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Abstract

Introduction—y-amino butyric acid (GABA) is not only the major inhibitory neurotransmitter
in the central nervous system (CNS), but it also plays an important role in the lung, mediating
airway smooth muscle relaxation and mucus production. As kinases such as protein kinase A
(PKA) are known to regulate the release and reuptake of GABA in the CNS by GABA
transporters, we hypothesized that 3-agonists would affect GABA release from airway epithelial
cells through activation of PKA.

Methods—C57/BL6 mice received a pretreatment of a f-agonist or vehicle (PBS), followed by
methacholine or PBS. Bronchoalveolar lavage (BAL) was collected and the amount of GABA was
quantified using HPLC mass spectrometry. For in vitro studies, cultured BEAS-2B human airway
epithelial cells were loaded with 3H-GABA. 3H-GABA released was measured during activation
and inhibition of PKA and tyrosine kinase signaling pathways.

Results—{f-agonist pretreatment prior to methacholine challenge attenuated in vivo GABA
release in mouse BAL and 3H-GABA release from depolarized BEAS-2B cells. GABA release
was also decreased in BEAS-2B cells by increases in CAMP but not by Epac or tyrosine kinase
activation.

Conclusion—{f-agonists decrease GABA release from airway epithelium through the
activation of cAMP and PKA. This has important therapeutic implications as -agonists and
GABA are important mediators of both mucus production and airway smooth muscle tone.
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Introduction

v-amino butyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous
system (CNS), but recent studies in our laboratory and others’ demonstrate a physiologic
importance of GABA outside of the CNS [1]. Both the ionotropic GABAA channel and
metabotropic GABAGR receptor are expressed on airway smooth muscle (ASM) [2, 3], and
we have shown that GABA agonists relax ASM [2, 4-6]. These studies clearly demonstrate
that GABA plays a pro-relaxant role in ASM and that activating the GABAa channel is a
promising novel target in the treatment of bronchoconstrictive diseases such as asthma or
COPD.

In this study, we demonstrate for the first time the role of B-adrenergic receptors in
peripheral, non-neuronal, GABA release by epithelial cells. The airway epithelium serves as
the initial barrier to inhaled respiratory particles and has a critical role in the defense of the
airway to toxins and pathogens [7]. Similarly, airway epithelium is the first cell layer
exposed to inhaled medications used to treat bronchoconstrictive diseases and is exposed to
the highest concentration of inhaled medications. Therefore, understanding the biochemical
and physiologic interplay between the 3-adrenoceptor and GABAergic receptor system at
the level of the epithelial cell may provide insights into pathophysiologic as well as novel
therapeutic mechanisms.

In the CNS, GABA is classically released by neuronal vesicular synaptic fusion and its
action is terminated by reuptake via GABA transporters (GATS) present on synaptic neurons
and glia [8]. A GABAergic system including GABAA channels, GABAg receptors, the
GABA synthetic enzyme glutamic acid decarboxylase (GAD), and GABA transporters
(GATSs) are expressed on the airway epithelium [3, 9-11]. We have recently demonstrated in
the airway that GABA is predominantly released from the airway epithelium and GABA
release is regulated by GATSs [12], (namely GAT2 and GAT4) [10]. We have also shown that
depolarization increases GAT-mediated release of GABA in epithelial cells [10], mimicking
a known neuronal mechanism of depolarization-induced reversal of GAT function causing
GABA efflux from cells [13, 14].

Of central interest to the current study, it is known that depolarization is not the only
mechanism of GAT regulation. GAT activity is known to be influenced by several families of
protein kinases in the CNS and peripheral T lymphocytes [15-21], including protein kinase
A (PKA). This led us to question whether -agonists which have direct effects on G-protein-
mediated activation of PKA [22, 23] would also have PKA-mediated effects on GAT
function. We demonstrate for the first time a decreased GABA release by epithelial cells
through cAMP/PKA-mediated effects of 3-agonists, uncovering a complex interaction
between B-agonists effects and the GABAergic system in the lung.
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Methods

Reagents

Reagents obtained from Sigma (St. Louis, MO) unless otherwise stated.

