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Chapter 1

INTRODUCTION

lonotropic y-aminobutyric acid (GABA) receptors were only recognized as the
most important inhibitory mediators of neurotransmission in the brain. Their roles
in peripheral organs and other functions have not been appreciated but began to
draw more and more interests in recent years. Our laboratory has identified a
GABAA receptor pi subunit (GABRP) in alveolar epithelial type Il cells by DNA
microarray analysis. This is the first report on the expression of GABA receptors
in alveolar epithelial cells. This dissertation aimed to characterize the expression
patterns of GABRP in cultured alveolar epithelial cells and all the subunits of
GABA receptors in the lung and type |l cells in physiological and pathological
conditions. Due to the fact that chloride channels are essential for lung fluid
homeostasis, the functional roles of ionotropic GABA receptors in adult rat lung
fluid transport were further investigated. Our results show that functional
ionotropic GABA receptors contribute to a novel fluid transport pathway in
alveolar epithelial cells. This study would open a new aspect in the field of
alveolar epithelial cell biology and may have a great potential for resolving cystic

fibrosis or lung edema in the future.



1.1 lonotropic GABA receptors

lonotropic GABA receptors, together with nicotinic acetylcholine receptors,
glycine receptors, and some other receptors such as 5-HT3 receptors and
serotonin receptors, belong to the superfamily of ligand-gated ion channels
(Jentsch et al. 2002b). Members of this superfamily have a common structural
feature: the ion channel complex is formed by 5 subunits. lonotropic GABA
receptors can be classified into two subtypes: GABAx and GABA¢ receptors,
based on the pharmacological characteristics. The third type of GABA receptor,
GABAg receptor is a G protein-coupled receptor which modulates the
conductance of Ca?* and K* channels via G-protein. It has a very different
molecular structure compared to GABAAx and GABAc receptors. GABA is the
common agonist of all three types of GABA receptors. GABAa receptors are
competitively inhibited by bicuculline, whereas GABAc receptors are specificially
blocked by (1,2,5,6-tetrahydropyridin-4-yl)methyl phosphonic acid (TPMPA). Both
types of ionotropic GABA receptors can be non-competitively blocked by
picrotoxin, a drug originally found in snake (Bormann 2000). Upon binding with a
specific agonist, GABAa and GABAc receptors open the channels and increase
the conductance to CI', which results in a hyperpolarity of the plasma membranes
in most of the circumstances; however, in some stages of development or in
some organs, the activation of ionotropic GABA receptors generates excitatory
effects (Ben Ari 2002). GABAg receptors, on the contrary, normally produce
hyperpolarity by increasing the conductance of K* and inhibiting the elevation of

cellular Ca®* (Bowery et al. 2002), which results in a decrease of the membrane



excitability and inhibits the releasing of neurotransmitters.

lonotropic GABA receptors may have thousands of different combination from
the available subunits. Up to date, 7 subunits (a, B, v, 9, @, p and €) have been
found, which can be further classified into 19 subfamilies. All the subunits are
abundantly expressed in brain, except for © and p, which are most abundant in
uterus and retina, respectively (Hedblom and Kirkness 1997, Enz et al. 1995).
The most common type of GABAAa receptors is afy, where a- and B-subunits are
indispensable but y-subunit can be replaced by &-, n-, and e-subunits (McKernan
and Whiting 1996). GABAc receptors are mainly formed from p-subunits only.
Some p-subunits can also assemble with other subunits to form “hybrid”
receptors (Milligan et al. 2004). The assembly of different subunits results in
functionally and pharmacologically distinct receptors as indicated by
electrophysiological studies (Bowery et al. 2002, Korpi et al. 2002). The
pharmacological diversity of the receptor subtypes is important clinically when
selecting the appropriate drugs.

lonotropic GABA receptors were thought to mediate CI" influx into the cells.
Their ability to extrude CI', depending on the transmembrane CI" electrochemical
gradient, was realized only in the recent years (Ben Ari 2002). Those receptors
can also transport HCO3™ with a lower permeability than that of CI" (Kaila 1994).
The rapid influx of CI" is normally observed in adult neurons, which
hyperpolarizes the plasma membrane and inhibits the neuron activity (Jentsch et
al. 2002b). The efflux of CI" is more often observed in immature neurons, which

depolarizes the plasma membranes and results in an excitatory effect (Ben Ari



2002). The mechanisms behind this switch during development are not very
clear; however, the ontogenic differential expression of CI transporters and the
modulation of intracellular CI" concentrations may play essential roles for the
switch (Chen et al. 1996, Rivera et al. 1999, Clayton et al. 1998). In immature
neurons, the Na™-K*-2ClI" co-transporter 1 (NKCC1) starts to express at the early
embryonic stages. NKCC1 largely mediates an inward CI transport.
Consequently, cellular CI" is accumulated. The ionotropic GABA receptors are
also expressed at the early stage of gestation. When the receptors are activated,
the accumulated CI is ready to be extruded through the opened channels
(Clayton et al. 1998). After birth, the expression of the outward K*-CI" co-
transporter 2 (KCC2) increases. The KCC2 extrudes CI" which significantly
lowers the cellular CI' concentration. In immature neurons, the equilibrium
potentials for CI" are normally -20 to -30 mV, whereas in adult neurons, they are
normally -60 to -70 mV. Therefore, in adult neurons, ionotropic GABA receptors
are normally inhibitory, because the cellular equilibrium potentials for CI" are
lower than the threshold to generate action potentials (Rivera et al. 1999, Clayton
et al. 1998). Interestingly, although KCC1 and KCC2 are highly homogeneous in
their amino acid sequences, genetic studies indicated that the shift of cellular CI

was due to the effect of KCC2 but not KCC1 (Ben Ari 2002, Rivera et al. 1999).

lonotropic GABA receptors mainly distribute in the CNS. In addition to
mediating neurotransmission, they are also important for the development of the
neuronal system (Owens and Kriegstein 2002, Behar et al. 2000, Maric et al.

2001). GABA acts as a signal molecule for promoting synaptogenesis, neuronal



differentiation and migration, probably via the depolarity effects generated by
GABA receptors (Chen et al. 1996, Ganguly et al. 2001). The distribution and
composition of ionotropic GABA receptors as well as their conductances are
precisely regulated during neuron development (Lujan et al. 2005). As a result,
knockout of some subunits leads to severe structural or functional abnormalities
such as low neonate viability, fertile, growth retard and cleft palate in animal
models (Jentsch et al. 2002a).

lonotropic GABA receptors are also widely expressed in peripheral tissues
and organs. However, their functions in those tissues are not well documented.
GABA receptor subunits have been found in pancreas, kidney, ovary, fallopian
tubes, pituitary, uterus and adrenal medullar (Akinci and Schofield 1999, Calver
et al. 2000, Gamel-Didelon et al. 2002, Lux-Lantos et al. 2001, Moore et al.
2002). Interestingly, most of those organs have active secretory functions. In the
pancreas, the activation of GABAA receptors increased both insulin release and
fluid secretion (Brice et al. 2002, Park and Park 2000). In pituitary, GABA¢
receptors were only expressed in growth factor secreting cells but not the cells
lacking secretory functions (Gamel-Didelon et al. 2003). The mechanism of
GABA receptors to increase hormone secretion is unknown. In some cells, the
activation of the GABA receptors results in elevation of cytosolic Ca®*, which may
act as a signal for hormone secretion (Predescu et al. 2005).

Because ionotropic GABA receptors mediate fast movement of ions, they may
modulate cellular activities via changing the ion homeostasis. The activation of

ionotropic GABA receptors regulates cell volume (Schomberg et al. 2003). In



addition, through cross-talk with other channels such as K*-CI" co-transporters
and purinergic receptors, ionotropic GABA receptors can change the
conductance of several cations including Na*, K* and Ca™ by different
mechanisms (Hill et al. 1998, Panek et al. 2002, Limmroth et al. 1996). The
reports on the role of ionotropic GABA receptors in fluid homeostasis are very
limited. The blocking of GABAAa receptors leads to brain edema (lasnetsov and
Novikov 1985). Some inflammatory neuron pains can be alleviated by the
activation of GABAa receptors (Buritova et al. 1996, Dickenson et al. 1903).
Some GABAa receptor agonists such as progesterone, allopregnanolone and
muscimal, can be used to decrease plasma extravasation associated with
meningitis (Limmroth et al. 1996, Lee et al. 1995).

