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Abstract

Mucus overproduction is a major contributor to morbidity and
mortality in asthma. Mucus overproduction is induced by
orchestrated actions of multiple factors that include inflammatory
cytokines and y-aminobutyric acid (GABA). GABA is produced only
by pulmonary neuroendocrine cells (PNECs) in the mouse lung.
Recent studies in a neonatal mouse model of allergic inflammation
have shown that PNECs play an essential role in mucus
overproduction by GABA hypersecretion. Whether PNECs mediate
dysregulated GABA signaling for mucus overproduction in asthma is
unknown. In this study, we characterized the cellular source of GABA
in the lungs of nonhuman primates and humans and assessed GABA
secretion and signaling in primate disease models. We found that like
in mice, PNECs were the major source of GABA in primate lungs. In
addition, an infant nonhuman primate model of asthma exhibited an

Mucus overproduction is a salient clinical
feature of chronic airway diseases such as
asthma and chronic obstructive pulmonary
disease (COPD) (1). A major cell type in the
airway epithelium that produces mucin is
goblet cells. Patients with asthma and
COPD have an increased number of
goblet cells and mucus hypersecretion.

Goblet cell hyperplasia is known to be
triggered by inflammation in response to
damaging exposures to environmental
insults, such as allergen, ozone (O3),
respiratory virus, and cigarette smoke.
Excessive mucus in the airway blocks
airflow, which causes disease exacerbation
and contributes to disease mortality. To

increase in GABA secretion. Furthermore, subjects with asthma had
elevated levels of expression of a subset of GABA type o (GABA«)
and type B (GABAR) receptors in airway epithelium compared with
those of healthy control subjects. Last, employing a normal human
bronchial epithelial cell model of preinduced mucus overproduction,
we showed pharmaceutical blockade of GABA« and GABAR
receptor signaling reversed the effect of IL-13 on MUC5AC gene
expression and goblet cell proliferation. Together, our data
demonstrate an evolutionarily conserved intraepithelial GABA
signaling that, in concert with IL-13, plays an essential role in mucus
overproduction. Our findings may offer new strategies to ameliorate
mucus overproduction in patients with asthma by targeting PNEC
secretion and GABA signaling.

Keywords: pulmonary neuroendocrine cell; y-aminobutyric acid;
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date, there is no drug that directly targets
mucus overproduction.

Asthma often starts in early childhood.
Both clinical and epidemiological findings
reveal the association between early-life
exposure to environmental insults and
wheezing and asthma in young children
(2, 3). Previous studies using rodent and
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nonhuman primate models indicated that
the detrimental exposure in early life may
cause long-term changes in lung structure
and function, thereby contributing to
the pathophysiology of asthma (4-6).
Consistent with this hypothesis, the
nervous system has been shown to undergo
aberrant changes after early-life exposure
(4, 5, 7-9) at least in part through the cross-
talk between inflammation and the nerves
(10). The nervous system in the lung is
known to innervate airway smooth muscle
cells and pulmonary neuroendocrine cells
(PNECs). Genetic studies in the neonatal
mouse models of allergen exposure have
shown that changes in lung innervation
alter the contractile phenotype of airway
smooth muscle and induce the aberrant
secretion from PNECs (4, 11, 12). Notably,
PNECs express a variety of neuropeptides
and bioactive amines that include
y-aminobutyric acid (GABA) and
calcitonin-related gene peptide. GABA,
which is produced only by PNECs and
secreted through the regulation of nerves in
the mouse lung, is essential for mucus
overproduction (12-14). Whether PNEC
innervation and secretion are altered after
damaging exposures in early life in asthma
is unknown.

