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Summary
Asthma often occurs as a result of immune-based inflammatory responses, which
consequently cause pathological changes in airway structural cells. However, the underlying
mechanisms of airway pathology in asthma are still not fully understood. Our recent studies
revealed a critical role of g-aminobutyric acid (GABA) signalling pathway in the airway
epithelium of allergic asthma through its ability to stimulate mucus production. This review
briefly describes the GABAergic signalling system and its role in the regulation of mucus
protein production in bronchial airway epithelial cells.

Asthmatic reactions in bronchial airway epithelium

Despite recent advances in our understanding of the
pathologic basis of asthma, there are still major gaps in
our understanding of the functional significance of much
of the underlying pathology. In general it is appreciated
that dysfunction and symptoms in asthma may occur as
a result of immune-based inflammatory responses (often
triggered by allergens), or as a result of pathological
changes occurring in airway structural cells, often collec-
tively grouped under the term airway remodelling. In-
cluded under this heading are changes in airway epithelial
cells (AECs), subepithelial fibroblasts, and airway smooth
muscle cells. AECs likely play a key role in airway
remodelling, particularly in the bronchial airways, and in
this review, we will focus upon the asthmatic pathology of
bronchial airway epithelium.

The bronchial segment of airway epithelium consists of
ciliated cuboidal cells and non-ciliated Clara cells [1, 2].
These AECs protect the subepithelial tissue from airborne
irritants not only by forming a physical barrier, but also
by enhancing mucociliary clearance. Mucus is a complex
aqueous solution containing glycoproteins (mainly

mucins) that lines the bronchial lumen above a thin liquid
sheet of extracellular solution. Mucins are produced and
then stored in periodic-acid-Schiff -positive secretory
granules in mucous cells of the submucosal glands. When
secreted into the airway lumen, mucins develop into the
mucus that moisturizes and lubricates mucosal surfaces
thereby protecting AECs through trapping of inhaled toxic
particles and bacteria. The mucous layer is continually
removed from the epithelial surface by the actions of
ciliary beating. The maintenance of normal mucociliary
function largely depends on the appropriate volume of the
liquid sheet, which is controlled by water movements
across the apical membrane of AECs. Specifically, the
level of the liquid layer is primarily controlled by coordi-
nated Cl� secretion and Na1 absorption, which occurs
at the apical membrane of AECs. It was believed that
Cl� secretion is mediated primarily by a Ca21-activated
Cl� channels [3] and by the cystic fibrosis transmembrane
regulator (CFTR) [3], whereas Na1 absorption is carried
out by the epithelial Na1 channel [4]. In airway diseases,
the balance is shifted from water secretion to mucus
secretion. For example, in cystic fibrosis patients, the
liquid level is decreased, increasing mucus viscosity,
reducing mucociliary clearance and eventually leading
to an accumulation of bronchial mucus, frequently with a
concurrent infection [5, 6].
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The term ‘airway remodelling’ commonly refers to stru-
ctural changes that occur in conjunction with, or because
of, chronic airway inflammation [7], such as that seen in
asthma or chronic obstructive pulmonary disease [8]. These
structural alterations in AECs are characterized by goblet
cell (GC) hyperplasia [9, 10], which includes cell prolifera-
tion and phenotypic transdifferentiation. In human asthma,
GC at distal airways are derived from Clara cells [11] as
seems to be the case in the mouse lung [12]. The con-
sequences of epithelial remodelling also include incomple-
tely reversible airway oedema and mucous hypersecretion.

GC hyperplasia and mucous hypersecretion with com-
plete airway occlusion has been observed in some cases
of fatal asthma [13]. The mechanism of GC hyperplasia
remains unclear. It is known, however, that the classic
T-helper type 2 (TH2) cytokine IL-13 can activate phos-
phoinositide-3 kinase (PI3K) and its downstream effector
Akt (protein kinase B) [14], leading to airway remodelling
including GC hyperplasia in animal models of asthma
[15–17]. This cytokine action may involve transactivation
of epidermal growth factor receptors [18]. Notably, recent
reports showed that Th2 cytokines stimulated a non-CFTR
Cl� conductance [19] thereby switching AECs to a
secretory phenotype [19, 20]. These studies suggest that
epithelial Cl� conductance plays an important role in GC
hyperplasia and mucus overproduction.

g-aminobutyric acidergic signalling

g-aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the central nervous system (CNS)

[21]. Knowledge of GABA signalling is mainly from
studies on CNS neurons. As illustrated in Fig. 1, GABA is
synthesized from glutamic acid (or glutamate) by gluta-
mic acid decarboxylase (GAD). There are two forms of
GAD, GAD65 and GAD67 [22]. In neurons GAD65 is
primarily anchored to synaptic vesicles in nerve terminals
while GAD67 is present mainly in the cytosol of the cell
body [23]. The GABA molecules stored in the vesicles are
released to the extracellular space via exocytosis, whereas
mechanisms for cytosol GABA release remains uncertain.
Expression of GAD67 predominates during early develop-
ment or after injury suggesting that it might have a role in
producing GABA for trophic signalling [22, 24].