The GABA receptor n subunit (GABRP) was cloned in 1997. Northern blot
has shown that its expression is extremely abundant in the uterus and relatively
enriched in the lung, but is very limited in the brain (Moats-Staats et al. 1995).
GABRP constantly increases expression during the pregnancy in the uterus, but
has a dramatic decrease at birth. The expression patterns suggest that GABRP
may contribute to keep the uterus in a mostly quiescent status before parturition
(Fujii and Mellon 2001, Neelands and Macdonald 1999). GABRP can co-
assemble with other subunits, including o, B, and vy to form functional receptors
(Neelands and Macdonald 1999). Recently, DNA microarray analysis indicated
that GABRP was much more often expressed in breast tumors than normal
mammary glands, suggesting that GABRP is a potential marker for breast tumors

(Zehentner et al. 2002). Although only a few studies on GABRP have been



carried out, GABRP may play a role distinct from other subunits. When studying
the genes involved in the differentiation pathways from alveolar type Il cells to
type | cells, our laboratory found that GABRP was only expressed in type Il cells
but not in type | cells (Chen et al. 2004). This is the first report of the expression
of a GABA receptor subunit in alveolar epithelial cells. Because type Il cells have
essential roles to secrete surfactant, renew injured cells, and regulate fluid
transport in the lung, GABRP or ionotropic GABA receptors may play a role to

regulate those cellular activities in type Il cells.

1.2 Lung and alveolar epithelial cells

Lung is a highly branched organ for gas-exchange. From proximal to distal
region, the air conduction tubes of the lung include the cartilaginous trachea,
bronchi, membranous bronchioles, respiratory bronchioles, alveolar ducts,
alveolar sacs, and alveoli. The proximal lung (cartilaginous airway) is covered
with ciliated, secretory (mucus-goblet and serous cells), and basal cells. The
distal (small noncartilaginous airway) is covered with ciliated and non-ciliated
(Clara) bronchiolar cells. Alveoli are the blind ending, sac-like structures. The
alveolar epithelium is mainly composed of two types of alveolar epithelial cells,

type | and type Il cell (Staub et al. 1988).

Alveolar type | cells are large and squamous. Their main functions are gas
exchange and fluid transport (Matthay et al. 2002, Johnson et al. 2002). Type I
cells are small, cuboidal and normally located at the corner of alveoli. The main

functions of alveolar type Il cells is lung surfactant production, fluid transport, and



host defense (Bisetti 1989). Alveolar type Il cells are also progenitors of type |
cells. They proliferate to generate new type Il cells and differentiate into type |
cells. As a result, alveolar type Il cells play a critical role in physiological renewing
and pathological repairing of alveolar epithelium (Fehrenbach 2001). In contrast,
alveolar type | cells are considered as terminal differentiated cells. Probably
because type | cells are thin and large, they are more vulnerable to damages.
For example, a prolonged hyperoxia exposure seriously damages type | cells, but
most type Il cells are intact (Pagano and Barazzone-Argiroffo 2003, Fehrenbach

2001).

Surfactant, a phospholipid-rich lipoprotein complex, lowers surface tension
and prevents collapse of alveoli (Hutchison 1994). Surfactant is mainly
synthesized and secreted by alveolar type Il cells. However, Clara cells can also
synthesize surfactant proteins. Four surfactant proteins (SP) A, B, C and D have
been found. Among them, SP-C can only be synthesized and secreted by type Il
cells. Surfactant proteins are widely used as the markers of type Il cells. Some of
them, such as SP-D, function as host defense in the lung (Bisetti 1989, Whitsett
2005). The lamellar body membrane protein, LB-180, is another commonly used
marker for type Il cells (Mulugeta et al. ). Type | cell markers include T1 alpha, a
protein whose function is unknown yet, and aquaporin 5, a water channel (Rishi

et al. 1995, Chen et al. 2004).

Type Il cells undergo trans-differentiation when cultured in vitro. On plastic
plates, type Il cells lose most of the lamellar bodies after a 3-day culture and

change completely to type I-like cells after a 7-day culture (Borok et al. 1998b,



Borok et al. 1998c, Shannon et al. 1992). The similar effects have been observed
when those cells are cultured on attached collagen gel (AG), or when liquid is
present on both the apical and basolateral surface of the cells (liquid-liquid
interface, or LL). Some culture systems have been developed to maintain type |l
cell phenotypes (Shannon et al. 1987, Danto et al. 1995, Borok et al. 1998b,
Dobbs et al. 1997, Xu et al. 1998, Mason et al. 2002). The culture models that
partially maintain type Il cell phenotype include: culturing cells on matrigel,
adding keratinocyte growth factor (KGF) in the culture medium, culturing cells on
the detached collagen gel (DG), and culturing cells on the air-liquid interface
(AL). The mechanisms how those culture models work are not very clear.
Interestingly, several culture models can modulate not only the cell phenotype,
but also the expression of ion channels (Ridge et al. 1997, Liu and Mautone
1996, Jain et al. 2001, Wang et al. 1999, Yang et al. 2003). Culturing on the
plastic plate decreases the expression of amiloride-sensitive Na* channels and
cystic fibrosis transmembrane regulator (CFTR) in type Il cells (Brochiero et al.
2004, Liu and Mautone 1996). On the contrary, matrigel, KGF, and AL increase
the expression Na" or CI' transporters. Matrigel is a solubilized basement
membrane preparation extracted from the Engelbreth-Holm-Swarm (EHS) mouse
sarcoma. The main components of matrigel include growth factors, laminin and
collagen. Growth factors and laminin up-regulate the expression of CFTR and the
epithelial Na* channel (ENaC), but collagen has no effects on cell differentiation
and ion channel expressions (Yang et al. 2003, Wang and Chan 2000). The AL

helps cells to maintain the differentiation status of type Il cells. It also enhances



the expression of the a-subunit of the ENaC (Rossier et al. 2002, Matalon and
O'Brodovich 1999). As a result, airway epithelial cells cultured on the AL have a
significantly higher Na* absorption than those grown on the plastic plates. The
expression of CFTR in type Il cells also increases on the AL in comparison to that
on plastic plates (Brochiero et al. 2004). In animals, KGF increases fluid
clearance via the elevation of type Il cell proliferation and thus the expression of
ENaC (Wang et al. 1999). However, KGF increases fluid and electrolyte secretion
in type Il cells on the AL (Borok et al. 1998a, Prince et al. 2001). KGF modulates
the expression of a number of CI" channels on the AL, increasing CIC1 and CIC7
but decreasing CFTR (Prince et al. 2001). The DG probably provides a
continuous mechanical force to the cultured cells so that maintains the
morphology of type Il cells. Whether DG changes the expression of ion channels
is not clear; however, most cells handle the mechanical force stimulation via ion
channels (Kung 2005). Because GABRP is specifically expressed in type Il cells,
it may provide important information on the functions of GABRP in alveolar

epithelial cells by examining its expression under those culture conditions.

1.3 Airway surface fluid (ASF) and alveolar surface liquid (ASL)

The inner surface of the lung is lined with a thin layer of fluid, namely airway
surface fluid (ASF), which is a mixture of liquid and proteins. The ASF provides
an ideal environment to trap foreign substances, such as bacteria, viruses, and
particulate matter. And through efficient mucociliary movement, those

unfavorable granules can be removed out of the lung through sputum. Some
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inhaled unfavorable chemicals, such as hydrochloride gas, can be also dissolved
and diluted by the ASF and finally be removed (Rubin 2002). The fluid covered
on the surface of the alveoli is named alveolar surface liquid (ASL) or alveolar
subphase fluid (AVSF). The ASL may be able to communicate with the ASF,
however, it has very different component from the ASF. ASF contains a large
amount of mucous that is secreted by the goblet cells whereas surfactant

produced by type Il cells is only in the ASL (Scarpelli 2003).

The ASF is formed by the lung epithelium. Similar to all the fluid secretions in
the body, the active CI" secretion provides the main driving force for water to
move to the airway lumens (Widdicombe et al. 1997). Through active re-
absorption of Na*, the ASF can be absorbed into circulation so that the volume of
the ASF can be precisely controlled (Matthay et al. 2002, Tarran et al. 2001).
Although there is disagreement about which types of cells are mainly responsible
for the production of the ASF, Na* and CI transporters have been found in many
types of the airway epithelium and liquid secretion has been observed in all the
segment of airways (Jeffery and Li 1997, Engelhardt et al. 1994, Rochelle et al.
2000b, Tarran et al. 2002, Brochiero et al. 2004). Because alveolar epithelium
constitutes a large area of the airway, it is possible that alveolar epithelium is an
important resource of the ASF productions (Matthay et al. 2002). Up to date,
many kinds of Na* and CI transporters such as ENaC, Na*-K*-ATPase, CFTR,
purinergic receptors, and CIC, have been identified in type Il or type | cells (Yue
et al. 1995, Schneeberger and McCarthy 1986, Johnson et al. 2002, Borok et al.

