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Electrolyte and Fluid Transport in Mesothelial Cells
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Abstract: Mesothelial cells are specialized epithelial cells, which line the pleural, pericardial, and peritoneal cavities. Ac-
cumulating evidence suggests that the monolayer of mesothelial cells is permeable to electrolyte and fluid, and thereby
govern both fluid secretion and re-absorption in the serosal cavities. Disorders in these salt and fluid transport systems
may be fundamental in the pathogenesis of pleural effusion, pericardial effusion, and ascites. In this review, we discuss
the location, physiological function, and regulation of active transport (Na*-K*-ATPase) systems, cation and anion chan-
nels (Na*, K*, CI', and Ca*" channels), antiport (exchangers) systems, and symport (co-transporters) systems, and water
channels (aquaporins). These secretive and absorptive pathways across mesothelial monolayer cells for electrolytes and
fluid may provide pivotal therapeutical targets for novel clinical intervention in edematous diseases of serous cavities.
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Mesothelial cells are specialized epithelial cells that line
the serous cavities, including the pleural, pericardial, and
peritoneal cavities in addition to internal organs [1]. While
the mesothelium was first described more than a century ago,
one of its critical essential functions, namely, its active roles
in transerosal transport, in particular, cavity fluid secretion
and re-absorption, was long overlooked. Only in last two
decades compelling evidence accumulated that mesothelial
cells actively transport electrolytes and fluid and, in turn,
regulate liquid volume within the cavities. The mesothelium,
on the basis of recent increasing experimental evidence, both
in vitro and in vivo, is less permeable to electrolytes than was
previously assumed, with ion permeability characteristics
similar to those in epithelia [2, 3]. Herein this article we will
review the expression and biophysical features of salt and
fluid transport systems, both active and passive, that have
been identified in mesothelial cells (Fig. 1, Tables 1 and 2).

1. ION CHANNELS AND ATPASE
I-1. Amiloride-Inhibitable Cation Channels

The epithelial sodium channel (ENaC), as a major path-
way which participates in sodium movement across the api-
cal membrane of polarized epithelial cells, has been cloned
and characterized [4-6]. The members of the ENaC/DEG
gene family show a high degree of functional heterogeneity
that is unusual among other known ion channel gene fami-
lies. Five ENaC subunits have been cloned to date, namely
a-, B-, y-, 8-, and e-ENaC [7]. The biophysical properties of
various ENaC channels depend on their subunit composi-
tions. When expressed in oocytes one of “conductive”
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subunits (a, 8, and e-ENaC) can form a channel sharing iden-
tical biophysical properties to three-subunit channels com-
posed of both a “conductive” subunit and two “non-
conductive” subunits, namely, B- and y- ENaCs. When a-,
B-, and y-ENaC subunits are assembled together, the result is
a 4- to 6-pS channel that is highly selective for Na" over K.
In contrast, two-subunit off- and ay- ENaC channels display
diverse amiloride sensitivity, conductance, and Na" perme-
ability [8]. ENaC is expressed in epithelial cells of several
tissues and is involved in salt and water reabsorption [9].
Diuretic amiloride inhibits Na* transport when added to the
solution bathing the apical plasma membrane, at a concentra-
tion of 10° M [10, 11].

Stefanidis et al. recently showed evidence of amiloride-
sensitive ion transport in human parietal peritoneal mem-
branes by Ussing chamber studies. The increase in the
transmesothelial electrical resistance observed following the
addition of amiloride, clearly indicated the probable exis-
tence of amiloride-sensitive sodium channels, which may
play a role in the ultrafiltration process and sodium removal
during peritoneal dialysis [12]. Similarly, Zarogiannis and
co-workers investigated the effects of amiloride on the elec-
trical resistance of isolated visceral sheep peritoneum. An
increment in the electrical resistance was observed upon ad-
dition of amiloride which is further indicative of the expres-
sion of an amiloride-sensitive transport in mesothelial cells
[13]. Very interestingly, the amiloride-sensitive electrical
resistance of the diaphragmatic parietal pleura is signifi-
cantly higher than that of the costal parietal pleura, suggest-
ing that the costal pleura is more permeable than the dia-
phragmatic pleura [14]. It is worthy of notice that amiloride
exerted its action only on the apical side and not on the baso-
lateral side. By comparison with polarized epithelial cells, it
is conceivable to expect that ENaC proteins are expressed on
the serosal side. Unfortunately, these studies did not perform
immunofluorescent microscope experiments to locate the
subcellular sites of ENaC expression in the pleural mesothe-
lial cells.
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Fig. (1). Electrolyte and fluid transport systems reported in mesothelial cells. The location of ion transport systems is indicated in either the
apical or basolateral membrane. The specific inhibitor for each transport pathway is shown. AQP, aquaporins. Please see the legends of Table
1 and 2 for the full names of other abbreviations.

