar cells) are interposed between some of the acinar cells and the lumen.
Salivary and lacrimal glands, and pancreas, possess intercalated ducts.

4 AQP Expression and Localisation in Salivary and Lacrimal
Glands and Pancreas

4.1 Salivary Glands

Parotid glands, both AQP1 mRNA and protein were detected in rats (Li et al. 1994)
(Table 1). Immunolocalisation studies revealed the presence of AQP1 on both apical
and basolateral membranes from non-fenestrated endothelial cells of capillaries and
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Table 1 AQPs expressed in salivary and lacrimal glands, and pancreas

Secretory gland AQP Cell type Subcellular localization Remarks
Rat Human
Salivary gland AQP1 Endothelial A+B A+B
myoepithelial
AQP3 Acinar B Controversy
AQP4 Ductal B Controversy
AQP5 Acinar A+B A+B B: controversy
SG Not confirmed
Ductal A Controversy
AQP8 Myoepithelial
Lacrimal gland AQP5 Acinar A
AQP4 Acinar B
Pancreas AQP1 Acinar SG Not confirmed
Endothelial A+B A+B
Ductal A+B A+B
AQP5 Ductal A A
AQP8 Acinar A A

A apical; B basolateral; SG secretory granules (see text for detail and references)

venules, while no labelling of the glandular tissue was detected (Li et al. 1994;
Nielsen et al. 1993; He et al. 1997; Delporte et al. 1997). In rat submandibular
glands, AQP1 is constitutively expressed in the microvasculature (King et al. 1997;
Akamatsu et al. 2003). In human parotid, submandibular and labial glands, AQP1
mRNA was seen (Gresz et al. 1999; Gresz et al. 2001; Wang et al. 2003) and AQP1
protein was located in myoepithelial and endothelial cells, rather than in glandular
tissues (Gresz et al. 1999; Gresz et al. 2001; Mobasheri and Marples 2004).

AQPS5 was detected in rat and mouse parotid, submandibular and sublingal glands
(King et al. 1997; Raina et al. 1995; Krane et al. 1999). In rat submandibular glands,
AQPS5 expression was noted in the apical membrane of serous acinar cells (He et al.
1997; Nielsen et al. 1997; Funaki et al. 1998). It was shown from Sprague—Dawley
rats that AQP5 expression level could be high or low in rat submandibular glands
(Murdiastuti et al. 2002). In animals expressing high levels of AQPS, the AQPS5 pro-
tein was identified at the apical, basal and lateral membranes of acinar cells, while
in animals expressing low levels of AQPS, the AQPS5 protein was located at the
apical and/or lateral membranes of acinar cells (Murdiastuti et al. 2002). AQP5 was
also detected in rat parotid acinar secretory granules, with amino and carboxyl do-
main of the protein being localized at the luminal side (Matsuki et al. 2005). While
most studies could not detect AQPS labelling in rat submandibular ductal cells (He
et al. 1997; Funaki et al. 1998; Murdiastuti et al. 2002), few studies reported AQPS
expression at the apical membranes of intercalated ducts in submandibular glands
(Nielsen et al. 1997; Matsuzaki et al. 1999) and intracellular in interlobular ducts
in parotid glands (Ishikawa et al. 2005). In rat minor salivary glands of the tongue,
AQPS5 was mainly located at the apical membranes of the acinar cells (Matsuzaki
et al. 2003). In human parotid, submandibular and labial glands, AQPS labelling was
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confined to the apical membrane of acinar cells, but absent in ductal cells (Wang
et al. 2003; Steinfeld et al. 2001).

Though originally AQP8 was reported as being expressed in rat salivary gland
acinar cells (Koyama et al. 1997; Wellner et al. 2000), it is now believed to be lo-
cated in myoepithelial cells (Elkjaer et al. 2001; Wellner et al. 2006). The expression
of AQP3 and AQP4 in salivary gland remains controversial. In rat submandibular
glands, AQP3 mRNA was noted (Akamatsu et al. 2003), but the expression of the
AQP3 protein was not observed (Nielsen et al. 1993; King et al. 1997). Although
not confirmed by others, AQP3 mRNA was detected in human parotid, submandibu-
lar, sublingual and labial glands, (Gresz et al. 2001; Wang et al. 2003) and AQP3
protein was localized at basal and lateral membranes of both serous and mucous aci-
nar cells (Gresz et al. 2001; Beroukas et al. 2002). In rat and human salivary glands,
AQP4 mRNA (Gresz et al. 2001; Wang et al. 2003; Akamatsu et al. 2003; Hasegawa
et al. 1994; Delporte and Steinfeld 2006), as well as AQP4 protein detection (Gresz
et al. 2001; King et al. 1997; Frigeri et al. 1995; Nielsen et al. 1997) was not con-
sistent. The detection of AQP6 and AQP7 mRNA in human parotid glands (Wang
et al. 2003) has not been confirmed by other studies.

4.2 Lacrimal Glands

In mouse extraorbital and intraorbital lacrimal glands, AQP4 labelling was located
at the basolateral membrane of acinar cells, while AQP5 was situated at the apical
membrane of acinar and ductal cells (Ishida et al. 1997; Hamann et al. 1998). In
response to pilocarpine-induced lacrimal secretion, the AQPS protein expression
was increased at the apical membrane of acinar cells (Ishida et al. 1997). In rat
extraorbital and intraorbital lacrimal glands, AQP5S mRNA was by Northern blot
analysis (Raina et al. 1995) and AQPS5 protein was exclusively located at the apical
membrane of acinar cells (Matsuzaki et al. 1999; Hamann et al. 1998; Funaki et al.
1998) (Table 1).