In contrast to nonhuman primate
and human lungs that normally have a
significant number of goblet cells, the mouse
lung has few goblet cells at baseline (1).
After exposure to environmental insults in
mice, secretory cells transdifferentiate into
goblet cells through a process known as
mucus metaplasia (15-17). However,
despite the difference in the cell origin of
goblet cells between mice and primates,
mechanisms underlying mucus
overproduction are conserved. The
overproduction of mucus in patients with
asthma and animal models is driven
by inflammatory cytokines, including
IL-13. In addition, several transcriptional
factors that are essential for mucus
overproduction in animal models of
asthma, such as SPDEF (SAM pointed
domain-containing Ets transcription
factor) and FOXA3, have been shown to
be upregulated in the airway epithelium of
patients with asthma (17, 18). Furthermore,
GABA has been shown to play an essential
role in allergen- and nicotine-induced
mucus overproduction (19, 20). GABA has
two types of receptors: GABA«a and
GABAR receptors. The GABA« receptor
consists of five subunits and functions as a
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ligand-gated Cl™ channel, whereas the
GABAR receptor consists of GABBR1 and
GABBR2 and is a G protein-coupled
receptor. Allergen exposure causes an
increase in the expression of GABA«a
receptor subunits in airway epithelium of
both mice and humans (19). Prenatal
exposure to cigarette smoke in nonhuman
primates has been shown to induce
GABA production and GABA« receptor
expression (21). Functional studies in mice
have demonstrated that although GABA
alone has no effect on the amount of
mucus production, dysregulated GABA
signaling is essential for IL-13-induced
mucus overproduction in airway
epithelium (12, 14). In addition, in a
culture model of nonhuman primate
airway epithelial cells, nicotine-induced
mucus overproduction requires GABAa
receptor signaling (20). So far, the role
of the GABA receptor in mucus
overproduction is unknown. More
important, whether GABA signaling may
serve as a drug target to reduce already-
established mucus overproduction under
the diseased condition has never been
tested.

Building on previous findings in mice
that the nerve-PNEC-GABA axis was
required for mucus overproduction after
early-life allergen exposure (12), we sought
to test whether this axis plays an
evolutionarily conserved role in asthma by
employing the infant nonhuman primate
model of environmental insults and a
normal human bronchial epithelial (NHBE)
cell culture model of prestimulated mucus
overproduction. By characterizing GABA
and GABA receptor expression in vivo and
functional studies of the GABAa and
GABAR receptors in vitro, we provide
evidence in support of an essential role of
GABA secreted from PNECs in mucus
overproduction in primate models of
asthma.

Methods

Human Cell/Tissue Study Approval
NHBE cells were obtained by the Tissue
Procurement and Cell Culture Core at the
University of North Carolina, Chapel Hill
(institutional review board-approved
protocol no. 03-1396). Human lungs from
de-identified organ donors with no
preexisting lung disease were procured
from the International Institute for the

Advancement of Medicine. This study used
three adult donor lungs. Because the study
did not involve the collection of data
through an intervention or interaction
with individual subjects or identifiable
private information about living
individuals, the study was deemed
nonhuman research by the Partners
Human Research Committee.

Nonhuman Primate Model of O3 and
House Dust Mite Allergen Exposure
Infant rhesus monkeys were subjected to 11
episodes of exposure to Oz and house dust
mite allergen (HDMA) starting around
Postnatal Day 30 (22). Monkeys were
killed at 6 months of age. All exposure
experiments in nonhuman primates were
performed at the California National
Primate Research Center at the University
of California, Davis (www.cnprc.ucdavis.
edu/ourscience/respiratory-diseases/),
under an animal protocol approved by
the institutional animal care and use
committee. Archived tissue blocks and
serum samples were used for this study.

GABA Receptor Expression in Airway
Brushing Samples of Healthy Donors
and Donors with Asthma

Microarray datasets GOBMUC2A (patients
with asthma; n=7) and GOBMUC2H
(healthy; n = 11) were downloaded from the
Gene Expression Omnibus (GEO) website
(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
andacc=GSe4302) (23). The Affymetrix
CEL files are robust multiarray average
normalized via the R/Bioconductor affy
package. For the resulting data matrix of
probes/genes, for each probe of GABA-
related genes of interest, Wilcoxon’s rank-
sum test was applied to assess the difference
in median signal between the patients with
asthma and healthy donor population. Any
differences with P value less than 0.05 were
deemed significant. To account for multiple
hypothesis testing, we computed the
corresponding positive false discovery rate
analog of the P value called a q value for the
21 tested GABA receptor genes using the
MATLAB (MathWorks) function mafdr
(24).