Table 1. lon Channels and ATPases in Mesothelial Cells

Transport Source Blocker (M) Technique Ref

Amiloride-sensitive Human parietal peritoneum 10" amil to apical, basolateral Ussing chamber [12,19]
transport sides
Sheep visceral peritoneum 10" amil to apical, basolateral Ussing chamber [13,19]
sides

Human, sheep parietal pleura 10°° amil to apical side Ussing chamber [19]

Sheep parietal pleura Ussing chamber, histology [14]

Knockout mouse pleura 2x10** amil to pleural space, pleural fluid clearance [15]

Na'-K*-ATPase Sheep visceral and parietal pleura 10 ouabain to apical and Ussing chamber [20]

basolateral sides
Rabbit pleura 2x10™ ouabain to apical, baso- measurement of the net rate of liquid [21, 22]
lateral sides absorption
Ca®*-ATPase Mouse peritoneum, mesothelial cells immunofluorescence, electron micros- [23]
copy
K" channels Human peritoneum, mesothelial cells | 3x10° TEA, 10® IBTx, 3x10™ patch-clamp, RT-PCR [24]
BaCl,, 2x10® TPQ, 10 4-AP
Ca® channels Rat pleural and pericardial mesothelial | 107 nifedipine, 10 ryanodine measurement of Ca®*, staining [25]
cells
Rat peritoneal mesothelial cells cell cGMP and Ca**, SEM [26]
CI" channels Human primary pleural mesothelioma 10* NPPB patch-clamp, RT-PCR, staining [27]
cells, MeT-5A cells
Voltage-gated Na* Human pleural specimen, mesothe- 10° TTX patch-clamp, RT-PCR [24]
channels lioma cells

Aquaporin 1 Knockout mouse pleura 1.1x10°° HgCl, permeability and clearance, RT-PCR, [15, 28]

staining.

Ref, references; amil, amiloride; TEA, tetraethylammonium; IBTX, iberiotoxin; TPQ, tertiapine-Q; 4-AP, 4-aminopyridine; NPPB, nitrophenylpropylamino benzoate; TTX, tetrodo-
toxin; SITS, 4-acetamido-4’-isothiocyanatostilbene-2,2’disulfonate; EIPA, ethylisopropyl amiloride; SEM, Scanning electron microscope; M/L, moles per liter; RT-PCR, Reverse
transcription polymerase chain reaction; cGMP, guanosine-3’,5’-cyclic monophosphate.
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Table 2.  Antiport and Symport Systems in Mesothelial Cells
Transport Source Blocker (M) Technique Ref
Na’/H* exchanger Rabbit pleura 7x10™ amiloride net rate of liquid absorption [21, 22, 39]
Human primary pleural mesothelial cells 10* EIPA pH; [40]
CI/HCOy Rabbit pleura 10*SITS net rate of liquid absorption [21, 22]
exchanger
Na*-glucose Rabbit pleura ~107 phloridzin net rate of liquid absorption, glucose [41]
transporter ) )
Rabbit pleura and mesothelial cells western blot [42]
Na*-/K*-/2CI Rabbit pleura 10 bumetanide net rate of liquid absorption [22]
transporter . = . . - i
Rabbit pleura 10~ bumetanide net rate of liquid absorption, Na"ions [43]

SITS, 4-acetamido-4’-isothiocyanatostilbene-2,2’disulfonate; EIPA, ethylisopropyl amiloride; M/L, moles per liter; pH;, intracellular pH.