In Vivo B-Agonist/Methacholine Challenge

Animal protocols were approved by the institutional IACUC. Male C57/BL6 mice (20-25 g)
anesthetized with intraperitoneal pentobarbital (50 mg/kg) were tracheotomized and
ventilated (150 breaths/min, 10 ml/kg tidal volume) via a Flexivent FX-1 module (SciReq®).
Animals received a nebulized treatment of 100 uM terbutaline or vehicle (PBS) followed by
methacholine (25 mg/ml) or PBS 15 min later. Animals were sacrificed and lungs were
lavaged with 2 ml of PBS. Bronchoalveolar lavage (BAL) fluid was centrifuged (200x g, 10
min, 4 °C).

HPLC-MS-MS Measurement of BAL GABA

400 pl of lyophilized BAL and GABA standards, 10 pl of internal standard (U-13C L-
Alanine), and 200 ul of 100 mM borate buffer (pH 9.5) were incubated with 90 pl H,0, 100
ul of 10 mM 5-Alsuccinimidoxy-5-oxopentyl)triphenylphosphonium bromide (SPTPP) in
acetonitrile [24]. The solution was heated (40 °C for 10 min), and 1600 pl of H,O/
Acetonitrile (80:20) containing 0.1 vol.% formic acid was added and cooled to room
temperature. A 10 pl aliquot was injected into the LC-MS/MS system (Agilent 1200 series
liquid chromatograph, 6430 triple quadrupole mass spectrometer with a turbo spray
ionization (ESI) source). Reversed-phase LC was performed using LS Poroshell 120 EC-
C18 (2.1 mm x 50 mm, 2.7 um, Agilent Technologies, Santa Clara, CA). The column temp
50 °C, flow rate 0.125 ml/min, and mobile phase were H,O/Acetonitrile (80:20) containing
0.1 vol.% formic acid. Nitrogen gas was used as the collision gas in multiple reaction
monitoring mode. Data were analyzed using Agilent Masshunter Quantitative Analysis
software version 6.0.

Cell Culture

The immortalized human bronchial epithelial cell line (BEAS-2B) (ATCC, Manassas VA)
was cultured as described previously [10]. Immortalized cultures of human airway smooth
muscle (ASM) cells (gift from Dr. William Gerthoffer, U of South Alabama) [25] were
cultured as described previously [10].

SH-GABA Release Assay

3H-GABA release assay has been described previously [10]. Briefly, BEAS-2B cells were
incubated in 190 pl GABA assay buffer containing 10 pM phaclofen and 200 uM gabazine
(to block 3H-GABA binding to GABAg receptors and GABA4 channels, respectively) at
37 °C for 15 min. Cells were loaded with 3H-GABA ((8 uCi/ml, MP Biomedicals (Irvine,
CA) 30 min 37 °C). Cells were treated for 15 min with: forskolin 10 uM (adenylyl cyclase
activator), terbutaline 100 pM (B-agonist), PDGF 10 ng/mL (platelet-derived growth factor,
receptor tyrosine kinase activator, Calbiochem (Darmstadt, Germany)), herbimycin A 1 uM
(receptor tyrosine kinase inhibitor, Tocris (Ellisville, MO)), propranolol 100 uM (-
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adrenoceptor antagonist), PKI 14-22 amide 1 uM (PKA inhibitor, Tocris), and Epac activator
100 puM (8-(4-chlorophenylthio)-2’-O-methyladenosined’,5’-cyclic monophosphate
monosodium hydrate). Given that Na* and CI~ ions are unidirectionally co-transported with
GABA, the external buffer was changed to reduce the external CI~ which favors release

of 3H-GABA via GABA transporters. Cells were incubated (15 min) with and without the
presence of 80 mM potassium gluconate (depolarizing agent that does not alter the
extracellular concentration of CI7). Depolarization has been shown to reverse GAT function,
favoring GABA efflux [13, 14]. Supernatant and cell lysate were collected, and fractional
release of 3H-GABA was calculated.