2002, Brochiero et al. 2004, Qiao et al. 2003, Chen et al. 2004).
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It is essential to control the volume and composition of ASF, which are the
pre-requisite of proper pulmonary functions such as ciliary movement and lung
defense. If the volume of the ASF is too much, the the ciliary movement may be
prevented. However, if the volume of ASF is too low, the ability to trap foreign
substance will be largely reduced and the lung will be more vulnerable to
infections (Boucher 2004). The volume and composition of the ASL is equally
important. If the volume is too much, the lung has low gas-exchange efficiency.
However, if the volume is too low, alveoli lose the ability to circulate surfactant
network and to exchange electrolyte with outside (Scarpelli 2003, Ng et al. 2004).
To precisely regulate the volume and composition of the ASF, the expression and
activity of epithelial ion transporters may vary under different physiological and
pathological conditions (Rubin 2002, Widdicombe et al. 1997, Yue et al. 1995,

Johnson et al. 1998, Boucher 2004).

The composition of the ASF is difficult to determine due to the extremely small
volume. By using ultramicroanalytic techniques, scientists have found that the
content of many ions of the ASF is close to the plasma, whereas the ion
concentration of Na* and CI" may be only half of that of the plasma (Joris et al.
1993). Recently, X-ray microanalysis has begun to be used in determining the
ionic composition of the ASF, which confirmed that in trachea, the ASF has a
significantly lower concentration of Na* and CI than the serum (Vanthanouvong
et al. 2005, Kozlova et al. 2005). The composition of the ASL has been a mystery
for many years until now. It is technically difficult to access the surface of the

alveoli. However, it is generally agreed that the ASL is more acidic than serum,
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because macrophages, which make up the defense layer of the alveoli, may

generate a lot of metabolic acids (Scarpelli 2003).

Probably because the adult lung is a relatively “dry” organ in comparison with
other organs, and the volume of ASF is tiny compared with other body fluids, the
absorption functions of the airway epithelium have been substantively studied
(Matthay et al. 2002). The fluid-secretion of the fetal lung is also well studied
(Folkesson et al. 1998, Olver et al. 2004a, Bland and Nielson 1992), however,
the importance of fluid secretion in the adult lung is realized for only ~ 20 years.
Fluid secretion in the adult lung is now considered to be at least equally
important as absorption. How the ASF is dynamically regulated all the time is not
clear. The leading hypothesis assumes that the airway epithelium is absorptive
most of the time; however, when there are breaks of fluid absorption, there is
significant fluid secretion so that the volume and composition of the ASF are
maintained (Boucher 2004). Before the wide-acceptance of the concept of active
absorption or secretion, there was a theory that Na" is absorbed through
epithelium but CI is transported passively through the paracellular tight junctions
(Kim et al. 1991). That theory is largely rejected now. Paracellular ion transport
rate is only 1/3 of the transcellular transport (Kim et al. 2005). As a result,

paracellular transport may not meet the requirement of electronic equilibrium.

1.4 Fluid transport during lung development

The lung is not filled with air during the fetal stage. The fetal lung is a fluid-

secretion organ at the time that lung bud forms (Olver et al. 2004b). The lung
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fluid secretion increases during early gestation, peaks at mid-gestation, and
gradually declines before birth (Harding and Hooper 1996). The liquid secretion,
accompanied with the increasing volume of the lung, generates a distensing
pressure against the lung/chest wall, which provides the crucial force for the lung
growth (Olver et al. 2004b). If the lung fluid secretion is impaired during gestation,
it results in the lung hypoplasia, which is morphologically characterized with
insufficient lung growth, reduced number of airway generation, reduced

pulmonary vascular bed, and reduced acinar size (Moessinger et al. 1990).

The lung fluid is largely secreted by the fetal lung epithelium. The epithelial
cells, including type Il cells, type | cells, clara cells, and ciliated cells, may all
contribute to the formation of the fetal lung fluid (Olver et al. 2004b, Cotton et al.
1988, Rao and Cott 1991). Alveolar epithelial cells may be the main source of
lung fluid, because they constitute large part of the total lung surfaces. CI
secretion is the main driving force for the fluid secretion (Olver and Strang 1974).
Composition analysis of the fetal lung fluid indicated that the concentration of CI
in the fetal sheep lung lumen is much higher than the plasma (157 mM v.s. 107
mM). How this fluid is produced is not fully understood. A widely accepted theory
describes the mechanism as follows: NKCC and Na*-K*-ATPase are expressed
at the early stage. Na*™-K*-ATPase pumps Na® out of the cells and results in a
relative insufficient Na®. NKCC is sensitive to the lack of cytosolic Na* and co-
transports the Na*, K*, and CI" into the cells from the mesenchyme. Extra Na*
can be still be pumped out through the Na*-K"-ATPase, whereas K" and CI" are

accumulated in the cells. The CI is then ready to be extruded from the apical
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surface of the epithelium because of the accumulated gradient. K™ is secreted
together with CI" to keep the electronic balances. This statement also explains
why fetal lung epithelium can continuously secrete CI” against its gradient (Olver
and Strang 1974). A big “gap” of this theory is that the CI" channels responsible
for fetal lung fluid secretion are still unknown. CFTR was assumed to be
important for lung fluid secretion. However, knock-out study has indicated that
the lung has normal development even without the expression of CFTR (O'Neal
et al. 1993). CIC mutations result in many serious problems, such as Dent’s
disease, osteopetrosis, sterile, and deafness (Jentsch et al. 2002b). However,
lung development appears to not be a problem for those CIC knockout mice. The
expression of GABRP in type Il cells provides a potential novel candidate to fill
the gap of the current theory. If the ionotropic GABA receptors are expressed in

fetal lungs, they may have a role in the production of fetal lung fluid.

At birth, fluid has to be removed from the lung and allow the lung to be filled
with air. The fluid absorption is driven mainly by ENaC and Na*-K*-ATPase.
Through active Na* transport, the fluid is forced to transport from the lumen and
accumulate in the interstitial space of the lung (O'Brodovich et al. 1990,
Chapman et al. 1990). The fluid in the interstitium is finally removed through the
vascular and lymphatic systems (Bland et al. 1982) in several hours. The role of
Na* transporters in perineonatal lung fluid clearance is well studied. Consistent
with the developmental change of the lung fluid, the expression of ENaC in the
lung is low in the early embryotic stages. It begins to increase from the mid-

gestation, peaks at birth and remains at a high level after birth (Chapman et al.
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1990, Matalon and O'Brodovich 1999, Watanabe et al. 1998).

The roles of CI channels in fetal lung development are well studied; however,
their functions at birth are not clear. The ontogenic expression of some CI
channels including CFTR, CIC and NKCC has been reported (Tizzano et al.
1994, McGrath et al. 1993, Harris et al. 1991, Thiemann et al. 1992, Lamb et al.
2001, Edmonds et al. 2002, Rochelle et al. 2000a). CFTR and most CIC are
expressed at a much higher level in fetal lungs compared to adult lungs (McGrath
et al. 1993, Tizzano et al. 1994, Harris et al. 1991, Thiemann et al. 1992, Lamb et
al. 2001, Edmonds et al. 2002). CIC2 has a dramatic decrease at birth
(Thiemann et al. 1992). There is no report about the increase of ClI' channels at
birth yet. This phenomenon is quite confusing, because as we know, to keep the
electronic equilibrium, when the Na* is absorbed, a CI" or other anion should be
equally absorbed. Further, recent studies indicated that the absorption of Na* is
dependent on the absorption of CI" (O'Grady et al. 2000). A strong evident is that
in cystic fibrosis (CF) mouse, because the mutation of the CFTR, a major CI
channel, B-agonist failed to increase the fluid clearance even there is damage to
the Na* channels (Fang et al. 2002a). In addition, the fetal lung fluid has very
high concentration of CI, which has to be absorbed at birth. Probably because
the role of CI' channels is realized for only the recent 20 year, the main CI
channels that help to remove lung fluid at birth have not been figured out yet.
Therefore, in addition to the current known CI channels, other CI" channels exist
in the developing lungs and play a role in the CI" absorption at birth. lonotropic

GABA receptors are CI channels. Whether they play a role in fluid clearance at
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birth is not clear.