4.3 Pancreas

In rat exocrine pancreas, while AQP1, AQP4, AQP5 and AQP8 mRNA was de-
tected, only the expression of the AQP1, AQP5 and AQPS proteins was observed
(Hurley et al. 2001; Burghardt et al. 2003) (Table 1). AQP1 expression was seen
in rat intralobular and interlobular ducts (Furuya et al. 2002) and microvascula-
ture (Hurley et al. 2001), but not in acinar cells, centroacinar cells, and interca-
lated ducts (Furuya et al. 2002; Ko et al. 2002). In intralobular and interlobular
ductal cells, AQP1 was located at the apical and basolateral membranes, as well as
in caveolae and vesicle-like structures (Furuya et al. 2002; Ko et al. 2002). AQP1
was also found in pancreatic acinar zymogen granules (Cho et al. 2002). AQPS5
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was located at the apical membrane of centroacinar and intercalated ductal cells
(Burghardt et al. 2006). AQPS8 expression was confined to the apical membrane of
acinar cells (Hurley et al. 2001).

In human pancreas, while AQP1, AQP3, AQP4, AQP5 and AQP8 mRNA are noted,
only the expression of AQP1, AQP5 and AQPS8 protein was observed (Burghardt
et al. 2003). AQP1 was located in capillaries, centroacinar cells, and in both apical
and basolateral membranes of intercalated ductal cells (Burghardt et al. 2003). AQP5
was observed at the apical membrane of intercalated ductal cells, while AQP8 was
confined to the apical membrane of acinar cells (Burghardt et al. 2003).

AQP12 protein was noticed intracellularly in mouse pancreatic acinar cells (Itoh
et al. 2005).

5 Secretion and Fluid Transport Mechanisms in Salivary
Glands, Lacrimal Glands and Pancreas

5.1 Salivary Glands

The average daily output of saliva in man is about 750-1,000 ml. The functions of
saliva include protection and hydratation of mucosal structures within the oral cav-
ity, oropharynx and oesophagus. Saliva also contributes to initiation of digestion,
and contains many antimicrobial agents. Salivary dysfunction clinically manifests
as dysphagia, oral pain, dental caries, and infections from opportunistic microor-
ganisms (Ship et al. 2002).

Secretion of primary isotonic fluid by acinar cells into the lumen of the acini
requires coordinated regulation of many water and ion transporters and channels
(Fig. 1a) (Melvin et al. 2005; Turner and Sugiya 2002; McManaman et al. 2006).
The Na™ /K™ ATPase, located at the basolateral membrane of acinar cells, leads to
an inwardly-directed Na™ chemical gradient. The intracellular C1~ concentration is
increased beyond its electrochemical gradient by the Na* /K™ /2Cl~ co-transporter
using the Na%t gradient, located at the basolateral membrane, as well as by the
paired basolateral CI~ /HCO; and Na™ /HT exchangers. The opening of K™ and
CI™ channels, located respectively at both the basolateral and apical membranes,
is triggered by agonist-stimulation and subsequent intracellular Ca™ mobilization,
leading to negative electrical potential difference allowing passive movements of
cations across acinar cell tight junctions. HCO5' is secreted across the apical mem-
brane via an ion channel, possibly through the same CI™~ channel involved in C1™
secretion. Accumulation of ions into the lumen generates a transepithelial osmotic
gradient driving water movement through the apical AQPS channels and paracel-
lular pathways. While the primary isotonic fluid secretion passes through ducts,
NaCl is reabsorbed through Na™ channels, CI™ channels and Na™ / H™ exchangers,
while K* and HCO; are secreted via CI~ /HCO; and K* /H* exchangers. The fi-
nal hypotonic secreted saliva results from relative water impermeability of the ducts
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Fig. 1 Salivary, lacrimal and pancreatic secretions. Acinar cells (grey squares) secrete a primary
fluid which is modified by ductal cells (grey rectangles). Water and ion transporters and channels
expressed in acinar and ductal cells are indicated in figure (see text for details)
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(Mangos and McSherry 1970; Mangos et al. 1973; Baum 1993; Cook et al. 1994;
Turner and Sugiya 2002). The composition of saliva depends on both the origin of
the stimulation (sympathic or parasympathic) and the type of salivary gland stimu-
lated (Proctor and Carpenter 2007).

In rat parotid acinar secretory granules, inhibition of AQP5 induces secretory
granules swelling and lysis (Matsuki et al. 2005). Due to the involvement of AQPS
in the osmoregulation of rat parotid secretory granules and the hypothesis that AQPs
can function as osmosensors, rather that water channels (Shachar-Hill and Hill 2002;
Hill et al. 2004), AQPS5 is suggested to act as an osmosensor in these secretory
granules (Sugiya and Matsuki 2006). AQPS is also suggested to play the role of an
osmosensor controlling the paracellular flow in rat salivary glands (Murakami et al.
2006; Hill and Shachar-Hill 2006).

Intracellular AQPS labelling has been found in rat parotid acinar cells (Matsuzaki
et al. 1999) and AQPS is reported to translocate from intracellular vesicles to plasma
membrane in vitro in response to stimulation of muscarinic receptors (Ishikawa et al.
1998), although such translocation has not been detected in vivo (Gresz et al. 2004).

Transgenic mice lacking AQP are helpful in understanding the role of AQP in
saliva secretion. Transgenic mice lacking AQP1 (Ma et al. 1999; Verkman et al.
2000) or AQPS (Yang et al. 2005) revealed no defect in pilocarpine-induced saliva
secretion (not in volume or in composition), suggesting that neitherAQP1, nor AQP8
plays a major role in the salivation process. However, transgenic mice lacking
AQP5 displayed reduced pilocarpine-stimulated saliva secretion (£60%), hyper-
tonic (420 mosm) and more viscous saliva, while amylase and protein secretion were
not modified (Ma et al. 1999). Other studies showed that hyposalivation was due to
a dramatic reduction in water membrane permeability of acinar cells, rather than
changes in whole body fluid homeostasis (Krane et al. 2001). Latter data suggests
that AQPS5 plays a key role in saliva secretion. No data is currently available to assess
a possible role of other AQPs in the salivary secretion process. While contradictory
data exists concerning localisation of AQPS in ductal cells (see above), further stud-
ies will be needed to investigate the functional role of AQPS in the absorption and/or
secretion of small solutes in ductal cells.