Quantitative Polymerase Chain Reaction for GAD65 and GAD67

RNA was extracted as described previously [10]. Using the Super Script® VILO™ cDNA
synthesis kit (Invitrogen, Carlsbad, CA), 2 ug RNA was reverse transcribed. Quantitative
PCR was performed as described previously with primers for corresponding GAD isoforms
[12]. AG was calculated as (G of GAD67 or GADG65) — (G of GAPDH).

Immunoblot Analysis of PDGF-Induced Akt Phosphorylation in BEAS-2B Cells

BEAS-2B cells were incubated with or without 10 ng/ml PDGF for 30 min. Lysates
prepared as previously described [26] with the addition of phosphatase inhibitor cocktail 2
and 3 (1:100) and subjected to immunoblot analysis with antibodies against total AKT or
phosphorylated (Ser473) AKT (both rabbit polyclonal, 1:5000, Cell Signaling Technology,
Danvers, MA). Signal was detected as described [26].

Statistics

Data were analyzed using one-way ANOVA with selected Bonferroni post-tests using Prism
4.0 software (GraphPad, San Diego, CA) with repeated measures where appropriate and
presented as mean + standard error of the mean (SEM). p < 0.05 was accepted as statistically
significant.

Results

Terbutaline Treatment Attenuates In Vivo GABA Release in Mouse Bronchoalveolar
Lavage (BAL)

Utilizing an in vivo mouse model, pretreated with either nebulized PBS (vehicle) or the 8-
agonist terbutaline, we quantified GABA levels in the BAL samples following methacholine
challenge. Terbutaline pretreatment attenuated GABA release, demonstrating a greater than
threefold decrease (1.83 + 0.58 nM (PBS/methacholine), versus 0.55 + 0.10 nM (terbutaline/
methacholine), 7=5, p< 0.05) (Fig. 1) (PBS/PBS and terbutaline/PBS controls were also
performed (data not shown)). Since B-adrenoceptor activation results in activation of PKA
[22], and most GABA in the airway is synthesized/released by airway epithelium [12], we
hypothesized that PKA modulates GABA release in airway epithelium and investigated this
hypothesis in airway epithelial cells.
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Quantitative RT-PCR Demonstrates Increased mRNA of GAD67 in Cultured Human
Airway Epithelium Compared to Smooth Muscle Cells

We have previously shown in human airway tissue that GAD67, the enzyme responsible for
synthesizing GABA, is present in greater amounts in the airway epithelium compared to
airway smooth muscle (ASM) [12]. Since we used BEAS-2B human epithelial cells to
investigate PKA’s effect on GABA release, we measured mRNA expression of GAD67 and
GADG5 and compared it to human ASM cells to see if this relationship was preserved in
culture. Quantitative RT-PCR revealed more mRNA encoding GADG67 in epithelial cells
compared to ASM cells. After correcting for the expression of the housekeeping gene
GAPDH, the AG (G of GAD67 — G of GAPDH) for BEAS-2B cells was 8.3 + 0.42 and
18.3 £ 1.28 for ASM cells (n=7, p< 0.001) (Fig. 2). Since a lower AG value represents

more abundant expression of GAD67 mRNA, this difference (2<AC“’MO)) corresponds to a

1000-fold increase in expression of GADG67 in epithelial cells compared to ASM cells.
GADG5 was expressed at much lower levels in both cell types. Therefore, GAD67, an
important enzyme for the synthesis of GABA, is present in greater abundance in airway
epithelial cells as compared to airway smooth muscle cells.