GABA activates two subfamilies of cell surface recep-
tors: GABAAR and GABABR. GABAARs are pentameric
anionic (Cl�) channels [25], while GABABRs are G-pro-
tein-coupled receptors. In this short review we will pri-
marily focus on the potential role of GABAAR-mediated
signalling in asthma.

Subtypes of GABAARs differ in their affinity for
ligands, channel kinetics and subcellular localization [26]
as a consequence of differing possible combinations of 19
subunits (a1–6, b1–3, g1–3, r1–3, d, y, e, and p) [27].
GABAAR-mediated anionic conductance can be effec-
tively blocked by the competitive receptor antagonist
bicuculline or by the noncompetitive channel blocker
picrotoxin.

The trafficking and cell surface targeting of GABAARs
are regulated by PI3K, which can be activated by diverse
signals including insulin [28, 29], growth factors [30–34],
and IL [35]. In this regard, it is reported that insulin can

Fig. 1. g-aminobutyric acid (GABA) signalling in the central nervous system (CNS). Decarboxylation of glutamate by GAD67 results in production of
cytosolic GABA, while decarboxylation by vesicle membrane bound GAD65, increases vesicular GABA. Once released into the synaptic cleft, GABA activates
GABAA or GABAB receptors. Activation of GABAA receptors, which are chloride channels, typically results in suppression of CNS neuronal activity.
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rapidly recruit GABAARs to the surface of neuronal cells
[36, 37], and PI3K is associated with the regulation of b2

subunit of GABAARs (b2GABAR) [38]. Upon stimulation with
insulin, PI3K stimulates phosphorylation of Akt, which in
turn phosphorylates b2GABAR [36, 37], resulting in a trans-
location of b2GABAR to the plasma membrane [37, 38]. IL-1b
also activates PI3K/Akt signalling in the neurons and
facilitates targeting of GABAARs to the surface [35].

GABAARs mediate two forms of inhibition in central
neurons. At the synapse the GABAergic pre-synaptic
terminal releases large amount of GABA via vesicular
exocytosis following action potential. In response to the
pulsatile release of GABA, the GABAARs at the post-
synaptic domain generate a peak (‘phasic’) current,
which is important for generating patterned activities in
neuronal networks [39, 40]. Importantly, extrasynaptic
GABAARs were persistently activated by ambient levels
of GABA, generating a ‘tonic’ current [39, 40–43]. The
ambient GABA is likely released from the cytosolic pool of
adjacent GABAergic cells. This tonic GABAergic activity
may provide a trophic signal in both neurons [44] and
other cell types [45].

GABAAR activation inhibits the majority of mature
neurons but paradoxically excites embryonic neurons.
Whether inhibition or excitation of neurons occurs
depends upon the transmembrane gradient of Cl�. During
embryonic development GABA is excitatory and its re-
ceptors lead to increased cytosolic Ca21 levels a signal
that directs the migration of post-mitotic neuroblasts and
stimulates their motility [46]. It is believed that GABA acts
as a diffusible trophic factor and that GABAARs function
as its sensors. GABA receptors in the embryonic brain are
critical for regulation of cell proliferation, differentiation
[47], growth [48], and migration [39].

Association of g-aminobutyric acidergic signalling with
asthmatic reactions in airway epithelial cell

Studies have shown that GABA is also synthesized in non-
neuronal cells and may also act as a trophic factor [45].
A previous study reported that mRNAs encoding for
GABAAR subunits are expressed in type II alveolar ECs
[49]. This report raised interesting and critical questions:
Are GABAAR subunit proteins expressed in AECs? If so,
what is the source of GABA for activation of the recep-
tors? Most importantly, what could be the functions of
GABAARs in the lung? Bearing these questions in mind,
we carried out serial experiments to explore the potential
physiological role and/or pathophysiological conse-
quence of GABAARs in the lung [50].

Our immunoblotting assays revealed that GAD65/67 as
well as several GABAAR subunits were expressed in the
lung cells of BALB/c mice, in primary human small AECs
(SAECs) [51, 52], in human AEC line BEAS-2B cells and in
human type II alveolar A549 ECs, respectively. Immuno-

flourescent staining further showed that GAD was
expressed in all AECs in naı̈ve mice. In contrast, GABAAR
b-subunits were expressed only on the apical membrane
of a small portion of AECs. Consistent with this observa-
tion, perforated patch-clamp recordings, which do not
alter the concentration of intracellular Cl�, show that
GABA evoked rapid inward currents in some SAECs. The
GABA-evoked current is effectively blocked by the GA-
BAAR antagonist picrotoxin or bicuculline, confirming
that some lung ECs possess functional GABAAR channels.
Notably, we found that the reversal potential of the
GABA-current (EGABA) in A549 cells was about �12 mV
and the ‘resting’ membrane potential (ER) of the cells ranges
from �33 to �53mV. Application of GABA therefore
induced a depolarization in these lung ECs, indicative of
GABA-induced Cl� efflux from the cells. Furthermore,
applications of picrotoxin induced hyperpolarizations and
generated small outward currents, demonstrating that
GABAARs were persistently activated. These combined data
indicate that an ‘excitatory’, rather than an ‘inhibitory’,
GABAergic activity persistently exists in the lung ECs.