5.2 Lacrimal Glands

The average daily output of lacrimal secretion in man is about 5 ml. Lacrimal secre-
tion contributes to the aqueous layer of the precorneal tear film. The rate of lacrimal
secretion is controlled by parasympathetic and sympathetic innervations. Since the
acinar cells secrete an isotonic fluid, and the final lacrimal secretion is hypertonic, it
is suggested that ductal cells secreted additional K™ and C1~ (Mircheff 1989; Mat-
suzaki et al. 1999; Hamann et al. 1998; Funaki et al. 1998; Mircheff et al. 1994).

In acinar cells, the underlying mechanisms responsible for lacrimal secretion are
quite similar to those occurring during salivary and pancreatic secretion (Fig. 1b).
The presence of AQP4 and AQPS, at the basolateral and the apical membrane of
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acinar cells respectively, suggested the involvement of those AQPs in the lacrimal
secretory process (Ishida et al. 1997; Hamann et al. 1998). However, knockout
mice lacking AQP1, AQP3, AQP4 or AQP5 displayed no modification in basal
and pilocarpine-stimulated lacrimal secretion (not in volume or in composition).
This strongly suggests that these AQPs do not play a major role in tear formation.
The role of ductal cells in the K™ and Cl~ secretion has recently been elucidated
(Toth-Molnar et al. 2007). Following parasympathetic stimulation, Na™ and C1~ en-
ter ductal cells in response to the activation of Na* /H* and C1~ /HCO3 exchangers
at the basolateral membrane (Fig. 1b). Additionally, Na* was also shown to enter
the cells via the Nat /K" /2CI~ cotransporters (Walcott et al. 2005). Intracellular
available H" and HCOj, necessary for Na® and CI~ influx, are generated by the
dehydration of carbonic acid by carbonic anhydrase. The elevated intracellular Na™
can be exchanged for K* through the basolateral Na™ /K+ ATPase and consequently
induces an intracellular increase in the K* concentration. Both intracellular CI~ and
K™ are finally secreted into the ductal lumen through C1™ (CFTR) and K™ channels,
and/or K /C1™ cotransporters (Toth-Molnar et al. 2007).

5.3 Pancreas

In humans, approximately 1,500 ml of pancreatic fluid is secreted per day. The func-
tions of the pancreatic fluid include neutralization of fluid arriving from the stom-
ach, hydrolysis of starch, proteins, lipids and nucleic acids. Contrary to salivary and
lacrimal glands, most fluid secretion generated by the pancreas derives from ductal
rather than acinar cells.

The ionic mechanisms responsible for pancreatic secretion by acinar cells are
quite similar to those described for salivary glands (McManaman et al. 2006) and
lead to production of a NaCl-rich isotonic fluid (Fig. 1c). Water moves to the acinar
lumen through tight junctions and possibly via AQPS8 located at the apical mem-
brane (Hurley et al. 2001; Burghardt et al. 2003). The contribution of AQP8 to the
water membrane permeability of rat pancreatic acinar cells, evaluated using video
microscopy to measure the cell swelling in response to hypotonic stress following
or not the exposure to HgCl, (an AQP blocker), was estimated at 90% (Hurley et al.
2001). However, probably due to small amount of fluid generated by acinar cells,
knockout mice lacking AQPS seemed to display normal pancreatic function since
there was no obvious defect in the processing of dietary fat (Yang et al. 2005). On
the other hand, in rat pancreatic acinar zymogen granules, AQP1 was shown to par-
ticipate in basal as well as GTP-mediated vesicle water entry and swelling (Cho
et al. 2002; Abu-Hamdah et al. 2004). Pancreatic ductal cells secrete most of the
fluid rich in HCO5' to alkalinize and hydrate the primary fluid secreted by the acinar
cells (Fig. 1c).

At the basolateral membrane of ductal cells, HCO; uptake is achieved by
Na*-HCO;3 cotranporters and also by H™ ATPase and Na*™ /H" exchangers acting
together with carbonic anhydrase. At the apical membrane, HCO; secretion is
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explained by the combined activity of CI~ /HCO; exchangers and Cl~ conduc-
tance; also either the CFTR or a Ca®t-activated C1~ channel (Steward et al. 2005;
McManaman et al. 2006). In rat interlobular ducts, shown to express AQP1, fluid
secretion evoked by secretin was almost completely abolished by HgCl, (80-90%
decrease), suggesting that AQP1 represented the main water pathway (Ko et al.
2002). In rodents, knockout mice lacking either AQP1 or AQPS5 have not yet shown
any abnormality in pancreatic secretion. Several explanations might account for this
data: the weak expression of AQP1 and AQPS5 or the redundancy of having them
expressed in the intercalated ducts thought to be the main site of fluid secretion
(Burghardt et al. 2003), or the possible existence of a slow secretory rate. Analysis
of double AQP1 and AQP5 knockout mice would be valuable in determining the
joint contribution of these AQPs to pancreatic fluid secretion.