Air-Liquid Interface Culture of
NHBE Cells

NHBE cells (25) were expanded and
cultured at an air-liquid interface (ALI)
using an established protocol (26). To
induce goblet cell hyperplasia, the ALI

American Journal of Respiratory Cell and Molecular Biology Volume 60 Number 6 | June 2019


http://www.cnprc.ucdavis.edu/ourscience/respiratory-diseases/
http://www.cnprc.ucdavis.edu/ourscience/respiratory-diseases/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?andacc=GSe4302
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?andacc=GSe4302

4C/FPO

ORIGINAL RESEARCH

culture was treated with human IL-13 (10
ng/ml, catalogue no. 200-13; PeproTech)
starting from Day 0 of ALL The ALI culture
was treated with the antagonists of the
GABA« receptor (picrotoxin, 50 wM,
catalogue no. P1675; MilliporeSigma) and
the GABAP receptor (CGP55845, 1 M,
catalogue no. SML0594; MilliporeSigma)
starting at Day 14 of ALL The culture
medium was changed every other day. The
ALI culture was analyzed at Day 21.

Statistical Analyses

Data represented mean *+ SEM from at
least three independent experiments. For
comparisons between two conditions,
statistical analysis was performed using
unpaired Student’s ¢ test. For the
assessment of the effect of GABA receptor
inhibitors in control and IL-13-treated
conditions, statistical analysis was
performed with one-way ANOVA followed
by Tukey’s post hoc test for multiple
comparisons. The difference between
experimental groups was considered
statistically significant if the P value was less

monkey

human

than 0.05. Details of antibodies,
immunohistochemistry, the ALI culture,
and quantitative PCR are provided in the
data supplement.

Results

Expression of GABA and GABA
Receptors in the Lung of Nonhuman
Primates and Humans

PNECs have been shown to be the only
source of GABA in the mouse lung through
the activity of biosynthetic enzyme glutamate
decarboxylase 67 (GAD67) by a GAD67-GFP
report mouse line and immunostaining
using a monoclonal antibody (12, 13). No
GADG65 expression in the mouse lung was
found (12). However, a previous study
suggested ubiquitous GAD65/67 expression
in airway epithelium by immunostaining
using a polyclonal GAD65/67 antibody (19).
We suspected that the discrepancy may

be caused by limited specificity of the
polyclonal antibody. To resolve the issue of
GABA production in the primate lung, we

s 1 1 3
Row Z-Score

B

stained histological sections from rhesus
monkeys and humans with the specific
mouse monoclonal antibody against GAD67
(12). We detected GAD67 in clusters and
singular cells in airway epithelium that
coexpressed PNEC markers, such as PGP9.5
(protein gene product 9.5) in nonhuman
primates and bombesin in humans

(Figure 1A), and thus were PNECs. Notably,
all PNECs expressed GAD67 in mice and in
nonhuman primates (Figure 1A) (12, 13).
We also did not find any change in PNEC
expression of GAD67 after O; and HDMA
exposure, which is consistent with our
findings in the mouse model of allergen
exposure (12). However, in human donor
lungs, approximately 80% of PNECs were
labeled by the GAD67 antibody (Figure 1A).
This finding indicates the heterogeneity

of the PNEC population in humans.
Although the antibody staining may exclude
cells with low levels of GAD67 expression,
we conclude that PNECs are the major
source, if not the sole source, of GABA in
the lung of nonhuman primates and
humans.
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Figure 1. Airway epithelial production of y-aminobutyric acid (GABA) in primate lungs and GABA receptors in healthy humans and humans with asthma.
(A) Representative glutamate decarboxylase 67 (GADB7) expression in pulmonary neuroendocrine cells (PNECs). Histological sections of the lung in
rhesus monkeys (6 mo old) and infant human donors were double stained for GAD67 and PNEC markers PGP9.5 (protein gene product 9.5) and