1.5 Fluid homeostasis in hyperoxic lung injury

Lung fluid homeostasis is important in both normal and pathological
conditions. Supplying a high concentration of O, is commonly used clinical
practice for patients with acute lung injury or severe hypoxemia, and most often
for pre-maturely delivered babies (Weaver 1992). However, prolonged exposure
to a high concentration of O, may lead to hyperoxic lung injury. A high
concentration of O, produces reactive oxidative species (ROS), which damage
the endothelium and alveolar type | cells, increase the permeability of the
alveolar epithelium to water and protein, and finally result in lung edema
(Freeman et al. 1993). Alveolar epithelial cells play an important role to resolve
the lung edema. In subacute hyperoxic lung injury models, the transcripts and
activity of ENaC and Na*-K*-ATPase in the lung are increased. As a result, the
fluid clearance ability of the lungs increases (Fehrenbach 2001, Matthay et al.
2002, Yue et al. 1995, Matalon and O'Brodovich 1999). In severe hyperoxic lung
injuries, excess ROS damage the ion channels and hampers the lung to clear
edema fluid (Yue et al. 1995, Matalon and O'Brodovich 1999). The functions of
Cl channels are not clear in hyperoxia-injured lungs. Because aborption of Na*
requires CI', CI" channels may also play a role in the resolution of hyperoxic lung

edema.
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1.6 Airway and alveolar epithelial CI" channels

Since the role of CI" channels in lung fluid transport is only realized in
recent years, only a few CI" channels have been studied on airway and even less
on alveolar epithelial cells, which include CFTR, Ca®"-activated CI" channel
(CaCCQC), CIC, NKCC, KCC, and purinergic receptor P2X (Harris et al. 1991,
Thiemann et al. 1992, Lamb et al. 2001, Edmonds et al. 2002, Rochelle et al.
2000a, Brochiero et al. 2004, Fang et al. 2002b, Blaisdell et al. 2000, Murray et
al. 1996, Rochelle et al. 2000b, Murray et al. 1995, Lee et al. 2003, Brochiero et
al. 2004, Chen et al. 2004). All of those channels are also widely expressed in
other organs (Jentsch et al. 2002b). Those channels may not be all the members
of CI' channels in the lung, because none of those channels were proved to be

indispensable for lung development.

The most widely studied CI channel is CFTR, which is encoded by a gene of
~250 kb (Riordan et al. 1989). It is a voltage-independent anion channel that
requires phosphorylation for efficient activity (Riordan et al. 1989). The single-
channel conductance of CFTR is between 6~10 pS (Berger et al. 1991). In the
airway and alveolar epithelium, CFTR is located on the apical plasma membrane.
Earlier studies have showed that CFTR is mainly distributed in submucus glands
and distal airways (McGrath et al. 1993, Tizzano et al. 1994). Recent reports
have demonstrated that CFTR is also expressed in type Il cells (Brochiero et al.
2004). CFTR is constitutively expressed in the lung but its distribution changes
during the development (McGrath et al. 1993, Tizzano et al. 1994). In adult lungs,

CFTR plays a crucial role for lung fluid secretion in the airway (Boucher 2004,
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Sheppard and Welsh 1999, Donaldson and Boucher 2003, Quinton 1983).
Patients with a mutated CFTR have a significantly lower ASF volume than that of
normal people (Donaldson and Boucher 2003, Quinton 1983). CFTR is important
for alveolar fluid clearance as well. In the CFTR(-/-) mouse, isoproterenol could
not stimulate the alveolar fluid clearance (Fang et al. 2002a). However, CFTR is
not required for lung development. Up-to-date, more than 1000 kinds of
mutations for CFTR have been found (Boucher 2004). CF mice are mostly born
with a structurally normal lung (O'Neal et al. 1993). The early death of CF
patients is generally due to the fact that they have significantly reduced ASF,
which lowers their ability to resist the recurrent bacterial infections (Boucher

2004).

CaCcC is another widely studied CI" channel located on the apical membrane
of airway epithelial cells (Jentsch et al. 2002b, Anderson and Welsh 1991, Tarran
et al. 2002). CaCC is activated by the elevation of intracellular Ca®* (specifically
from the apical part of the cytoplasma) and mediates an outward CI current
(Paradiso et al. 2001). cAMP, which activates CFTR, inhibits the activity of CaCC
(Anderson and Welsh 1991). The molecular identity of CaCC is not clear yet,
although several molecular candidates have been proposed (Hartzell et al. 2005,
Jentsch et al. 2002a). Probably due to the ambiguous molecular identity, the
single channel conductance of CaCC has been recorded from 1-70pS (Jentsch et
al. 2002a). Because it secretes CI, CaCC is an attractive candidate to replace
CFTR in case of CF diseases (Wagner et al. 1991). In cultured airway epithelial

cells, CaCC has been observed to increase the volume of ASF (Tarran et al.
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2002). However, lack of specific activators and inhibitors make it difficult for clinic

use (Boucher 2004). CaCC may be not expressed in alveolar epithelial cells.

CIC belongs to the voltage-gated CI' channels. Their mRNA and proteins
have been identified in the lung (Thiemann et al. 1992, Lamb et al. 2001,
Edmonds et al. 2002, Blaisdell et al. 2000). CIC is probably located on the apical
membrane of epithelium. Their high expression in early gestation and low
expression in adult lungs suggest that they may play a role in fetal lung fluid
secretion (Thiemann et al. 1992, Lamb et al. 2001, Edmonds et al. 2002,
Blaisdell et al. 2000). On cultured fetal lung, down-regulation of CIC2 hampers
the growth of the cysts (Blaisdell et al. 2004). In other organs, CIC plays an
important role in fluid homeostasis. Mutation of CIC5 results in Dent's disease
(proteinuria and kidney stones). There are no reports about their roles in adult

lungs (Jentsch et al. 2002a).

NKCC and KCC are both located on the basolateral membranes. NKCC is
proposed to accumulate CI" gradient in fetal lung epithelium (Olver and Strang
1974, Carlton et al. 1992, Thom and Perks 1990, Rochelle et al. 2000b).
However, by using NKCC1(-/-) mouse, it has been shown that NKCC1 may be
only the rate-limiting factor for fetal lung fluid production and other anion
channels may maintain the fluid secretion to near normal levels (Rochelle et al.
2000a). KCC3 and KCC4 have been reported on airway epithelial cells recently.
Their roles in lung fluid homeostasis are not clear. It is proposed that the
expression of KCC may provide a route to resolve the hyperpolarity across the

membranes that is produced by NKCC (Lee et al. 2003).
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There are at least two important questions need to be answered. (i) What
other CI" channels work in the fetal lung, so that the fetal lung can secrete fluid
independent on the current CI" channels? (ii) How are ASF and ASL regulated by
CI" channels? The study on the ionotropic GABA receptors on alveolar epithelial

cells may provide answers to both questions.

1.7 Specific aims and significance

lonotropic GABA receptors have been widely studied as the main inhibitory
mediators for neurotransmitter release in neuronal systems. Relative little is
known regarding their functions in non-neuron system. In peripheral organs
including pancreas, uterus and pituitary, GABA receptors have been shown to
play important roles. It is a brand new field to study the function of ionotropic
GABA receptors in alveolar epithelial cells. The unique expression patterns and
pharmacological characteristics of the GABAa receptors © subunit indicate that it
may be a special modulator of cell activities. However, only a few studies have
been performed since its discovery in 1997 and no information has been reported
in pulmonary system. Based on the previous studies on ionotropic GABA
receptors and alveolar epithelial cells, we hypothesize that ionotropic GABA
receptors may play important roles in the lung. Although those receptors may
have various effects on alveolar epithelial cells, the functional study will be
focused on whether they are involved with lung fluid transport, due to the fact that
fluid homeostasis and chloride channels are critical for pulmonary functions but

are relatively less documented. To test our hypothesis, we proposed the following
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objectives:

Specific Aim |: Characterize the GABAa receptors m subunit in cultured
alveolar epithelial cells.

Specific Aim Il: Characterize all the ionotropic GABA receptor subunits in
developing lungs and type Il cells and in hyperoxia-exposed lungs.

Specific Aim lll: Determine the roles of ionotropic GABA receptors in alveolar
epithelial cells.

This proposed research would open a new aspect in the field of alveolar
epithelial cell biology. In addition, if ionotropic GABA receptors are proved to
regulate lung fluid transport, GABA receptor agonist, many of which are widely
used drugs, may become novel candidates to resolve pulmonary edema and

cystic fibrosis in the future.