Down Regulation of GABA Release by Protein Kinase A

Treatment with terbutaline (100 uM), a B-adrenoceptor agonist which results in elevations of
cyclic AMP and PKA activation, significantly decreased depolarization (i.e., potassium
gluconate)-induced 3H-GABA release from airway epithelial cells (Fig. 3). This attenuation
also occurred with forskolin (10 pM), a direct adenylyl cyclase activator. Studies were
repeated in the presence of propranolol (3-adrenoceptor antagonist) in combination with
terbutaline to rule out any non-specific effects (Fig. 4). Propranolol reversed the decrease in
depolarization-induced 3H-GABA release observed with terbutaline, confirming f-
adrenoceptor activation as the specific mechanism by which terbutaline decreases SH-GABA
release. To incriminate a role for PKA in terbutaline-mediated inhibition of 3H-GABA
release, studies were done in the presence of PKI 14-22, a PKA inhibitor [27-29]. PKI 14—
22 also reversed the decrease in depolarization-induced 3H-GABA release observed with
terbutaline, confirming this decrease is mediated through PKA (Fig. 5).

While elevations of cCAMP are classically understood to activate PKA, additional targets of
cAMP are known (e.g., exchange protein directly activated by cAMP (Epac)) in airway
epithelial cells [23, 30]. To determine if Epac signaling was a mechanism by which cAMP
elevations modulate GABA release, we directly activated Epac, which had no effect on
GABA release (Fig. 6). Therefore, elevations of CAMP leading to PKA activation by p-
agonists leads to an attenuation of GABA release independent of Epac activation.

Tyrosine Kinase is Not Involved in Release of GABA by GABA Transporters

Although modulation of the PKA pathway clearly affects epithelial GABA release, the
tyrosine kinase pathway has been implicated in GABA transport in hippocampal neurons
[20]. Given the role of platelet-derived growth factor (PDGF) (receptor tyrosine kinase
activator) previously described in BEAS-2B cells [31], we sought to determine if PDGF
modulates epithelial GABA release. PDGF had no effect on 3H-GABA release from airway
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epithelial cells (Fig. 7a). Reduction in tyrosine receptor kinase activity with herbimycin A
was also without an effect on 3H-GABA release (Fig. 7b). To confirm that the lack of effect
was not due to the inability of our BEAS-2B cells to respond to PDGF, we assessed PDGF-
induced phosphorylation of Akt (protein kinase B) which illustrates intact PDGF signaling
(Fig. 7c).

Discussion

In the present study, we demonstrate that protein kinase A (PKA) regulates the release of
GABA in both an in vivo and in vitro model. We first demonstrate in vivo that mice
pretreated with the B-agonist terbutaline showed a significant decrease in GABA release into
bronchoalveolar lavage after methacholine challenge. We next sought to elucidate whether
GABA release was regulated by PKA in an in vitro model using BEAS-2B human airway
epithelial cells.

Previous studies have confirmed that airway epithelium is the primary source of GABA in
human airway tissue [12], guinea pig airway tissue [3], and mouse lung [9]. In this study, we
demonstrate that this relationship is preserved in culture by demonstrating that the
expression of GAD67, the major enzyme responsible for synthesizing GABA in peripheral
airways, is significantly higher in epithelial cells when compared to smooth muscle cells in
culture. Given that these results are from a cultured epithelial line, we are confident that
GABA synthesis can occur in the absence of a neural contribution.

Utilizing BEAS-2B, we confirmed that GABA release is decreased by terbutaline (3-agonist)
and forskolin (adenylyl cyclase activator to increase CAMP). Furthermore, the attenuation of
GABA release by terbutaline was reversed by co-treatment with propranolol (B-antagonist);
ruling out any non-specific effect of terbutaline. The terbutaline effect was also reversed by
PKI 14-22 (PKA inhibitor) demonstrating that this effect is specific to a PKA pathway.
Although studies in airway smooth muscle (ASM) have demonstrated that relaxation of
ASM mediated by B-agonists occurs through a PKA-dependent pathway, Epac (an exchange
protein activated by cAMP) may also contribute to the relaxation achieved by -
adrenoceptor activation [22, 23]. Although PKA is the classic target of cAMP, CAMP is also
known to activate Epac [32, 33]. In the current study, we demonstrate that the attenuation of
GABA release is not regulated by an Epac agonist. Therefore, the attenuation of GABA
release by the B-agonist terbutaline appears to mechanistically involve an increase in cAMP
which then activates PKA.