6 Sjogren’s Syndrome
6.1 Pathogenesis of Sjogren’s Syndrome

Sjogren’s syndrome is an autoimmune lacrimal and salivary gland disease charac-
terised by lymphocyte infiltrates of the exocrine glands and/or the production of
auto-antibodies. Clinically, patients suffering from Sjogren’s syndrome present ker-
atoconjunctivitis sicca and xerostomia. A subset of patients may develop systemic
nonglandular manifestations (Thanou-Stavraki and James 2007; Garcia-Carrasco
et al. 2006). Patients may have either primary or secondary (including another
autoimmune disease, e.g., theumatoid arthritis, systemic lupus erythematosus, anky-
losing spondylysis ...) Sjogren’s syndrome (Fox 2005; Konttinen et al. 2006). Pri-
mary Sjogren’s syndrome has a prevalence of 0.5% and a female predominance
ratio of 9:1 compared with men. The American-European criteria for diagnosis of
Sjogren’s syndrome published in 2002 (Vitali et al. 2002) includes inflammatory in-
filtrates in lip biopsy, auto-antibodies and clinical features. Despite extensive mole-
cular, histological and clinical studies, the underlying cause of Sjogren’s syndrome
remains unknown. Pathogenesis seems to be multifactorial, where several steps are
necessary to establish the disease. The initial step in the establishment of the dis-
ease probably involves glandular epithelial cells, vascular endothelial cells, stromal
and dendritic cells (Fox 2005). Further steps include environmental triggers (such as
viral infection of the glands or intercurrent infection stimulating dendritic or glan-
dular epithelial cells), participation of genetic factors, migration of lymphocytes to
the gland in response to cytokines and chemokines, co-stimulation of innate and
acquired immune systems, glandular destruction, apoptosis, activation of T- and B-
lymphocytes within the glands, production of auto-antibodies (for example against
the muscarinic M3 type receptor for acetylcholine, the nuclear proteins Ro/SSA
and La/SSB, a-fodrin...), and development of eye and mouth dryness (Fox 2005;
Ramos-Casals and Font 2005; Garcia-Carrasco et al. 2006).
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Salivary and lacrimal glands of patients with Sjogren’s syndrome display in-
filtrating lymphocytes and local glandular destruction (Fox 2005). The degree of
glandular destruction does not necessarily correlate with secretory dysfunction
(Humphreys-Beher et al. 1999). There is evidence that subclinical exocrine pan-
creatic disease may also be present in some patients with Sjogren’s syndrome.
Auto-antibodies against pancreatic duct cells (also cross-reacting with parotid, sub-
mandibular and lacrimal ductal cells (Ludwig et al. 1977)), and increased serum
antibodies against CA 19-9, a marker of pancreatic tumour that can also be elevated
with pancreatitis, have been reported in some patients suffering from Sjogren’s syn-
drome (Safadi et al. 1998). Functional pancreatic impairment, such as elevated im-
munoreactive trypsin, amylase and pancreatic isoamylase, appear to be more severe
in patients with longer disease duration, and related to the degree of alteration of
salivary flow rather than the degree of histological salivary gland changes or the
type of Sjogren’s syndrome (primary or secondary) (Coll et al. 1989; Ostuni et al.
1996; Pal et al. 1987).

Ethical issues and delay in the appearance of symptoms, makes it difficult to
study the wide array of factors intervening in the pathogenesis of Sjogren’s syn-
drome in human patients. To circumvent this problem, several animal models have
been developed for studying different aspects of the physiopathology of the dis-
ease. Most of the animal models for Sjogren’s syndrome present a loss of secre-
tory lacrimal and salivary functions (van Blokland and Versnel 2002; Soyfoo et al.
2007a).

6.2 AQPs and Sjogren’ Syndrome

In labial salivary gland biopsies of Sjogren’s syndrome patients, AQP1 distribution
in myoepithelial cells decreased by 38%, while no changes were observed in en-
dothelial cells of non-fenestrated capillaries (Beroukas et al. 2002). This decreased
AQP1 expression in myoepithelial cells led to the hypothesis that myoepithelial cell
dysfunction plays a role in its pathogenesis (Beroukas et al. 2002). The treatment
of a patient suffering from Sjogren’s syndrome with rituximab revealed great im-
provement of xerostomia, a marked increase in AQP1 expression in myoepithelial
cells (Ring et al. 2006). Type 3 muscarinic receptor activation by acetylcholine in-
duced the contraction of myoepithelial cells (Beroukas et al. 2002) and cell volume
modification mediated by AQP1 could participate to vascular smooth muscle cell
contraction (Shanahan et al. 1999). A hypothesis has been proposed that if AQP1
translocates, similar to AQP5 (Ishikawa et al. 1998), in response to acetylcholine
stimulation, AQP1 might participate in rapid myoepithelial cell volume modifica-
tions and contraction (Shanahan et al. 1999). The contraction of myoepithelial cells,
embracing the acini, will constrict the acini lumen and facilitate saliva flow. How-
ever, this hypothesis is not supported by data obtained with transgenic mice lacking
AQP1 (Ma et al. 1999; Verkman et al. 2000).

Dacryoadenitis mice models such as MRL/lpr (24-week-old), NOD/Shi Jci (10-
week-old), NFS/s-TX (10-week-old), or lipopolysaccharide-injected mice (Hirai
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et al. 2000) exhibited higher AQPS5 protein concentration in tears, suggesting that
AQPS5 leaks into tears, when acinar cells of lacrimal glands are damaged by lym-
phocyte infiltration. Similar results were further obtained with patients suffering
from Sjogren’s syndrome and presenting a dry eye syndrome (Ohashi et al. 2003).