1.8 References

1. Akinci MK, Schofield PR (1999) Widespread expression of GABA(A)
receptor subunits in peripheral tissues. Neurosci Res 35:145-153

2. Anderson MP, Welsh MJ (1991) Calcium and cAMP activate different
chloride channels in the apical membrane of normal and cystic fibrosis
epithelia. Proc Natl Acad Sci U S A 88:6003-6007

3. Behar TN, Schaffner AE, Scott CA, Greene CL, Barker JL (2000) GABA
receptor antagonists modulate postmitotic cell migration in slice cultures of
embryonic rat cortex. Cereb Cortex 10:899-909

4. Ben Ari Y (2002) Excitatory actions of gaba during development: the

22



nature of the nurture. Nat Rev Neurosci 3:728-739

. Berger HA, Anderson MP, Gregory RJ, Thompson S, Howard PW, Maurer
RA, Mulligan R, Smith AE, Welsh MJ (1991) Identification and regulation
of the cystic fibrosis transmembrane conductance regulator-generated
chloride channel. J Clin Invest 88:1422-1431

. Bisetti A (1989) Pulmonary surfactant and respiratory infections.
Respiration JID - 0137356 55 Suppl 1:45-48

. Blaisdell CJ, Edmonds RD, Wang XT, Guggino S, Zeitlin PL (2000) pH-
regulated chloride secretion in fetal lung epithelia. Am J Physiol Lung Cell
Mol Physiol 278:L1248-L1255

. Blaisdell CJ, Morales MM, Andrade AC, Bamford P, Wasicko M, Welling P
(2004) Inhibition of CLC-2 chloride channel expression interrupts
expansion of fetal lung cysts. Am J Physiol Lung Cell Mol Physiol
286:L420-L426

. Bland RD, Hansen TN, Haberkern CM, Bressack MA, Hazinski TA, Raj
JU, Goldberg RB (1982) Lung fluid balance in lambs before and after birth.

J Appl Physiol 53:992-1004

10.Bland RD, Nielson DW (1992) Developmental changes in lung epithelial

ion transport and liquid movement. Annu Rev Physiol 54:373-394

11.Bormann J (2000) The 'ABC' of GABA receptors. Trends Pharmacol Sci

21:16-19

12.Borok Z, Danto Sl, Dimen LL, Zhang XL, Lubman RL (1998a) Na(+)-K(+)-

ATPase expression in alveolar epithelial cells: upregulation of active ion

23



transport by KGF. Am J Physiol 274:L.149-1L158

13.Borok Z, Danto SI, Lubman RL, Cao Y, Williams MC, Crandall ED (1998b)
Modulation of t1alpha expression with alveolar epithelial cell phenotype in
vitro. Am J Physiol 275:L155-L164

14.Borok Z, Liebler JM, Lubman RL, Foster MJ, Zhou B, Li X, Zabski SM,
Kim KJ, Crandall ED (2002) Na transport proteins are expressed by rat
alveolar epithelial type | cells. Am J Physiol Lung Cell Mol Physiol
282:L.599-L608

15.Borok Z, Lubman RL, Danto Sl, Zhang XL, Zabski SM, King LS, Lee DM,
Agre P, Crandall ED (1998c) Keratinocyte growth factor modulates
alveolar epithelial cell phenotype in vitro: expression of aquaporin 5. Am J
Respir Cell Mol Biol 18:554-561

16.Boucher RC (2004) New concepts of the pathogenesis of cystic fibrosis
lung disease. Eur Respir J 23:146-158

17.Bowery NG, Bettler B, Froestl W, Gallagher JP, Marshall F, Raiteri M,
Bonner TI, Enna SJ (2002) International Union of Pharmacology. XXXIII.
Mammalian gamma-aminobutyric acid(B) receptors: structure and
function. Pharmacol Rev 54:247-264

18.Brice NL, Varadi A, Ashcroft SJ, Molnar E (2002) Metabotropic glutamate
and GABA(B) receptors contribute to the modulation of glucose-stimulated
insulin secretion in pancreatic beta cells. Diabetologia 45:242-252

19.Brochiero E, Dagenais A, Prive A, Berthiaume Y, Grygorczyk R (2004)

Evidence of a functional CFTR CI(-) channel in adult alveolar epithelial

24



cells. Am J Physiol Lung Cell Mol Physiol 287:L382-L392

20.Buritova J, Chapman V, Honore P, Besson JM (1996) The contribution of
GABAB receptor-mediated events to inflammatory pain processing:
carrageenan oedema and associated spinal c-Fos expression in the rat.
Neuroscience 731:487-496

21.Calver AR, Medhurst AD, Robbins MJ, Charles KJ, Evans ML, Harrison
DC, Stammers M, Hughes SA, Hervieu G, Couve A, Moss SJ, Middlemiss
DN, Pangalos MN (2000) The expression of GABA(B1) and GABA(B2)
receptor subunits in the cNS differs from that in peripheral tissues.
Neuroscience 100:155-170

22.Carlton DP, Cummings JJ, Chapman DL, Poulain FR, Bland RD (1992) Ion
transport regulation of lung liquid secretion in foetal lambs. J Dev Physiol
17:99-107

23.Chapman DL, Widdicombe JH, Bland RD (1990) Developmental
differences in rabbit lung epithelial cell Na(+)-K(+)-ATPase. Am J Physiol
259:0481-L487

24.Chen G, Trombley PQ, van den Pol AN (1996) Excitatory actions of GABA
in developing rat hypothalamic neurones. J Physiol 494:451-464

25.Chen Z, Jin N, Narasaraju T, Chen J, McFarland LR, Scott M, Liu L (2004)
Identification of two novel markers for alveolar epithelial type | and Il cells.
Biochem Biophys Res Commun 319:774-780

26.Clayton GH, Owens GC, Wolff JS, Smith RL (1998) Ontogeny of cation-Cl-

cotransporter expression in rat neocortex. Brain Res Dev Brain Res

25



109:281-292

27.Cotton CU, Boucher RC, Gatzy JT (1988) Bioelectric properties and ion
transport across excised canine fetal and neonatal airways. J Appl Physiol
65:2367-2375

28.Danto SI, Shannon JM, Borok Z, Zabski SM, Crandall ED (1995)
Reversible transdifferentiation of alveolar epithelial cells. Am J Respir Cell
Mol Biol 12:497-502

29.Dickenson AH, Matthews EA, Suzuki R (1903) Neurobiology of
neuropathic pain: mode of action of anticonvulsants. Eur J Pain 6 Suppl
A:51-60

30.Dobbs LG, Pian MS, Maglio M, Dumars S, Allen L (1997) Maintenance of
the differentiated type Il cell phenotype by culture with an apical air
surface. Am J Physiol 273:0L347-L354

31.Donaldson SH, Boucher RC (2003) Update on pathogenesis of cystic
fibrosis lung disease. Curr Opin Pulm Med 9:486-491

32.Edmonds RD, Silva IV, Guggino WB, Butler RB, Zeitlin PL, Blaisdell CJ
(2002) CIC-5: ontogeny of an alternative chloride channel in respiratory
epithelia. Am J Physiol Lung Cell Mol Physiol 282:L501-L507

33.Engelhardt JF, Zepeda M, Cohn JA, Yankaskas JR, Wilson JM (1994)
Expression of the cystic fibrosis gene in adult human lung. J Clin Invest
93:737-749

34.Enz R, Brandstatter JH, Hartveit E, Wassle H, Bormann J (1995)

Expression of GABA receptor rho 1 and rho 2 subunits in the retina and

26



brain of the rat. Eur J Neurosci 7:1495-1501

35.Fang X, Fukuda N, Barbry P, Sartori C, Verkman AS, Matthay MA (2002b)
Novel role for CFTR in fluid absorption from the distal airspaces of the
lung. J Gen Physiol 119:199-207

36.Fang X, Fukuda N, Barbry P, Sartori C, Verkman AS, Matthay MA (2002a)
Novel role for CFTR in fluid absorption from the distal airspaces of the
lung. J Gen Physiol 119:199-207

37.Fehrenbach H (2001) Alveolar epithelial type Il cell: defender of the
alveolus revisited. Respir Res 2:33-46

38.Folkesson HG, Norlin A, Baines DL (1998) Salt and water transport across
the alveolar epithelium in the developing lung: Correlations between
function and recent molecular biology advances (Review). Int J Mol Med
2:515-531

39.Freeman BA, Panus PC, Matalon S, Buckley BJ, Baker RR (1993) Oxidant
injury to the alveolar epithelium: biochemical and pharmacologic studies.
Res Rep Health Eff Inst1-30

40.Fujii E, Mellon SH (2001) Regulation of uterine gamma-aminobutyric
acid(A) receptor subunit expression throughout pregnancy. Endocrinology
142:1770-1777

41.Gamel-Didelon K, Corsi C, Pepeu G, Jung H, Gratzl M, Mayerhofer A
(2002) An autocrine role for pituitary GABA: activation of GABA-B
receptors and regulation of growth hormone levels. Neuroendocrinology

JID - 0035665 76:170-177

27



42.Gamel-Didelon K, Kunz L, Fohr KJ, Gratzl M, Mayerhofer A (2003)
Molecular and physiological evidence for functional gamma-aminobutyric
acid (GABA)-C receptors in growth hormone-secreting cells. J Biol Chem
278:20192-20195

43.Ganguly K, Schinder AF, Wong ST, Poo M (2001) GABA itself promotes
the developmental switch of neuronal GABAergic responses from
excitation to inhibition. Cell 105:521-532