bombesin, respectively. *Bombesin* PNECs that are GAD67 ~. Arrows mark nonspecific labeling by the GAD67 antibody in human lung mesenchyme. For
quantification, 10 tissue sections from six monkeys were stained, and a total of 129 PNECs were all found to express GAD67. For the human lung, five
tissue sections from three donor lungs were stained. Of 74 bombesin* PNECs, 58 were GAD67™". Scale bars: 25 um. (B) Relative GABA receptor gene
expression in airway epithelium of healthy donors (n = 11) and donors with asthma (n = 7). Data were collected from microarray results of airway epithelial
brushing samples deposited in the Gene Expression Omnibus GSE4302 public dataset (contact contributor, P. G. Woodruff). Each column represents one
donor. *Genes with statistically significant increases in expression in asthmatic samples.
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Exposure to allergen and nicotine has
been shown to increase the expression of
several GABA« receptor subunits in airway
epithelium (19, 20). However, whether the
expression of GABAa and GABAR
receptors is altered in patients with asthma
is unknown. To evaluate the change in
GABA receptor expression in asthma, we
compared the relative gene expression
levels of GABA receptor subunits in airway
epithelial brushing samples collected
from healthy donors and donors with
asthma using published microarray
datasets deposited at the GEO website
(www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
andacc=GSe4302) (23). Of the 21 GABA
receptor genes, two GABA« receptor genes
(GABRAI and GABRG3) and one GABAR
receptor gene (GABBR?2) exhibited an
elevated level of expression in patients with
asthma compared with healthy donors. No
GABA receptor genes were downregulated
in asthma. Notably, GABRAI and GABRG3
were not among the upregulated GABA«
receptor genes previously identified in
allergen and nicotine exposure models (19,
20). However, both previous studies and
our work uniformly identified an increase
in GABAa« receptor expression. Together,
our findings support dysregulated GABA«
signaling in the asthmatic airway
epithelium. In addition, the observed
increase in GABBR2 expression in patients
with asthma suggests an additional role
of the GABAP receptor in mucus
overproduction.

Aberrant GABA Secretion and PNEC
Hyperinnervation in an Infant
Nonhuman Primate Model of
Childhood Asthma

We showed previously in a neonatal
mouse model that GABA secretion from
PNECs was induced by a hyperactivated
neurocircuitry after allergen exposure

(12). Whether early-life exposure to
environmental insults causes a similar
increase in PNEC innervation and GABA
hypersecretion, thereby contributing to
mucus overproduction in childhood
asthma, is completely unknown. This is due
to technical difficulties of obtaining the
lung tissue from young children. To
circumvent this technical issue, we took
advantage of an infant nonhuman primate
model of O; and HDMA exposure that has
been established at the California National
Primate Research Center at the University
of California, Davis (Figure 2A) (7, 22).
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Figure 2. PNEC hyperinnervation and GABA hypersecretion in a nonhuman primate model of early-
life exposure. (A) Experimental scheme of rhesus monkey ozone (O3) and house dust mite allergen
(HDMA) exposure during the first 6 months after birth. Control animals were exposed to filtered air
(FA). Lungs and serum samples were harvested at 6 months of age. (B) Representative Z-stack
confocal images of PNEC innervation in 6-month-old rhesus monkeys with and without O3 + HDMA
exposure. PNEC innervation was assessed by double staining of proximal lung sections (25 wm in
thickness) for PGP9.5 and neuron-specific B-tubulin Il using a TuJ1 antibody. Arrows mark PNECs.
Scale bar: 50 pm. (C) Quantification of PNEC innervation in infant rhesus monkeys with and without
O3 and HDMA exposure. The density of nerves surrounding PNECs was calculated by normalizing
TuJ1-immunoreactive area to the number of PNECs. At least five single PNECs and PNEC clusters
from three lungs in each group were measured. (D) Serum concentrations of GABA in control animals
(n=7) and rhesus monkeys (n = 10) that were exposed to Oz, HDMA, and combined Oz + HDMA.
Data presented in C and D represent mean = SEM. *P < 0.05.