Cl� transport is critical for EC proliferation, electroly-
te–water transport and, hence mucus overproduction
[19, 20]. Our studies also discovered that treating SAECs
with GABA (10mmol/L) increased BrdU incorporation and
greatly enhanced intra- and extra-cellular alcian blue
staining (note: alcian blue stains glycoproteins, such as
mucins [53]). These stimulating effects of GABA were
largely prevented by picrotoxin. These results strongly
suggested that GABAAR activation stimulated cell prolif-
eration and mucus production. Airway GC hyperplasia and
mucus hypersecretion often occur in severe asthma [9, 10].
Indeed, in BALB/c mice sensitized and challenged with
ovalbumin (OVA) [54, 55], the levels of cytosolic GAD
expression and the expression of GABAAR b-subunits in
the apical membrane were greatly increased in AECs.
Furthermore, the increased expression of GAD and GA-
BAARs is associated with GC hyperplasia and mucus over-
production. Immunoblots of the lung tissues confirmed the
increase in GAD and GABAARs. These results indicate that
the AEC GABAergic system is up-regulated in allergic
asthmatic reactions. Of note, in our study GABAAR subunits
were not stained in airway smooth muscle cells of naı̈ve or
OVA-treated mice, implying that the GABA signalling is
selectively associated with epithelial cell functions.

As aforementioned, IL-13 is a critical regulator in animal
models of allergic asthma [15, 56, 57]. This cytokine may
mediate the up-regulation of the GABAergic signalling
in modelled asthmatic reactions. Indeed, the levels of
IL-13 were greatly increased in bronchoalveolar lavage
fluid (BALF) of the OVA-sensitized and challenged mice.
Furthermore, treatment of SAECs with IL-13 for 6 days
increased the expression of GAD and of b2GABAR. Moreover,
intranasal instillation of IL-13 enhances the levels of
GAD and GABAARs in AECs in vivo. These data suggest
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that during the development of allergen-induced airway
responses, the AEC GABAergic system is activated by
IL-13-initiated signals. To block the GABA signalling,
we administered the GABAAR antagonists picrotoxin
or bicuculline intraperitoneally or intranasally to OVA- or
IL-13-treated mice. The GABAergic blockade greatly
suppressed the GC hyperplasia as well as the mucus over-
production induced by OVA and/or by IL-13. In contrast,
inhibiting GABAARs did not block the OVA-increased IL-
13, nor affect inflammatory cell infiltration in the airway
wall or in BALF. These results suggest that in AECs the
up-regulated GABAergic signalling is causally involved in
some of the asthmatic-related reactions. Our findings
also demonstrated that the GABAergic activity was down-
stream of IL-13 signalling. In relation to this notion, it is
known that IL-13 can activate PI3K/Akt in epithelial cells
[14] and that activation of PI3K/Akt causes targeting of
GABAARs to the post-synaptic domain of neuronal cells. It
is plausible that IL-13 up-regulates the epithelial GABA
signalling through activation of PI3K/Akt. Figure 2
depicts proposed mechanisms of GABAAR-mediated asth-
matic reactions in AECs.

Recent studies have shown that GABABRs were
also expressed in mucin-secreting and ciliated colu-
mnar AECs [58] and airway smooth muscle cells
[59], and activation of GABABRs inhibited adenylyl cy-
clase activity through G(i) protein coupling in these air-
way cells [58, 59]. The role of GABABR-mediated
signalling in airway asthmatic reaction awaits investi-
gation.

Our discovery of the GABAAR-mediated large Cl� con-
ductance in AECs is of considerable significance because it
is fundamentally different from previously described types
of Cl� channels in these cells. Importantly, our data
indicated that the GABAergic activity in AECs was causally
associated with GC hyperplasia and mucus overproduction,
and that the expression levels of GABAergic signalling
molecules in AECs were closely correlated to the degree
of the allergy-induced airway hyperresponsiveness in dif-
ferent mouse strains. Mucus overproduction is a primary
cause of death in severe asthma. Remarkably, GABAARs are
expressed on the apical membrane of AECs; hence, their
activity can be readily modulated by inhalation of selective
agonists and/or antagonists of the receptor. Indeed, inhibi-
tion of the pulmonary GABAergic system blocks airway GC
hyperplasia and mucus overproduction. The significance of
our study was highly evaluated by a commentary in Nature
Medicine [60]. Further studies on the mechanisms by which
the GABAergic system regulates AEC proliferation and
metaplasia will not only deepen our current understanding
of airway epithelial remodelling, but may also lead to new
therapeutic strategies for management of airway hyper-
secretion in asthma.
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