Immunohistochemical distribution of AQP5 in normal human labial salivary
(Steinfeld et al. 2001; Beroukas et al. 2001) and lacrimal glands (Tsubota et al.
2001) revealed that AQPS was expressed at the apical membrane of acinar cells,
similar to its localisation in human parotid glands (Gresz et al. 2001). In contrast
to its normal apical localization in acinar cells, AQP5 was abnormally contained at
either the basal membrane or the cytoplasm of acinar cells from respective minor
salivary (Steinfeld et al. 2001) or lacrimal glands (Tsubota et al. 2001) for patients
suffering from Sjogren’s syndrome. Contradictory data documenting normal AQPS
distribution in minor salivary gland biopsies from patients suffering from Sjogren’s
syndrome (Beroukas et al. 2001) could be explained by the use of distinct antibod-
ies, or differences existing between the investigated populations. More recently, in
non-obese diabetic (NOD) mice, generally considered to be a good animal model for
Sjogren’s syndrome (Humphreys-Beyer et al. 1994; Cha et al. 2002; Soyfoo et al.
2007a), abnormal AQPS5 distribution was also observed in salivary glands (Kontti-
nen et al. 2005; Soyfoo et al. 2007b). Indeed, in NOD mice, two independent stud-
ies reported that AQPS distribution was not restricted to apical membrane of acinar
cells as in control mice, but rather, present at both apical and basolateral membranes
(Konttinen et al. 2005; Soyfoo et al. 2007b). This data further supports observations
that implied a loss of ordered and polarised expression of AQPS5 in human minor
salivary and lacrimal glands of patients suffering from Sjogren’s syndrome. Re-
duced AQP1 expression in myoepithelial cells of salivary glands (Beroukas et al.
2002) and abnormal AQPS5 expression in acinar cells of both salivary and lacrimal
glands (Steinfeld et al. 2001; Tsubota et al. 2001; Konttinen et al. 2005; Soyfoo et al.
2007b) suggested that both AQP1 and AQP5 could participate in the pathogenesis
of Sjogren’s syndrome, although they could not directly account for salivary and
lacrimal secretory defects.

B-cell-depleting therapies, such as rituximab (anti-CD20), appear promising for
the treatment of Sjogren’s syndrome (Thanou-Stavraki and James 2007; Ramos-
Casals and Brito-Zeron 2007). Several studies using rituximab have shown improve-
ment of sicca features and glandular manifestations, as well as complete remission
of lymphoma in some cases (Ramos-Casals and Brito-Zeron 2007). Interestingly,
rituximab was reported to improve xerostomia and increase the AQPS expression
at the apical membrane of acinar cells in patients with Sjogren’s syndrome (Ring
et al. 2006). It has also been suggested that treatment of ductal cells (which prefer-
entially survive in secretory glands of patients with Sjogren’s syndrome) with 5-aza-
2/-deoxycytidine (a DNA demethylation agent) could result in increased expression
of AQP5 (Motegi et al. 2005).

Further studies in Sjogren’s syndrome patients are required to elucidate if changes
of AQPS5 expression and/or localisation are directly linked to the inflammatory
mechanisms or are secondary effects caused by prolonged hyposecretion.
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7 Conclusion

Several AQPs have been shown to be expressed in salivary and lacrimal glands and
pancreas.Though, water movement contributes to exocrine secretions, a direct par-
ticipation of AQPs has not been demonstrated in all secretory glands. Indeed, while
certain data supports the involvement of AQPS5 in the salivary secretion, a major role
of AQPs in lacrimal and pancreatic secretion has not yet been clearly demonstrated.
In Sj6gren’s syndrome patients, modification of AQP1 and AQPS5 expression and ab-
normal AQPS5 distribution might be either linked to the inflammatory mechanisms
or are secondary effects caused by prolonged hyposalivation; they are however un-
likely to directly account for salivary and lacrimal secretory defects.

Acknowledgments We acknowledge the contributions of Dr Bruce Baum and Dr Martin Steward
in helpful comments and discussion. This work was supported by grant 3.4604.05 from the Fund
for Medical Scientific Research (FRSM, Belgium).

References

Abu-Hamdah R, Cho WJ, Cho SJ et al. (2004) Regulation of the water channel aquaporin-1: iso-
lation and reconstitution of the regulatory complex. Cell Biol Int 28:7-17

Agre P (2004) Aquaporin water channels (Nobel Lecture). Angew Chem Int Ed Engl 43:4278—
4290

Akamatsu T, Parvin MN, Murdiastuti K et al. (2003) Expression and localization of aquaporins,
members of the water channel family, during development of the rat submandibular gland.
Pflugers Arch 446:641-651

Baum BJ (1993) Principles of saliva secretion. Ann N'Y Acad Sci 694:17-23

Beitz E (2006) Aquaporin water and solute channels from malaria parasites and other pathogenic
protozoa. Chem Med Chem 1:587-592

Beroukas D, Hiscock J, Jonsson R et al. (2001) Subcellular distribution of aquaporin 5 in salivary
glands in primary Sjogren’s syndrome. Lancet 358:1875-1876

Beroukas D, Hiscock J, Gannon BJ et al. (2002) Selective down-regulation of aquaporin-1 in sali-
vary glands in primary Sjogren’s syndrome. Lab Invest 82:1547-1552

Beroukas D, Goodfellow R, Hiscock J et al. (2002) Up-regulation of M3-muscarinic receptors in
labial salivary gland acini in primary Sjogren’s syndrome. Lab Invest 82:203-210

Burghardt B, Elkaer ML, Kwon TH et al. (2003) Distribution of aquaporin water channels AQP1
and AQPS5 in the ductal system of the human pancreas. Gut 52:1008-1016

Burghardt B, Nielsen S, Steward MC (2006) The role of aquaporin water channels in fluid secretion
by the exocrine pancreas. ] Membr Biol 210:143-153

Cha S, Peck AB, Humphreys-Beher MG (2002) Progress in understanding autoimmune ex-
ocrinopathy using the non-obese diabetic mouse: an update. Crit Rev Oral Biol Med 13:5-16

Cho SJ, Sattar AK, Jeong EH et al. (2002) Aquaporin 1 regulates GTP-induced rapid gating of
water in secretory vesicles. Proc Natl Acad Sci U S A 99:4720-4724

Coll J, Navarro S, Tomas R et al. (1989) Exocrine pancreatic function in Sjogren’s syndrome. Arch
Intern Med 149:848-852

Cook DI, Van Lennep EW, Roberts ML et al. (1994) Secretion by the major salivary glands. In:
Johnson LR, Christensen J, Jackson M, Jacobson E, Walsh J (eds.) Physiology of the gastroin-
testinal tract, 3rd edn. Raven Press, New York, pp. 1061-1117