[3-agonists have many different effects on epithelial cells, but our study is the first to
demonstrate that 3-adrenoceptor activation can affect GABA release. B-agonists are well
known clinically for their capacity to relax ASM in asthmatics, and are often given via
inhalation. As such, they are in direct contact with airway epithelium prior to reaching the
ASM. Indeed, several effects of f-adrenoceptor activation on airway epithelium have been
reported [34]. B-agonists are known to increase ciliary beat frequency through the activation
of PKA in airway epithelium [35-38], which leads to enhanced mucociliary clearance [38-
40] without a large change in mucus secretion or production [34]. The increase of cAMP by
[3-agonists also opens the cystic fibrosis transmembrane regulator (CFTR), and may play a
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role in proper airway and mucus hydration [34]. Therefore, -agonists have beneficial effects
on airway epithelium such as enhanced clearance and improved hydration of mucus.

The GABAergic system in airway epithelium has been shown to play a role in mucus
production [9, 41]. Xiang et al. demonstrated that OVA sensitization in mice increased
expression of components of the GABAergic system (GAD and GABA, B subunits) in
airway epithelial cells and that the GABA 5 antagonist picrotoxin decreased mucus
overproduction [9]. Our study uncovers a potential, yet unrecognized beneficial effect of 3-
agonist therapy on airway epithelial mucus production. While more studies are required, our
results suggest p-agonist therapy may decrease mucus production by epithelial cells via a
decreased paracrine effect of GABA.

GABA also has significant effects on the ASM in addition to the epithelium. We have
previously demonstrated that the source of airway GABA is predominantly synthesized/
released by the airway epithelium in the lung, and this GABA released from the epithelium
has a paracrine effect on GABA, channels on ASM [12]. This paracrine signhaling from
epithelium to smooth muscle leads to a tonic pro-relaxant effect on ASM [42]. We found this
effect is functionally important during the maintenance phase of an established contraction,
where GABA-mediated activation of endogenous ASM GABA channels contributes a
counterbalancing relaxation effect on ASM tone. However, in the current study, we
demonstrate that 3-agonist therapy decreased epithelial GABA release. While a reduction in
release of GABA following -agonist treatment could be viewed as potentially pro-
contractile, the magnitude of pro-relaxation pathways afforded by B-adrenoceptor activation
functionally overcomes the diminished role of GABA-mediated relaxation in this particular
scenario. In contrast, however, we do believe further work is merited in this area to see if this
effect (the pro-contractile GABA effect as a counter to the B-agonist pro-relaxant effect) may
account for the poor clinical outcomes that have been associated with chronic long-acting -
agonist therapy [43, 44]. In addition, the decrease of endogenous GABA by B-agonists may
allow for enhanced efficacy by direct GABA agonists. While not yet investigated, reduced
GABA release by -agonists may theoretically result in less competition for exogenously
administered direct GABA, receptor agonists at GABA receptor-binding sites. Indeed, this
study may highlight the potential therapeutic importance of administering a GABAA agonist
with B-agonists, and suggests GABAp agonists could serve as important adjunctive therapy
in patients who are becoming increasingly refractory to f-agonist treatment.

PKA has been shown to modulate GADG67 function in neuronal cells. The phosphorylation
of GAD67 by PKA has been shown to inhibit GAD67 function leading to a decrease in
GABA synthesis [45, 46]. However, it is difficult to extrapolate from these studies, the time
course over which PKA phosphorylation of GAD67 would affect GABA synthesis, since
these studies were performed in broken cell preparations or with purified enzymes. In the
current study, animals received nebulized terbutaline 15 min before a methacholine
challenge and lavage to measure BAL GABA concentrations. It is possible that this
nebulized terbutaline resulted in reduced BAL GABA by both inhibition of GABA
transporter function as well as reduced synthesis by GAD67.
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In summary, we have shown that 3-agonists decrease GABA release by airway epithelial
cells in both an in vivo and in vitro model. GABA release is regulated by PKA which also
plays important roles in mucociliary clearance and ASM relaxation. This study uncovers a
previously unknown mechanistic link of p-agonists and the GABAergic system in the lung
which has important clinical implications in mucus production and ASM tone.
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Fig. 1.