Rhesus monkeys that are exposed to O; and
HDMA during the first 6 months after birth
have been shown to present clinical
hallmarks of asthma and recapitulate
disease progression (7, 22). To assess PNEC
innervation in infant rhesus monkeys after
the exposure, tissue sections (25 wm in
thickness) were double stained for specific
markers of nerves and PNECs using a Tu]1
antibody and an antibody against PGP9.5,
respectively. Nerves surrounding PNECs
were visualized by confocal microscopy
(Figure 2B). The nerve density was
measured by normalizing Tu]J1-
immunoreactive area to the number of
PNECs using Z-stacked confocal images.
Compared with control animals that were
exposed to filtered air, O; and HDMA
exposure significantly increased the

nerve density surrounding PNECs by
approximately fourfold (Figures 2B and 2C).
We then measured GABA secretion from
PNECs by ELISA using serum samples
because PNECs are known to secrete
basolaterally into the circulation (27).
Owing to limited serum samples from the

combined O; + HDMA exposure group, we
pooled all serum samples from rhesus
monkeys that were subjected to single

and combined exposures. The serum
concentration of GABA from infant

rhesus monkeys that were exposed to
environmental insults was significantly
higher than that in control animals

(Figure 2D). Therefore, environmental
exposures in infant nonhuman primates
cause aberrant increases in PNEC innervation
with associated GABA hypersecretion, which
is similar to the neonatal mouse model of
allergen exposure (12).

GABA«a and GABARB Receptor
Signaling in IL-13-induced Mucus
Overproduction in ALI Culture of
NHBE Cells

Previous studies in rodent and nonhuman
primate models identified an essential role
of GABA in the induction of mucus
overproduction after allergen and nicotine
exposure (19, 20). On the basis of our
findings of the upregulation of GABA
receptor expression in asthmatic airway
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brushing samples, we speculated that
GABAa and GABAR receptors may play
an additional role in the maintenance
and/or progression of mucus
overproduction in asthma. To test this
hypothesis, we employed an ALI culture of
NHBE cells that was prestimulated with
IL-13. The ALI culture contains multiple
epithelial cells types during differentiation
and thus provides an in vitro model for
IL-13-induced goblet cell hyperplasia and
mucus overproduction (25). Because previous
studies focused on GABA« receptors (19,
20), we chose to validate GABBR2 expression
in ALI culture at Day 14, when all
differentiated cell types were readily
identifiable (26, 28). Double staining for
GABBR2 and MUC5AC showed a mostly
apical distribution of GABBR2 in MUC5AC™"
goblet cells and other epithelial cell types
(Figure 3A). Quantification of the GABBR2™
and MUC5AC™ cells in three independent
ALI cultures showed that approximately
40% of MUC5AC™ goblet cells expressed
GABBR2 and that 17% of GABBR2" cells
were MUC5AC" goblet cells.

After validating the expression of
GABA receptors in NHBE cells, we

evaluated the presence of GABA in the ALI
culture system. We detected GABA in the
culture medium itself at concentrations
within the 1-3 mM range, possibly due
to the bovine pituitary extract as a
supplement. Because only very few PNECs
formed in the ALI culture (29), PNECs are
unlikely to have contributed to the GABA
concentration in culture. Therefore, the ALI
culture contains endogenous GABA in
abundance. This finding may explain why
IL-13 is sufficient to induce goblet cell
hyperplasia in the ALI culture without the
addition of exogenous GABA.