44 Harding R, Hooper SB (1996) Regulation of lung expansion and lung
growth before birth. J Appl Physiol 81:209-224

45.Harris A, Chalkley G, Goodman S, Coleman L (1991) Expression of the
cystic fibrosis gene in human development. Development 113:305-310

46.Hartzell C, Putzier I, Arreola J (2005) Calcium-activated chloride channels.
Annu Rev Physiol 67:719-758

47.Hedblom E, Kirkness EF (1997) A novel class of GABAA receptor subunit
in tissues of the reproductive system. J Biol Chem 272:15346-15350

48.Hill MW, Reddy PA, Covey DF, Rothman SM (1998) Inhibition of voltage-
dependent sodium channels by the anticonvulsant gamma-aminobutyric
acid type A receptor modulator, 3-benzyl-3-ethyl-2-piperidinone. J
Pharmacol Exp Ther 285:1303-1309

49.Hutchison AA (1994) Respiratory disorders of the neonate. Curr Opin
Pediatr JID - 9000850 6:142-153

50.lasnetsov VS, Novikov VE (1985) [The GABA-ergic system and brain

edema]. Biull Eksp Biol Med 99:67-69

28



51.Jain L, Chen XJ, Ramosevac S, Brown LA, Eaton DC (2001) Expression
of highly selective sodium channels in alveolar type Il cells is determined
by culture conditions. Am J Physiol Lung Cell Mol Physiol 280:L646-L658

52.Jeffery PK, Li D (1997) Airway mucosa: secretory cells, mucus and mucin
genes. Eur Respir J 10:1655-1662

53.Jentsch TJ, Stein V, Weinreich F, Zdebik AA (2002b) Molecular structure
and physiological function of chloride channels. Physiol Rev 82:503-568

54.Jentsch TJ, Stein V, Weinreich F, Zdebik AA (2002a) Molecular structure
and physiological function of chloride channels. Physiol Rev 82:503-568

55.Johnson CR, Guo Y, Helton ES, Matalon S, Jackson RM (1998)
Modulation of rat lung Na+,K(+)-ATPase gene expression by hyperoxia.
Exp Lung Res 24:173-188

56.Johnson MD, Widdicombe JH, Allen L, Barbry P, Dobbs LG (2002)
Alveolar epithelial type | cells contain transport proteins and transport
sodium, supporting an active role for type | cells in regulation of lung liquid
homeostasis. Proc Natl Acad Sci U S A 99:1966-1971

57.Joris L, Dab |, Quinton PM (1993) Elemental composition of human airway
surface fluid in healthy and diseased airways. Am Rev Respir Dis
148:1633-1637

58.Kaila K (1994) lonic basis of GABAA receptor channel function in the
nervous system. Prog Neurobiol 42:489-537

59.Kim KJ, Borok Z, Ehrhardt C, Willis BC, Lehr CM, Crandall ED (2005)

Estimation of paracellular conductance of primary rat alveolar epithelial

29



cell monolayers. J Appl Physiol 98:138-143

60. Kim KJ, Cheek JM, Crandall ED (1991) Contribution of active Na+ and CI-
fluxes to net ion transport by alveolar epithelium. Respir Physiol 85:245-
256

61.Korpi ER, Grunder G, Luddens H (2002) Drug interactions at GABA(A)
receptors. Prog Neurobiol 67:113-159

62.Kozlova I, Nilsson H, Phillipson M, Riederer B, Seidler U, Colledge WH,
Roomans GM (2005) X-ray microanalysis of airway surface liquid in the
mouse. Am J Physiol Lung Cell Mol Physiol 288:L874-L878

63.Kung C (2005) A possible unifying principle for mechanosensation. Nature
436:647-654

64.Lamb FS, Graeff RW, Clayton GH, Smith RL, Schutte BC, McCray PB, Jr.
(2001) Ontogeny of CLCNS chloride channel gene expression in human
pulmonary epithelium. Am J Respir Cell Mol Biol 24:376-381

65.Lee SY, Maniak PJ, Rhodes R, Ingbar DH, O'Grady SM (2003) Basolateral
Cl- transport is stimulated by terbutaline in adult rat alveolar epithelial
cells. J Membr Biol 191:133-139

66.Lee WS, Limmroth V, Ayata C, Cutrer FM, Waeber C, Yu X, Moskowitz MA
(1995) Peripheral GABAA receptor-mediated effects of sodium valproate
on dural plasma protein extravasation to substance P and trigeminal
stimulation. Br J Pharmacol 116:1661-1667

67.Limmroth V, Lee WS, Moskowitz MA (1996) GABAA-receptor-mediated

effects of progesterone, its ring-A-reduced metabolites and synthetic

30



neuroactive steroids on neurogenic oedema in the rat meninges. Br J
Pharmacol 117:99-104

68.Liu S, Mautone AJ (1996) Whole cell potassium currents in fetal rat
alveolar type Il cells cultured on Matrigel matrix. Am J Physiol 270:L577-
L586

69.Lujan R, Shigemoto R, Lopez-Bendito G (2005) Glutamate and GABA
receptor signalling in the developing brain. Neuroscience 130:567-580

70.Lux-Lantos V, Becu-Villalobos D, Bianchi M, Rey-Roldan E, Chamson-
Reig A, Pignataro O, Libertun C (2001) GABA(B) receptors in anterior
pituitary cells. Mechanism of action coupled to endocrine effects.
Neuroendocrinology JID - 0035665 73:334-343

71.Maric D, Liu QY, Maric I, Chaudry S, Chang YH, Smith SV, Sieghart W,
Fritschy JM, Barker JL (2001) GABA expression dominates neuronal
lineage progression in the embryonic rat neocortex and facilitates neurite
outgrowth via GABA(A) autoreceptor/Cl- channels. J Neurosci 21:2343-
2360

72.Mason RJ, Lewis MC, Edeen KE, McCormick-Shannon K, Nielsen LD,
Shannon JM (2002) Maintenance of surfactant protein A and D secretion
by rat alveolar type Il cells in vitro. Am J Physiol Lung Cell Mol Physiol
282:L.249-1L.258

73.Matalon S, O'Brodovich H (1999) Sodium channels in alveolar epithelial
cells: molecular characterization, biophysical properties, and physiological

significance. Annu Rev Physiol JID - 0370600 61:627-661

31



74.Matthay MA, Folkesson HG, Clerici C (2002) Lung epithelial fluid transport
and the resolution of pulmonary edema. Physiol Rev 82:569-600

75.McGrath SA, Basu A, Zeitlin PL (1993) Cystic fibrosis gene and protein
expression during fetal lung development. Am J Respir Cell Mol Biol
8:201-208

76.McKernan RM, Whiting PJ (1996) Which GABAA-receptor subtypes really
occur in the brain? Trends Neurosci 19:139-143

77.Milligan CJ, Buckley NJ, Garret M, Deuchars J, Deuchars SA (2004)
Evidence for inhibition mediated by coassembly of GABAA and GABAC
receptor subunits in native central neurons. J Neurosci 24:7241-7250

78.Moats-Staats BM, Price WA, Xu L, Jarvis HW, Stiles AD (1995) Regulation
of the insulin-like growth factor system during normal rat lung
development. Am J Respir Cell Mol Biol 12:56-64

79.Moessinger AC, Harding R, Adamson TM, Singh M, Kiu GT (1990) Role of
lung fluid volume in growth and maturation of the fetal sheep lung. J Clin
Invest 86:1270-1277

80.Moore JPJ, Shang E, Wray S (2002) In situ GABAergic modulation of
synchronous gonadotropin releasing hormone-1 neuronal activity. J
Neurosci JID - 8102140 22:8932-8941

81.Mulugeta S, Gray JM, Notarfrancesco KL, Gonzales LW, Koval M,
Feinstein Sl, Ballard PL, Fisher AB, Shuman H ldentification of LBM180, a
lamellar body limiting membrane protein of alveolar type Il cells, as the

ABC transporter protein ABCAS3. J Biol Chem 2002 Jun 21 ;277 (25

32



):22147 -55 277:22147-22155

82.Murray CB, Chu S, Zeitlin PL (1996) Gestational and tissue-specific
regulation of C1C-2 chloride channel expression. Am J Physiol 271:L829-
L837

83.Murray CB, Morales MM, Flotte TR, McGrath-Morrow SA, Guggino WB,
Zeitlin PL (1995) CIC-2: a developmentally dependent chloride channel
expressed in the fetal lung and downregulated after birth. Am J Respir Cell
Mol Biol 12:597-604

84.Neelands TR, Macdonald RL (1999) Incorporation of the pi subunit into
functional gamma-aminobutyric Acid(A) receptors. Mol Pharmacol 56:598-
610