Very recently, Jiang and colleagues studied the amilo-
ride-sensitive fluid transport pathway in pleura in vivo [15].
The B, adrenergic receptor agonist, terbutaline increased
pleural isosmolar fluid absorption, which was inhibited by
amiloride. Neither terbutaline nor amiloride affected osmotic
water movement. Terbutaline has long been used clinically
to effectively ameliorate pulmonary edema by up-regulating
ENaC activity and thereby expediting edematous liquid
clearance [16, 17]. These exciting observations support the
scenario that ENaC channels are functionally expressed in
pleural tissues and contribute to pleural fluid re-absorption.
However, it should be remembered that ENaC expression in
mesothelial cells has not been systematically characterized at
the mRNA and protein levels. We recently detected expres-
sion of a-, B-, y-, and & ENaC subunits at the mRNA and
protein levels in MIK cells, a human pleural mesothelial cell
line and mouse pleural tissues [18]. More excitingly, an ami-
loride-sensitive, ENaC-like short-circuit current was re-
corded in mouse pleural tissues and confluent M9K mono-
layers mounted in Ussing chamber [18]. The systematic bio-
physical and pharmacological features of this ENaC-like
channel are being characterized in our laboratory currently
(Nie et al. unpublished data).

I-2. Na*-K*-ATPase and Ca?*-ATPase

In epithelial cells, Na™-K*-ATPase is located at the baso-
lateral membrane and extrudes cytosolic sodium ions, work-
ing together with apically situated ENaC channels to serve as
a vital vectorial salt re-absorption pathway. This enzyme

transports two potassium ions into the cell and transports
three sodium ions out of the cell for each molecule of ATP
hydrolyzed. Pharmacological evidence based on the use of
specific inhibitors, ouabain supports the conclusion that Na'-
K*-ATPase is expressed in the pleura of sheep and rabbits.
[20-22]. According to these results, there may be two sub-
types of mesothelial cells in the pleura. In the first group of
cells, the Na'-K*-ATPase is likely expressed only in the mu-
cosal side and therefore should pump Na® ions out of the
pleural space. While in the second group of cells, the Na'-
K*-ATPase is located in the serosal side, which could be
involved in recycling K™ and possibly other unknown func-
tion. Intriguingly, Na'™-K*-ATPase has also been discovered
on the apical membrane in other epithelial cells, for example,
in the chordoid plexus [29, 30] and retinal pigment epithe-
lium [31, 32]. These mechanisms are probably involved in
maintaining an adequate volume and physiological composi-
tion of the pleural fluid and of mesothelial cell cytoplasm
[20, 21]. Morphologically (Fig. 2), two different kinds of
cells exist in the pleural mesothelium: the flat cells (type I),
which are the most numerous and have well developed tight
junctions, and the cuboidal cells (type Il), which have less
developed tight junctions [21, 33, 34]. However, the diverse
distribution of Na*™-K*-ATPase and of other transport sys-
tems in these two subtypes of cells still needs to be clarified.

Given ouabain was used as a specific blocker for Na™-K*-
ATPase in these studies, and the location of Na'-K*-ATPase
has not been verified immunocytochemically, we should

ratory Medicine. Copyright 2005. College of American Pathologists [34]). A. Type | mesothelial cells. High-power view shows flat, incon-
spicuous normal mesothelial cells lining the visceral pleural surface (hematoxylin-eosin, original magnification x300). B. Type Il mesothelial
cells. A more conspicuous layer of relatively bland cuboidal cells regularly spaced along the pleural surface (hematoxylin-eosin, original
magnification x350).
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keep in mind that ouabain-inhibitable H*-K*-ATPase «
subunit may co-exist [35, 36]. H*-K*-ATPase has been found
in re-absorptive epithelial tissues, including kidney and gas-
trointestinal tract [36, 37]. It has been reported H™-K'-
ATPase can form a hybrid with Na*-K*-ATPase [36]. How-
ever, Little is known if H-K*-ATPase is expressed in the
apical and basolateral membranes in mesothelia.