Terbutaline pretreatment attenuated GABA release after methacholine challenge in an in
vivo mouse model. a Representative HPLC-MS-MS tracing of a GABA standard (15 nM),
PBS/methacholine-treated BAL and terbutaline/methacholine BAL demonstrating an
attenuation of GABA with pretreatment with terbutaline. b Pretreatment with nebulized
terbutaline (100 pM), a B-adrenergic agonist, before challenge with nebulized methacholine
(25 mg/ml) attenuated GABA release in bronchoalveolar lavage. n=5, *p < 0.05
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Fig. 2.

Glutamic acid decarboxylase 67 (GAD67) and GAD65 mRNA quantified by gRT-PCR in
cultured human bronchial airway epithelial (epith) and airway smooth muscle (ASM) cells
demonstrates GADG67 is the predominant GAD isoform and is expressed in much greater
abundance in airway epithelial cells. Note abundance of GAD67 mRNA in epithelium
compared to ASM (reflected in lower AG values). AG was calculated as the (G of GAD67

or GADG5) —(the G of GAPDH) for each sample. n= 3-

7, ***p < 0.001 when comparing

GADG67 in human airway epithelium to GADG5 in epithelium or to GAD67 in human ASM
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Fig. 3.

Pr%tein kinase A modulates 3H-GABA release in cultured human airway epithelial
(BEAS-2B) cells. Terbutaline (100 uM), a 3-adrenergic agonist, and forskolin (10 uM), an
activator of adenylyl cyclase, both decrease depolarization-induced fractional 3H-GABA
release in cultured human airway epithelial cells. 7= 6-8, ***p < 0.001, **p< 0.01, *p<
0.05
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Fig. 4.
Propranolol completely reverses terbutaline-induced decrease in fractional 3H-GABA

release in cultured human airway epithelial (BEAS-2B) cells. Terbutaline (100 pM)
treatment decreased fractional 3H-GABA release, and this decrease was completely reversed
by co-treatment with propranol. n=6-8, ***p < 0.001, **p < 0.01
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Fig. 5.

Plgl 14-22 (PKA inhibitor) completely reverses terbutaline-induced decrease in

fractional 3H-GABA release in cultured human airway epithelial (BEAS-2B) cells.
Terbutaline (100 uM) treatment decreased fractional 3H-GABA release, and this decrease
was completely reversed by co-treatment with the PKA inhibitor PKI 14-22 (1 uM). n= 4,
**p<0.01, *p< 0.05 ANOVA with repeated measures
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Fig. 6.
An Epac agonist does not affect depolarization-induced fractional 3H-GABA release in

cultured human airway epithelial cells. The EPAC agonist [8-(4-chlorophenylthio)-2/-O-
methy-ladenosine 3’,5’-cyclic monophosphate monosodium hydrate] (100 uM) did not affect
fractional 3H-GABA release in cultured human airway epithelial cells. 7= 4-6, ***p<
0.001 compared to potassium gluconate
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Fig. 7.

PDGF-induced tyrosine kinase modulation does not affect fractional 3H-GABA release in
cultured human airway epithelial (BEAS-2B) cells. Neither a platelet-derived growth factor
(PDGF) (10 ng/ml), a receptor tyrosine kinase activator, nor b herbimycin A (1 uM), an
inhibitor of receptor tyrosine kinases, had an effect on depolarization-induced fractional 3H-
GABA release in cultured human airway epithelial cells. 7= 6-7, ***p < 0.001. ¢ Human
airway epithelial (BEAS-2B) cells had an intact signaling response to PDGF as confirmed
by PDGF-induced phosphorylation of Akt (protein kinase B) detected by immunoblotting
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