198 C. Delporte

Delporte C, Steinfeld S (2006) Distribution and roles of aquaporins in salivary glands. Biochim
Biophys Acta 1758:1061-1070

Delporte C, O’Connell BC, He X et al. (1997) Increased fluid secretion after adenoviral-mediated
transfer of the aquaporin-1 cDNA to irradiated rat salivary glands. Proc Natl Acad Sci U S A
94:3268-3273

Denny PC, Ball WD, Redman RS (1997) Salivary glands: a paradigm for diversity of gland devel-
opment. Crit Rev Oral Biol Med 8:51-75

Elkjaer ML, Nejsum LN, Gresz V et al. (2001) Immunolocalization of aquaporin-8 in rat kidney,
gastrointestinal tract, testis, and airways. Am J Physiol Renal Physiol 281:F1047-F1057

Fox RI (2005) Sjogren’s syndrome. Lancet 366:321-331

Frigeri A, Gropper MA, Umenishi F et al. (1995) Localization of MIWC and GLIP water channel
homologs in neuromuscular, epithelial and glandular tissues. J Cell Sci 108:2993-3002

Funaki H, Yamamoto T, Koyama Y et al. (1998) Localization and expression of AQPS5 in cornea,
serous salivary glands, and pulmonary epithelial cells. Am J Physiol 275:C1151-C1157

Furuya S, Naruse S, Ko SB et al. (2002) Distribution of aquaporin 1 in the rat pancreatic duct
system examined with light- and electron-microscopic immunohistochemistry. Cell Tissue Res
308:75-86

Garcia-Carrasco M, Fuentes-Alexandro S, Escarcega RO et al. (2006) Pathophysiology of Sjo-
gren’s syndrome. Arch Med Res 37:921-932

Gresz V, Burghardt B, Ferguson CJ et al. (1999) Expression of aquaporin 1 (AQP1) water channels
in human labial salivary glands. Arch Oral Biol 44:S53-S57

Gresz V, Kwon TH, Hurley PT et al. (2001) Identification and localization of aquaporin water
channels in human salivary glands. Am J Physiol Gastrointest Liver Physiol 281:G247-G254

Gresz V, Kwon TH, Gong H et al. (2004) Immunolocalization of AQP-5 in rat parotid and sub-
mandibular salivary glands after stimulation or inhibition of secretion in vivo. Am J Physiol
Gastrointest Liver Physiol 287:G151-G161

Hamann S, Zeuthen T, La Cour M et al. (1998) Aquaporins in complex tissues: distribution of
aquaporins 1-5 in human and rat eye. Am J Physiol 274:C1332-C1345

Hasegawa H, Ma T, Skach W et al. (1994) Molecular cloning of a mercurial-insensitive water
channel expressed in selected water-transporting tissues. J Biol Chem 269:5497-5500

He X, Tse CM, Donowitz M et al. (1997) Polarized distribution of key membrane transport proteins
in the rat submandibular gland. Pflugers Arch 433:260-268

Hill AE, Shachar-Hill B, Shachar-Hill Y (2004) What are aquaporins for? ] Membr Biol 197:1-32

Hill AE, Shachar-Hill B (2006) A new approach to epithelial isotonic fluid transport: an osmosen-
sor feedback model. ] Membr Biol 210:77-90

Hirai S, Ishida N, Watanabe K et al. (2000) Leakage of aquaporin 5 in the tear of dacryoadenitis
mice. Invest Ophthalmol Vis Sci 41:2432-2437

Humphreys-Beher MG, Peck AB, Dang H et al. (1999) The role of apoptosis in the initiation of
the autoimmune response in Sjogren’s syndrome. Clin Exp Immunol 116:383-387

Humphreys-Beher MG, Hu Y, Nakagawa Y et al. (1994) Utilization of the non-obese diabetic
(NOD) mouse as an animal model for the study of secondary Sjogren’s syndrome. Adv Exp
Med Biol 350:631-636

Hurley PT, Ferguson CJ, Kwon TH et al. (2001) Expression and immunolocalization of aquaporin
water channels in rat exocrine pancreas. Am J Physiol Gastrointest Liver Physiol 280:G701—
G709

Ishibashi K (2006) Aquaporin subfamily with unusual NPA boxes. Biochim Biophys Acta
1758:989-993

Ishida N, Hirai SI, Mita S (1997) Immunolocalization of aquaporin homologs in mouse lacrimal
glands. Biochem Biophys Res Commun 238:891-895

Ishikawa Y, Eguchi T, Skowronski MT et al. (1998) Acetylcholine acts on M3 muscarinic receptors
and induces the translocation of aquaporin5 water channel via cytosolic Ca”* elevation in rat
parotid glands. Biochem Biophys Res Commun 245:835-840



Aquaporins in Secretory Glands and their Role in Sjogren’s Syndrome 199

Ishikawa F, Suga S, Uemura T et al. (2005) Identification of AQPS in lipid rafts and its translocation
to apical membranes by activation of M3 mAchRs in interlobular duets of parotid gland. Am J
Physical Cell Physiol 289:C1303-C1311

Itoh T, Rai T, Kuwahara M et al. (2005) Identification of a novel aquaporin, AQP12, expressed in
pancreatic acinar cells. Biochem Biophys Res Commun 330:832-828

King LS, Nielsen S, Agre P (1997) Aquaporins in complex tissues. I. Developmental patterns in
respiratory and glandular tissues of rat. Am J Physiol 273:C1541-C1548

King LS, Kozono D, Agre P (2004) From structure to disease: the evolving tale of aquaporin
biology. Nat Rev Mol Cell Biol 5:687-698

Ko SB, Naruse S, Kitagawa M et al. (2002) Aquaporins in rat pancreatic interlobular ducts. Am
J Physiol Gastrointest Liver Physiol 282:G324-G331

Konttinen YT, Tensing EK, Laine M et al. (2005) Abnormal distribution of aquaporin-5 in salivary
glands in the NOD mouse model for Sjogren’s syndrome. J Rheumatol 32:1071-1075