For our assay, NHBE cells were
prestimulated with IL-13 for the first
2 weeks of the ALI culture, which has
been shown to robustly induce mucus
overproduction (30, 31). The ALI culture
was then treated for 1 week with specific
pharmaceutical blockers of GABA« and
GABABR receptors (picrotoxin and
CGP55845, respectively) at the continuous
presence of IL-13 (Figure 3B). The ALI
culture was analyzed at Day 21. Compared
with untreated control cultures, IL-13
significantly impaired ciliated cell
differentiation as shown by a decrease in

mRNA expression of FOXJI (a ciliated cell
marker) (Figure 3C). These findings are
consistent with a previous report that
IL-13-mediated STAT6 (signal transducer
and activator of transcription 6) signaling
represses FOX]J1 expression in the ALI
culture (32). In contrast, IL-13 had no effect
on the differentiation of secretory cells
assayed by CC10 mRNA concentrations
(Figure 3D). Furthermore, GABAa and
GABAP receptor blockers had no effect on
the differentiation of ciliated and secretory
cells in ALI culture of NHBE cells at
baseline and at the presence of IL-13
(Figures 3C and 3D).

We then assessed the effect of
GABA receptor blockers on goblet
cell differentiation and proliferation.
Approximately 10% of NHBE cells in Day
21 ALI culture were goblet cells at baseline,
as shown by their expression of MUC5AC
(Figures 4A and 4E). Treatment of ALI
cultures with GABAa and GABA receptor
blockers had no effect on the baseline level
of MUC5AC gene expression and the
number of MUC5AC™" goblet cells (Figures
4A, 4B, and 4E). The mRNA expression
of other transcriptional factors known to
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Figure 3. GABAa and GABAR signaling has no effect on baseline and IL-13-induced differentiation of air-liquid interface (hALI) cultures of normal human
bronchial epithelial (NHBE) cells. (A) GABAR receptor (GABBR2) expression in ALl cultures at Day 14 of differentiation by double staining for GABBR2 and
MUCS5AC. Nuclei were stained by DAPI. Arrows mark GABBR2 expression in MUC5AC™ goblet cells and other epithelial cell types. Scale bar: 50 um.
(B) Scheme of the treatment with GABA receptor blockers in control and IL-13-stimulated ALI cultures. IL-13 (10 ng/ml) stimulation started at Day 0.
Treatment with single and combined GABA« receptor blocker (50 wM picrotoxin) and GABAR receptor blocker (1 wM CGP55845) started at Day 14. (C and D)
Cultures were analyzed at Day 21 for the gene expression of a ciliated cell marker (FOXJ7) (C) and a club cell marker (CC70) (D). Data represent mean = SEM
of three independent experiments of NHBE cells from each donor and a total of three donors for each condition. ***P < 0.001. n.s. = not significant.
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Figure 4. GABA is required for IL-13-induced goblet cell hyperplasia in ALI cultures of NHBE cells. (A) Representative images of double staining for Ki-67
and MUCS5AC in Day 21 ALI cultures of NHBE cells with and without the treatment of IL-13 and combined GABAa and GABAR receptor blockers.
Arrowheads mark MUC5AC*Ki-67 cells. The inset shows an enlarged image of double-positive cells in IL-13-treated cultures. (B-D) MUCS5AC, SPDEF
(SAM pointed domain-containing Ets transcription factor), and FOXA3 gene expression in Day 21 ALI cultures of NHBE cells under different culture conditions.
(E) Quantification of the percentages of MUC5AC™ goblet cells in Day 21 ALI cultures under different culture conditions. (F) Goblet cell proliferation in Day 21
ALl cultures under different culture conditions. Proliferation was quantified by normalizing the number of MUC5ACKi-67" cells to the total MUCSAC™ goblet

cells. More than 500 cells from each donor were counted for each condition. (G) Representative images of staining for cleaved caspase 3 in Day 21 ALl
cultures with and without the treatment of IL-13 and combined GABA« and GABAR receptor blockers. Data in B-D represent mean = SEM of three
independent experiments in triplicates for each donor, three donors in total. *P < 0.05 and **P < 0.01. Arrowheads mark caspase 3™ cells. Scale bars: 50 wm.