Caveolar accumulation of the plasmalemmal Ca**-
ATPase by electron microscopy immunolabelling was seen
in mesothelial cells [23]. In addition to caveolae attached to
the apical and basolaterial membranes, vesicles deep in the
cytoplasm in mesothelial cells were labeled for the plas-
malemmal Ca®* pump. It is not clear whether the cytoplasmic
vesicles in this type of cells are connected to the surface
membrane. In the mesothelial cells, the majority of the label-
ing in the caveolae was observed along the cytoplasmic sur-
face of the plasma membrane, with relatively few gold parti-
cles seen on the exoplasmic side. This distribution is consis-
tent with the molecular structure of the plasmalemmal Ca**-
ATPase; it traverses the lipid bilayer multiple times but most
of the molecular mass is thought to exist in the cytoplasm
[23]. It is inferred that the smooth plasmalemmal invagina-
tion is an apparatus specialized for Ca®* intake and extrusion
from the cytoplasm.

1-3. Potassium Channels

Potassium channels are predominately expressed in the
interstitial membrane in absorptive epithelium. By compar-
ing normal and neoplastic mesothelial cells, Fulgenzi et al.
assessed possible differences in the expression patterns of K*
channels between these two types of cells [24]. Voltage-
gated K" currents, an inward rectified fraction (Kg), and
most prominent K* current (maxiKc,), which could be meas-
ured in most normal mesothelial cells, were not found in
neoplastic mesothelial cells. The lack of K* efflux pathways
through voltage-gated K™ channels may explain the well-
known resistance to chemotherapy of primary mesothelio-
mas, for K™ efflux is an early event in the apoptotic process,
and a decrease in intracellular K is a prerequisite for apop-
tosis triggering and progression [38].

I1-4. Calcium Channels

Voltage-dependent Ca** channels have been found in
mesothelial cells. Ito et al. studied the mechanisms of cyto-
solic Ca** mobilization in mesothelial cells and found that
Ca* influx, which is carried by L-type voltage-dependent
Ca?* channels and receptor-operated Ca?* channels, is critical
for increasing cytosolic Ca?* [25]. It is well-known that ele-
vated intracellular Ca®" ion acts as a second messenger and
initiates numerous important cellular events. In addition, F-
actin-staining studies have clearly shown a regulatory role
for cytosolic Ca*" in cytoskeleton assembly in mesothelial
cells [25].

Recently, it has been reported that nitric oxide (NO) can
decrease cytosolic Ca®* in the rat peritoneal mesothelial cells
through the NO-cGMP signaling pathway [261. This process
is associated with the L-type voltage-gated Ca** channel. On
the other hand, NO also enlarges the opening area of the
lymphatic stomata and thereby enhances lymph drainage via
the NO-cGMP-Ca®* signaling pathway [26].
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1-5. Chloride Channels

Chloride channels, for example the cystic fibrosis trans-
membrane conductance regulator (CFTR), in the apical
membrane of epithelial cells, are predominate fluid secretion
mediators. Meyer and colleagues demonstrated the presence
of a regulatory volume decrease channel (RVDC), which is
also active in isotonic conditions in mesothelioma cells [27].
The number of active anion channels increases in hypotonic
conditions, in concert with enhanced swelling-activated
chloride current (1CIn) expression in the cell membrane. This
latter event could be the result of activation of the RVDC.
Whether RVDC is due to or regulated by IClIn is still a mat-
ter of debate [44]. Further investigation of the differences
between chloride channel properties in mesothelial and
mesothelioma cells is warranted since the RVDC may be
involved in the regulation of both the progress of the cell
cycle and of cell migration and apoptosis. More importantly,
these studies could prove useful in the diagnosis and/or
treatment of mesothelioma, a cancer type particularly resis-
tant to chemotherapy [45].

In marked contrast to the extensive studies on CFTR in
epithelial cells, none have been reported in mesothelial cells.
This is despite the fact that cystic fibrosis patients generally
have chronic inflammation of pleural cavity and adhesions
occur following lung transplantation [46].