Konttinen YT, Porola P, Konttinen L et al. (2006) Immunohistopathology of Sjogren’s syndrome.
Autoimmun Rev 6:16-20

Koyama Y, Yamamoto T, Kondo D et al. (1997) Molecular cloning of a new aquaporin from rat
pancreas and liver. J Biol Chem 272:30329-30333

Krane CM, Towne JE, Menon AG (1999) Cloning and characterization of murine Aqp5: evidence
for a conserved aquaporin gene cluster. Mamm Genome 10:498-505

Krane CM, Melvin JE, Nguyen HV et al. (2001) Salivary acinar cells from aquaporin 5-deficient
mice have decreased membrane water permeability and altered cell volume regulation. J Biol
Chem 276:23413-23420

Krane CM, Goldstein DL (2007) Comparative functional analysis of aquaporins/glyceroporins in
mammals and anurans. Mamm Genome 18:452-462

Li J, Nielsen S, Dai Y et al. (1994) Examination of rat salivary glands for the presence of the
aquaporin CHIP. Pflugers Arch 428:455-460

Ludwig H, Schernthaner G, Scherak O et al. (1977) Antibodies to pancreatic duct cells in Sjogren’s
syndrome and rheumatoid arthritis. Gut 18:311-315

Nielsen S, Smith BL, Christensen EI et al. (1993) Distribution of the aquaporin CHIP in secretory
and resorptive epithelia and capillary endothelia. Proc Natl Acad Sci U S A 90:7275-7279

Ma T, Song Y, Gillespie A et al. (1999) Defective secretion of saliva in transgenic mice lacking
aquaporin-5 water channels. J Biol Chem 274:20071-20074

Mangos JA, McSherry NR (1970) Micropuncture study of urea excretion in parotid saliva of the
rat. Am J Physiol 218:1329-1332

Mangos JA, Maragos N, McSherry NR (1973) Micropuncture and microperfusion study of glucose
excretion in rat parotid saliva. Am J Physiol 224:1260-1264

Matsuki M, Hashimoto S, Shimono M et al. (2005) Involvement of aquaporin-5 water channel in
osmoregulation in parotid secretory granules. J Membr Biol 203:119-126

Matsuzaki T, Suzuki T, Koyama H et al. (1999) Aquaporin-5 (AQP5), a water channel protein, in
the rat salivary and lacrimal glands: immunolocalization and effect of secretory stimulation.
Cell Tissue Res 295:513-521

Matsuzaki T, Tajika Y, Suzuki T et al. (2003) Immunolocalization of the water channel, aquaporin-
5 (AQPS), in the rat digestive system. Arch Histol Cytol 66:307-315

Maurel C (2007) Plant aquaporins: novel functions and regulation properties. FEBS Lett 581:2227—
2236

McManaman JL, Reyland ME, Thrower EC (2006) Secretion and fluid transport mechanisms in the
mammary gland: comparisons with the exocrine pancreas and the salivary gland. ] Mammary
Gland Biol Neoplasia 11:249-268

Melvin JE, Yule D, Shuttleworth T et al. (2005) Regulation of fluid and electrolyte secretion in
salivary gland acinar cells. Annu Rev Physiol 67:445-469

Mircheff AK (1989) Lacrimal fluid and electrolyte secretion: a review. Curr Eye Res 8:607-617

Mircheff AK, Lambert RW, Lambert RW et al. (1994) Subcellular organization of ion transporters
in lacrimal acinar cells: secretagogue-induced dynamics. Adv Exp Med Biol 350:79-86



200 C. Delporte

Mobasheri A, Marples D (2004) Expression of the AQP-1 water channel in normal human tis-
sues: a semiquantitative study using tissue microarray technology. Am J Physiol Cell Physiol
286:C529-C537

Motegi K, Azuma M, Tamatani T et al. (2005) Expression of aquaporin-5 in and fluid secre-
tion from immortalized human salivary gland ductal cells by treatment with 5-aza-2"-
deoxycytidine: a possibility for improvement of xerostomia in patients with Sjogren’s syn-
drome. Lab Invest 85:342-353

Murakami M, Murdiastuti K, Hosoi K et al. (2006) AQP and the control of fluid transport in a
salivary gland. J Membr Biol 210:91-103

Murdiastuti K, Miki O, Yao C et al. (2002) Divergent expression and localization of aquaporin 5,
an exocrine-type water channel, in the submandibular gland of Sprague-Dawley rats. Pflugers
Arch 445:405-412

Nielsen S, King LS, Christensen BM et al. (1997) Aquaporins in complex tissues. II. Subcellular
distribution in respiratory and glandular tissues of rat. Am J Physiol 273:C1549-C1561

Ohashi Y, Ishida R, Kojima T et al. (2003) Abnormal protein profiles in tears with dry eye syn-
drome. Am J Ophthalmol 136:291-299

Ostuni PA, Gazzetto G, Chieco-Bianchi F et al. (1996) Pancreatic exocrine involvement in primary
Sjogren’s syndrome. Scand J Rheumatol 25:47-51

Pal B, Griffiths ID, Katrak A et al. (1987) Salivary amylase and pancreatic enzymes in Sjogren’s
syndrome. Clin Chem 33:305-307

Pettersson N, Filipsson C, Becit E et al. (2005) Aquaporins in yeasts and filamentous fungi. Biol
Cell 97:487-500

Preston GM, Agre P (1991) Isolation of the cDNA for erythrocyte integral membrane protein of 28
kilodaltons: member of an ancient channel family. Proc Natl Acad Sci U S A 88:11110-11114

Preston GM, Carroll TP, Guggino WB et al. (1992) Appearance of water channels in Xenopus
oocytes expressing red cell CHIP28 protein. Science 256:385-387