85.Ng AW, Bidani A, Heming TA (2004) Innate host defense of the lung:
effects of lung-lining fluid pH. Lung 182:297-317

86.0O'Brodovich H, Hannam V, Seear M, Mullen JB (1990) Amiloride impairs
lung water clearance in newborn guinea pigs. J Appl Physiol 68:1758-
1762

87.0'Grady SM, Jiang X, Ingbar DH (2000) Cl-channel activation is
necessary for stimulation of Na transport in adult alveolar epithelial cells.
Am J Physiol Lung Cell Mol Physiol 278:L.239-1244

88.0'Neal WK, Hasty P, McCray PB, Jr., Casey B, Rivera-Perez J, Welsh MJ,
Beaudet AL, Bradley A (1993) A severe phenotype in mice with a
duplication of exon 3 in the cystic fibrosis locus. Hum Mol Genet 2:1561-

1569

33



89.0lver RE, Strang LB (1974) lon fluxes across the pulmonary epithelium
and the secretion of lung liquid in the foetal lamb. J Physiol 241:327-357

90.Olver RE, Walters DV, Wilson M (2004a) Developmental regulation of lung
liquid transport. Annu Rev Physiol 66:77-101

91.0lver RE, Walters DV, Wilson SM (2004b) Developmental regulation of
lung liquid transport. Annu Rev Physiol 66:77-101

92.0wens DF, Kriegstein AR (2002) Is there more to GABA than synaptic
inhibition? Nat Rev Neurosci 3:715-727

93.Pagano A, Barazzone-Argiroffo C (2003) Alveolar cell death in hyperoxia-
induced lung injury. Ann N Y Acad Sci 1010:405-16.:405-416

94.Panek |, French AS, Seyfarth EA, Sekizawa S, Torkkeli PH (2002)
Peripheral GABAergic inhibition of spider mechanosensory afferents. Eur
J Neurosci 16:96-104

95.Paradiso AM, Ribeiro CM, Boucher RC (2001) Polarized signaling via
purinoceptors in normal and cystic fibrosis airway epithelia. J Gen Physiol
117:53-67

96.Park HS, Park HJ (2000) Effects of gamma-aminobutyric acid on
secretagogue-induced exocrine secretion of isolated, perfused rat
pancreas. Am J Physiol Gastrointest Liver Physiol JID - 100901227
279:G677-G682

97.Predescu SA, Predescu DN, Shimizu K, Klein IK, Malik AB (2005)
Cholesterol-dependent syntaxin-4 and SNAP-23 clustering regulates

caveolae fusion with the endothelial plasma membrane. J Biol Chem .:

34



98.Prince LS, Karp PH, Moninger TO, Welsh MJ (2001) KGF alters gene
expression in human airway epithelia: potential regulation of the
inflammatory response. Physiol Genomics 6:81-89

99.Qiao R, Zhou B, Liebler JM, Li X, Crandall ED, Borok Z (2003)
Identification of three genes of known function expressed by alveolar
epithelial cells. Am J Respir Cell Mol Biol 29:95-105

100. Quinton PM (1983) Chloride impermeability in cystic fibrosis.
Nature 301:421-422

101. Rao AK, Cott GR (1991) Ontogeny of ion transport across fetal
pulmonary epithelial cells in monolayer culture. Am J Physiol 261:L178-
L187

102. Ridge KM, Rutschman DH, Factor P, Katz Al, Bertorello AM,
Sznajder JL (1997) Differential expression of Na-K-ATPase isoforms in rat
alveolar epithelial cells. Am J Physiol 273:L246-L255

103. Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R,
Grzelczak Z, Zielenski J, Lok S, Plavsic N, Chou JL, . (1989) Identification
of the cystic fibrosis gene: cloning and characterization of complementary
DNA. Science 245:1066-1073

104. Rishi AK, Joyce-Brady M, Fisher J, Dobbs LG, Floros J,
VanderSpek J, Brody JS, Williams MC (1995) Cloning, characterization,
and development expression of a rat lung alveolar type | cell gene in
embryonic endodermal and neural derivatives. Dev Biol 167:294-306

105. Rivera C, Voipio J, Payne JA, Ruusuvuori E, Lahtinen H, Lamsa K,

35



Pirvola U, Saarma M, Kaila K (1999) The K+/CI- co-transporter KCC2
renders GABA hyperpolarizing during neuronal maturation. Nature
397:251-255

106. Rochelle LG, Li DC, Ye H, Lee E, Talbot CR, Boucher RC (2000a)
Distribution of ion transport mMRNAs throughout murine nose and lung. Am
J Physiol Lung Cell Mol Physiol 279:L14-L.24

107. Rochelle LG, Li DC, Ye H, Lee E, Talbot CR, Boucher RC (2000b)
Distribution of ion transport mMRNAs throughout murine nose and lung. Am
J Physiol Lung Cell Mol Physiol 279:L14-L24

108. Rossier BC, Pradervand S, Schild L, Hummler E (2002) Epithelial
sodium channel and the control of sodium balance: interaction between
genetic and environmental factors. Annu Rev Physiol 64:877-897

109. Rubin BK (2002) Physiology of airway mucus clearance. Respir
Care 47:761-768

110. Scarpelli EM (2003) Physiology of the alveolar surface network.
Comp Biochem Physiol A Mol Integr Physiol 135:39-104

111. Schneeberger EE, McCarthy KM (1986) Cytochemical localization
of Na+-K+-ATPase in rat type Il pneumocytes. J Appl Physiol 60:1584-
1589

112. Schomberg SL, Bauer J, Kintner DB, Su G, Flemmer A, Forbush B,
Sun D (2003) Cross talk between the GABA(A) receptor and the Na-K-Cl
cotransporter is mediated by intracellular Cl-. J Neurophysiol 89:159-167

113. Shannon JM, Jennings SD, Nielsen LD (1992) Modulation of

36



alveolar type Il cell differentiated function in vitro. Am J Physiol 262:1.427-
L436

114. Shannon JM, Mason RJ, Jennings SD (1987) Functional
differentiation of alveolar type Il epithelial cells in vitro: effects of cell
shape, cell-matrix interactions and cell-cell interactions. Biochim Biophys
Acta 931:143-156

115. Sheppard DN, Welsh MJ (1999) Structure and function of the CFTR
chloride channel. Physiol Rev 79:S23-S45

116. Staub NC, and Albertine KH. The structure of the lungs relative to
their principal function. In: Textbook of Respiratory Medicine, edited by

Murray JF, and Nadel JA. Philadelphia, PA: Saunders, 1988, p. 12-36.

117. Tarran R, Grubb BR, Gatzy JT, Davis CW, Boucher RC (2001) The
relative roles of passive surface forces and active ion transport in the
modulation of airway surface liquid volume and composition. J Gen
Physiol 118:223-236

118. Tarran R, Loewen ME, Paradiso AM, Olsen JC, Gray MA, Argent
BE, Boucher RC, Gabriel SE (2002) Regulation of murine airway surface
liquid volume by CFTR and Ca2+-activated Cl- conductances. J Gen
Physiol 120:407-418

119. Thiemann A, Grunder S, Pusch M, Jentsch TJ (1992) A chloride
channel widely expressed in epithelial and non-epithelial cells. Nature

356:57-60

37



120. Thom J, Perks AM (1990) The effects of furosemide and
bumetanide on lung liquid production by in vitro lungs from fetal guinea
pigs. Can J Physiol Pharmacol 68:1131-1135

121. Tizzano EF, O'Brodovich H, Chitayat D, Benichou JC, Buchwald M
(1994) Regional expression of CFTR in developing human respiratory
tissues. Am J Respir Cell Mol Biol 10:355-362

122. Vanthanouvong V, Kozlova |, Roomans GM (2005) Ilonic
composition of rat airway surface liquid determined by X-ray
microanalysis. Microsc Res Tech 68:6-12

123. Wagner JA, Cozens AL, Schulman H, Gruenert DC, Stryer L,
Gardner P (1991) Activation of chloride channels in normal and cystic
fibrosis airway epithelial cells by multifunctional calcium/calmodulin-
dependent protein kinase. Nature 349:793-796

124. Wang XF, Chan HC (2000) Adenosine triphosphate induces
inhibition of Na(+) absorption in mouse endometrial epithelium: a Ca(2+)-
dependent mechanism. Biol Reprod 63:1918-1924

125. Wang Y, Folkesson HG, Jayr C, Ware LB, Matthay MA (1999)
Alveolar epithelial fluid transport can be simultaneously upregulated by
both KGF and beta-agonist therapy. J Appl Physiol 87:1852-1860

126. Watanabe S, Matsushita K, Stokes JB, McCray PB, Jr. (1998)
Developmental regulation of epithelial sodium channel subunit mRNA
expression in rat colon and lung. Am J Physiol 275:G1227-G1235