1-6. Voltage-Gated Sodium Channels

Increased activity of voltage-gated sodium channels in
the plasma membrane of neoplastic cells compared to their
normal counterparts has been reported in epithelial cells [47].
Similarly, Fulgenzi et al. have reported that an inward recti-
fied, voltage-gated sodium channel is expressed in mesothe-
lioma cells. This is not detected in normal mesothelial cells.
Furthermore blockade of the voltage-gated sodium channel
with TTX decreased mesothelioma cell migration in in vitro
motility assays, but had little effect on cell viability, prolif-
eration, or apoptosis progression triggered by UV exposure.
These studies suggest that the TTX-sensitive voltage-gated
Na" currents might facilitate increased motility of neoplastic
cells, a feature often associated with the malignant pheno-

type [24].
1-7. Aquaporins

The aquaporins (AQPs) are a family of small membrane-
spanning proteins (monomer size, 30 kDa) that are expressed
in the plasma membranes of many types of cells involved in
fluid transport. The AQP family of water channels comprises
10 proteins cloned from mammals and many more from am-
phibians, plants, yeast, bacteria, and various lower organ-
isms. Several of the mammalian aquaporins (e.g., AQP1,
AQP2, AQP4, and AQP5) appear to be highly selective for
the passage of water, whereas others (recently termed aqua-
glyceroporins) also transport glycerol (e.g.,, AQP3 and
AQP8) and even larger solutes (AQP9) [48]. Aquaporin wa-
ter channels play an important role in the regulation of dy-
namic fluid homeostasis [49]. Water movement across ag-
uaporins can be driven by osmotic, oncotic, or hydrostatic
forces.

AQPs have been found to be localized in mesothelial
cells [50]. AQP1 was expressed in diaphragmatic, visceral,
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and parietal pleura [28], indicating that AQP1 may play a
role in fluid dynamics in the pleural spaces. Pleural osmotic
water permeability in AQP1 knockout mice was examined.
Compared to normal control animals, the deletion of AQP1
significantly reduced pleural osmotic water permeability, but
not isosmolar liquid pleural absorption [15]. These studies
provide compelling evidence that AQP1 does indeed govern
pleural fluid turnover.

II. ANTIPORT AND SYMPORT SYSTEMS
11-1. Antiport Systems (Exchangers)
11-1-1. Na'-Dependent CI'/HCOs- Exchanger

Indirect evidence for the existence of solute-coupled fluid
absorption from the pleural space of rabbits has been pro-
vided by measuring the net rate of fluid absorption (Jnet) of
Ringer hydrothoraces in the presence or absence of inhibitors
of the Na’/H*™-CI/HCO; coupled exchanger (4-acetamido-
4’- isothiocyanatostilbene-2,2’disulfonate 0.1 mM, bumeta-
nide 0.1 mM, and amiloride 0.7 mM) [39]. In the presence of
these inhibitors, Jnet was markedly smaller than in the con-
trol ones. These findings suggested the occurrence of a sol-
ute-coupled fluid absorption from the pleural space, consis-
tent with the involvement of a Na'/H*-CI/HCO; co- ex-
changer located on the serosal side of the pleural mesothe-
lium [21, 22]. So far, several sodium-dependent HCOj;
transport isoforms have been cloned [51, 52]. The molecular
basis of this coupled exchanger activity in pleural tissues
requires follow-up studies.

11-1-2. Na*/H* Exchanger

Using a pH-sensitive fluorescent probe, 2'7'-bis(2-
carboxyethyl)-5(6)-carboxyfluorescein, Liaw and co-workers
observed that PKC activation is one of the downstream sig-
nals in the epidermal growth factor-induced activation of the
Na'/H* exchanger in primary cultures of human pleural
mesothelial cells [40]. 12-O-tetradecanoylphorbol 13-acetate
stimulates the ethylisopropyl amiloride-sensitive Na'/H" ex-
changer, and subsequent alkalosis can be blocked by the
PKC inhibitors chelerythrine and staurosporine. Taken to-
gether, these reports suggest that PKC is indeed involved in
the activation of the Na'/H"-exchanger in mesothelial cells.