Proctor GB, Carpenter GH (2007) Regulation of salivary gland function by autonomic nerves.
Auton Neurosci 133:3-18

Raina S, Preston GM, Guggino WB et al. (1995) Molecular cloning and characterization of an
aquaporin cDNA from salivary, lacrimal, and respiratory tissues. J Biol Chem 270:1908-1912

Ramos-Casals M, Font J (2005) Primary Sjogren’s syndrome: current and emergent aetiopatho-
genic concepts. Rheumatology (Oxford) 44:1354-1367

Ramos-Casals M, Brito-Zeron P (2007) Emerging biological therapies in primary Sjogren’s syn-
drome. Rheumatology (Oxford) 46:1389-1396

Ring T, Kallenbach M, Praetorius J et al. (2006) Successful treatment of a patient with primary
Sjogren’s syndrome with Rituximab. Clin Rheumatol 25:891-894

Safadi R, Ligumsky M, Goldin E et al. (1998) Increased serum CA 19-9 antibodies in Sjogren’s
syndrome. Postgrad Med J 74:543-544

Shachar-Hill B, Hill AE (2002) Paracellular fluid transport by epithelia. Int Rev Cytol 215:319-350

Shanahan CM, Connolly DL, Tyson KL et al. (1999) Aquaporin-1 is expressed by vascular smooth
muscle cells and mediates rapid water transport across vascular cell membranes. J Vasc Res
36:353-362

Ship JA, Pillemer SR, Baum BJ (2002) Xerostomia and the geriatric patient. J] Am Geriatr Soc
50:535-543

Smith BL, Agre P (1991) Erythrocyte Mr 28,000 transmembrane protein exists as a multisubunit
oligomer similar to channel proteins. J Biol Chem 266:6407-6415

Soyfoo MS, Steinfeld S, Delporte C (2007a) Usefulness of mouse models to study the pathogenesis
of Sjogren’s syndrome. Oral Dis 13:366-375

Soyfoo MS, De Vriese C, Debaix H et al. (2007b) Modified aquaporin 5 expression and distribu-
tion in submandibular glands from NOD mice displaying autoimmune exocrinopathy. Arthritis
Rheum 56:2566-2574

Steinfeld S, Cogan E, King LS et al. (2001) Abnormal distribution of aquaporin-5 water channel
protein in salivary glands from Sjogren’s syndrome patients. Lab Invest 81:143-148



Aquaporins in Secretory Glands and their Role in Sjogren’s Syndrome 201

Steward MC, Ishiguro H, Case RM (2005) Mechanisms of bicarbonate secretion in the pancreatic
duct. Annu Rev Physiol 67:377-409

Sugiya H, Matsuki M (2006) AQPs and control of vesicle volume in secretory cells. ] Membr Biol
210:155-159

Suzuki M, Hasegawa T, Ogushi Y et al. (2007) Amphibian aquaporins and adaptation to terrestrial
environments: a review. Comp Biochem Physiol A Mol Integr Physiol 148:72-81

Takata K, Matsuzaki T, Tajika Y (2004) Aquaporins: water channel proteins of the cell membrane.
Prog Histochem Cytochem 39:1-83

Tanghe A, Van Dijck P, Thevelein JM (2006) Why do microorganisms have aquaporins?. Trends
Microbiol 14:78-85

Thanou-Stavraki A, James JA (2007) Primary Sjogren’s syndrome: current and prospective thera-
pies. Semin Arthritis Rheum 37:273-292

Turner RJ, Sugiya H (2002) Understanding salivary fluid and protein secretion. Oral Dis 8:3-11

Toth-Molnar E, Venglovecz V, Ozsvari B et al. (2007) New experimental method to study acid/base
transporters and their regulation in lacrimal gland ductal epithelia. Invest Ophthalmol Vis Sci
48:3746-3755

Tsubota K, Hirai S, King LS et al. (2001) Defective cellular trafficking of lacrimal gland aquaporin-
5 in Sjogren’s syndrome. Lancet 357:688—689

van Blokland SC, Versnel MA (2002) Pathogenesis of Sjogren’s syndrome: characteristics of dif-
ferent mouse models for autoimmune exocrinopathy. Clin Immunol 103:111-124

Verbavatz JM, Brown D, Sabolic I et al. (1993) Tetrameric assembly of CHIP28 water channels in
liposomes and cell membranes: a freeze-fracture study. J Cell Biol 123:605-618

Verkman AS, Yang B, Song Y et al. (2000) Role of water channels in fluid transport studied by
phenotype analysis of aquaporin knockout mice. Exp Physiol 85:233S-241S

Verkman AS (2005) Novel roles of aquaporins revealed by phenotype analysis of knockout mice.
Rev Physiol Biochem Pharmacol 155:31-55

Vitali C, Bombardieri S, Jonsson R et al. (2002) Classification criteria for Sjogren’s syndrome: a
revised version of the European criteria proposed by the American-European Consensus Group.
Ann Rheum Dis 61:554-558

Walcott B, Birzgalis A, Moore LC et al. (2005) Fluid secretion and the Nat-K*+-2C1~ cotransporter
in mouse exorbital lacrimal gland. Am J Physiol Cell Physiol 289:C860-C867

Wang W, Hart PS, Piesco NP et al. (2003) Aquaporin expression in developing human teeth and
selected orofacial tissues. Calcif Tissue Int 72:222-227

Wellner RB, Hoque AT, Goldsmith CM et al. (2000) Evidence that aquaporin-8 is located in the
basolateral membrane of rat submandibular gland acinar cells. Pflugers Arch 441:49-56

Wellner RB, Redman RS, Swain WD et al. (2006) Further evidence for AQPS expression in the
myoepithelium of rat submandibular and parotid glands. Pflugers Arch 451:642-645

Yang B, Song Y, Zhao D et al. (2005) Phenotype analysis of aquaporin-8 null mice. Am J Physiol
Cell Physiol 288:C1161-C1170