127. Weaver LK (1992) Hyperbaric treatment of respiratory

38



emergencies. Respir Care 37:720-734

128. Whitsett JA (2005) Surfactant proteins in innate host defense of the
lung. Biol Neonate 88:175-180

129. Widdicombe JH, Bastacky SJ, Wu DX, Lee CY (1997) Regulation of
depth and composition of airway surface liquid. Eur Respir J 10:2892-
2897

130. Xu X, McCormick-Shannon K, Voelker DR, Mason RJ (1998) KGF
increases SP-A and SP-D mRNA levels and secretion in cultured rat
alveolar type Il cells. Am J Respir Cell Mol Biol 18:168-178

131. Yang JZ, Ho AL, Ajonuma LC, Lam SY, Tsang LL, Tang N,
Rowlands DK, Gou YL, Chung YW, Chan HC (2003) Differential effects of
Matrigel and its components on functional activity of CFTR and ENaC in
mouse endometrial epithelial cells. Cell Biol Int 27:543-548

132. Yue G, Russell WJ, Benos DJ, Jackson RM, Olman MA, Matalon S
(1995) Increased expression and activity of sodium channels in alveolar
type Il cells of hyperoxic rats. Proc Natl Acad Sci U S A 92:8418-8422

133. Zehentner BK, Dillon DC, Jiang Y, Xu J, Bennington A, Molesh DA,
Zhang X, Reed SG, Persing D, Houghton RL (2002) Application of a
multigene reverse transcription-PCR assay for detection of mammaglobin
and complementary transcribed genes in breast cancer lymph nodes. Clin

Chem 48:1225-1231

39



Chapter 2

CHARACTERIZATION OF THE IONOTROPIC GABA RECEPTOR Pl SUBUNIT

IN CULTURED ALVEOLAR EPITHELIAL CELLS'?

2.1  Abstract

Although type A y-aminobutyric acid (GABA) receptors (ligand-gated CI™
channels) have been extensively studied in the central nervous system, no
information is available on this receptor in lung cells. We have examined the
expression of GABAa receptor n-subunit (GABRP) during the trans-differentiation
between rat alveolar epithelial type Il cells and type | cells. Rat alveolar type Il
cells, when cultured on plastic plates, gradually trans-differentiated into type-I-like
cells and lost their GABRP mRNA expression. However, the GABRP mRNA was
partially retained in the type Il cells cultured on Matrigel. Keratinocyte growth
factor (a mitogen of type Il cells) increased GABRP expression. A detached

collagen gel maintained the GABRP mRNA to a level close to that of the freshly

" Reprinted from Cell Tissue Research, 2005, 321 (2) :173-83, Nili Jin, Telugu Narasaraju,
Kolliputi Narsaiah, Jiwang Chen, and Lin Liu, Differential expression of GABA, receptor T subunit in
cultured rat alveolar epithelial cells, Copyright (2005), with kind permission of Springer Science and
Business Media.

2 Contributions of co-authors: Telugu Narasaraju and Kolliputi Narsaiah performed Western blot;
Jiwang Chen performed some cell isolation. Lin Liu is the principal investigator.
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isolated type Il cells. An air-liquid interface culture system, mimicking in vivo
conditions in the lung, significantly up-regulated the expression of GABRP mRNA
and protein. mRNAs of the GABAa receptor al-, a3-, f2-, y2-, and y3-subunits
were also detected in rat type Il cells. These results suggest that GABRP
expression is differentially regulated by culture substrata, growth factor, detached

gel, and an air-apical surface.

2.1 Introduction

Receptors for y-aminobutyric acid (GABA) are widely distributed in the central
nervous system (CNS). Based on their pharmacological characteristics, GABA
receptors can be classified into three subtypes: GABAa, GABAg, and GABAc
receptors. The GABAa receptor is a ligand-gated CI” ion channel, whereas the
GABAg receptor is a G-protein-coupled receptor. The GABAc receptor is an
ionotropic CI" channel but has unique ligand-binding characteristics different from
GABAA and GABAg receptors (Bormann 2000). GABAa receptors mediate most
of the rapid inhibitory transmissions in the CNS. They may also be involved in ion
homeostasis (Limmroth et al. 1996), cell proliferation and differentiation (Chen et
al. 2004; Mong et al. 2002), and hormone secretion (Mayerhofer et al. 2007; Park
and Park 2000). Although GABAAa receptors are also found in several peripheral
tissues (Akinci and Schofield 7999; Glassmeier et al. 1998; Park and Park 2000),
the functions of GABAA receptors in these tissues are not well documented.

The GABAA receptor w-subunit (GABRP) is abundant in the uterus but rarely

detected in the brain. Transcripts of GABRP mRNA have been detected in the
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lung (Hedblom and Kirkness 7997). The co-assembly of the GABRP with «, B,
and vy subunits can form functional receptors (Neelands and Macdonald 7999).
The expression of GABRP throughout pregnancy contributes to maintaining the
uterus in quiescence status before parturition (Fujii and Mellon 2007).

Alveolar epithelial type Il cells are crucial for the maintenance of normal
functions of the alveoli. They regulate the surface tension of the alveoli by
synthesizing, secreting, and recycling lung surfactant. They proliferate and
differentiate into type | cells and thus play a central role in the turnover of normal
alveolar epithelium and in the repair of damaged alveolar epithelium. Type Il cells
also regulate fluid transport in the lung. In addition, they secrete cytokines and
growth factors and serve as an interconnection for other cells in the alveoli
(Fehrenbach 20071).

The trans-differentiation from type Il cells to type | cells has been studied in
vitro by using cultured type Il cells (Paine and Simon 1996; Williams 2003). Type
Il cells lose their phenotype and trans-differentiate into type-I-like cells when
cultured on plastic dishes. Surfactant proteins B and C (SP-B and SP-C) and T1a
have been used as markers for type Il and type | cells. Several culture conditions
have been developed to maintain the type Il cell phenotype. These include
culturing cells on Matrigel (Shannon et al. 1992), on a detached floating collagen
gel (Borok et al. 1998a; Danto et al. 1995), at an apical-air surface (Dobbs et al.
1997), or in the presence of keratinocyte growth factor (KGF; Borok et al. 1998b;
Mason et al. 2002; Xu et al. 1998). The efficiencies and reproducibility of these

culture conditions are variable. We have previously identified GABRP in alveolar
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epithelial type Il cells (Chen et al. 2004). In the present study, we have examined
GABRP expression during the trans-differentiation of type Il cells to type | cells by
using various culture conditions that promote or depress the trans-differentiation,

including culture substrata, growth factor, detached gel, and an air-apical surface.

2.3 Materials and Methods
2.3.1 Materials

Minimal essential medium (MEM), fetal bovine serum (FBS), and M-MLV
reverse transcriptase were purchased from Invitrogen (Calsbad, Calif.). DNase |,
phenylmethanesulfonyl fluoride, rat immunoglobulin G (IgG), and rabbit anti-B-
actin antibodies were from Sigma (St Louis, Mo.). Bovine dermal collagen was
from Cohesion (Palo Alto, Calif.). Pancreatic elastase was from Worthington
(Lakewood, N.J.). Matrigel was from Becton Dickinson (Bedford, Mass.). Human
recombinant KGF was from R&D systems (Minneapolis, Minn.). Millicell-CM filter
inserts and collagen-coated costar filter inserts (30 mm diameter) were from
Millipore (Bedford, Mass.). TRI reagent was from Molecular Research Center
(Cincinnati, Ohio). DNA-free DNase was from Ambion (Austin, Tex.). Random
hexamer primers were from Promega (Madison, Wis.). Primers for real-time
polymerase chain reaction (PCR) and reverse transcription-PCR (RT-PCR) were
synthesized by MWG Biotech (High Point, N.C.). Faststart Taqg DNA polymerase,

PCR nucleotide mix™-Ys

, and uracil-DNA glycosylase were purchased from
Roche Molecular Biochemicals (Indianapolis, Ind.). QuantiTech SYBR Green

PCR master mix was from QIAGEN (Foster city, Calif.). GENECLEAN Turbo for
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PCR was obtained from Qbiogene (Carlsbad, Calif.). Protein concentration assay
reagents were from BIO-Rad Laboratories (Hercules, Calif.). Polyclonal goat anti-
GABRP antibodies were from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Monoclonal anti-LB180 antibodies were from Covance (Richmond, Calif.).
Horseraddish peroxidase (HRP)-conjugated anti-goat 1gG, HRP-conjugated anti-
rabbit 1gG, fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG, and
Alexa 568-conjugated anti-goat IgG were from Molecular Probes (Eugene, Ore.).