11-2. Symport Systems (Co-Transporters)
11-2-1. Na'-Glucose Co-Transporter

Evidence for a Na'-glucose co-transporter in the meso-
thelium has also been provided through use of 0.5-2 ml al-
bumin-Ringer hydrothoraces with a specific inhibitor, phlo-
ridzin (0.1-1 mM) [41]. The decrease in net rate of fluid ab-
sorption in pleural space produced by phloridzin suggests
that a Na'-glucose co-transporter operates on the luminal
side of the pleural mesothelium and this contributes to the
solute-coupled pleural fluid absorption. Subsequently the
same group found that the Na*-glucose co-transporter activ-
ity is coordinated with Na*-dependent HCO; exchanger ac-
tivity on the luminal side under physiologic conditions [39].
Owing to the morphological similarity between pleural vis-
ceral and parietal mesothelial cells, it seemed likely that the
solute-coupled fluid absorption occurred on both sides. In-
deed, the most recent results clearly provided molecular evi-
dence for the Na'-glucose co-transporter both in the visceral
and parietal pleural mesothelium [42].
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11-2-2. Na'-K*-2CI" Co-Transporter

Zocchi et al. found that in hydrothoraces with amiloride
plus terbutaline, a B, adrenergic receptor agonist, the net rate
of fluid absorption in pleural space was greater than in those
with amiloride alone [43]. This observation indicates that
terbutaline activates an amiloride-insensitive mechanism for
Na" transport across the luminal membrane of the mesothe-
lium. Bumetanide, a potent Na*-K*-2CI" co-transport inhibi-
tor, completely blocked the terbutaline-induced increase in
the net rate of fluid absorption. Obviously, terbutaline in-
creased the albumin-Ringer net absorption rate either
through activation of the Na*-K*-2CI" co-transport system or
a Na'-CI" symporter [43]. Furthermore, Ye et al. recently
found B adrenogic receptor stimulation by endogenous fetal
epinephrine increased fetal distal airspace fluid clearance in
timed-pregnant guinea pigs and that this involved bumeta-
nide-sensitive ion transport, i.e., the Na'-K'-2CI" co-
transporter [53].

111. PHYSIOLOGICAL AND CLINICAL RELEVANCE

Irrespective of their anatomical origin, peritoneal, pleu-
ral, and pericardial mesothelial cells have shown similarities
in their functional properties [54]. To provide a non-adhesive
frictionless protective barrier that facilitates movement of
opposing tissues and organs within the serous cavities, the
volume and components of the fluid in pleura, pericardium,
and peritonium must be tightly regulated. For example, the
volume of pleural fluid results from a balance of fluid inflow
and outflow, occurring by Starling forces (assuming filtra-
tion through the parietal, and absorption through the visceral
mesothelium), amiloride-sensitive  lymphatic  drainage
through the parietal pleura stomas, and electrolyte-coupled
fluid absorption through the mesothelium of both sides [55,
56]. In humans, the balanced rate of fluid secretion and ab-
sorption in the steady state is ~0.01 ml kg™ h™ [57]. Compel-
ling evidence, as reviewed in this manuscript, confirms the
critical role played by mesothelial cells in fluid transport
across the serosal cavities. In addition, mesothelial cells play
a central role in antigen presentation, inflammation and tis-
sue repair, coagulation and fibrinolysis, and tumor cell adhe-
sion within the serosal cavities [54].

Pleural effusions, pericardial effusions, and ascites are all
common medical problems and significant causes of morbid-
ity. The pathogenesis of these diseases may involve in-
creased transmesothelial membrane filtration, reduced fluid
reabsorptive transport, pulmonary capillary pressure, de-
creased negative intrapleural or oncotic pressure, or ob-
structed lymphatic flow which is a most common complica-
tion in mesothelioma, bacterial infection, and tuberculosis
[58]. For example, most patients with earlier stage mesothe-
lioma present with pleural effusions [59]. lon transport sys-
tems in mesothelial cells, such as voltage-gated Na" channels
[24], not only regulate the balance of fluid turnover and ab-
sorption, but also relate to cell proliferation.

IV. PROSPECTIVE

The control of both the volume and composition of the
fluid in pleural, pericardial, and peritoneal cavities is af-
fected by a number of mechanisms [3]. Until recently the
potential contribution of aforementioned ion electrolyte
transport systems in this review, to the cavity fluid turnover
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and re-absorption have been neglected. Increasing evidence
has now accumulated to support the contention that active
transmesothelial transport does play an important role [12,
13, 20]. However, further studies using state-of-the-art tech-
niques, such as genetic knockout models, are still required to
unequivocally discern the role played by these transport sys-
tems under physiological and pathological conditions.
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