be essential for mucus overproduction,
such as SPDEF and FOXA3, was also
unaffected by the inhibitors at baseline
(Figures 4D and 4E). IL-13 stimulation
elevated the level of MUC5AC gene
expression by 3.5-fold and doubled the
number of goblet cells (Figures 4A, 4B, and
4E). Double staining for MUC5AC and a
cell proliferation marker, Ki-67, showed
that IL-13 stimulation caused a significant
increase in goblet cell proliferation

(Figure 4F). We found that 7-day treatment
with the GABAa and GABAR receptor
blockers, either alone or in combination,
prevented the increase in IL-13-induced
mRNA expression of MUC5AC, SPDEF,
and FOXA3 (Figures 4B-4D). In addition,
treatment with a combination of GABA«
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and GABAR receptor blockers significantly
reduced goblet cell proliferation in IL-
13-prestimulated ALI cultures to baseline
amounts (Figures 4A and 4F). Compared
with the combination approach, individual
GABA receptor blockers had a smaller
negative effect on goblet cell proliferation
that failed to reach statistical significance
(Figure 4F). Last, GABA receptor blockers
had no general side effects on cell apoptosis
assayed by staining for activated cleaved
caspase 3 (Figure 4G). Notably, IL-13
treatment reduced the percentage of
apoptotic cells in culture (Figure 4G), which
is consistent with a role of IL-13 in promoting
the expression of an antiapoptotic gene,
BCL2, in airway epithelial cells (33). Together,
our findings indicate that GABA signaling

may be required for the maintenance of IL-

13-induced goblet differentiation and mucus
overproduction and thus may serve as a drug
target under the established disease condition.

Discussion

Previous studies in mice demonstrated that
genetic disruption of GABA signaling
prevented mucus overproduction after early-
life allergen exposure. The present study
indicates that the GABAa and GABAR
receptor pathways may serve as an integral,
evolutionarily conserved component of
mucus production in primates. This extends
previous observations in mice in which
genetic disruption of GABA signaling
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prevented mucus overproduction after early-
life antigen exposure (12). In patients with
asthma, there is elevated expression of three
genes representing both subtypes of GABA
receptors, which suggests aberrant GABA
signaling in airway epithelium. We also
show that GABA is mostly produced by
PNECs through the enzymatic activities of
GADG67 in both nonhuman primates and
humans. In addition, early-life exposure

to environmental insults in nonhuman
primates causes aberrant PNEC innervation
and GABA hypersecretion. The observed
increase in PNEC innervation is aligned
with previous findings that early-life
environmental exposures cause airway
epithelium hyperinnervation in nonhuman
primates (7). Collectively, these findings
suggest that deregulation of the
nerve-PNEC-GABA axis plays an essential
role in both the initiation and the
progression of IL-13-induced mucus
overproduction. If true, GABA secretion and
GABA receptor signaling may serve as valid
drug targets to directly block/reverse mucus
overproduction in patients with asthma who
have higher concentrations of IL-13.

We provide evidence that in the
presence of IL-13, the GABAa and GABAR
receptors play a similar role in MUC5AC
gene expression and synergistically
contribute to goblet cell proliferation. We
speculate that the molecular signaling
mechanism of the GABA pathway in
mucus overproduction may involve
ionotropic and metabotropic receptor
functions. The GABA« receptor is a
chloride channel. GABA binding to the
GABA« receptor triggers an inward
current in cultured airway epithelial
cells by electrophysiological assays.

This finding indicates that GABA is an
excitatory signal (18, 19), which is
different from a predominantly inhibitory
neurotransmitter function of GABA in the
central nervous system. GABA also has
been shown to block apical-to-basolateral
transport of Cl™ in alveolar type II cells

(34). Notably, cystic fibrosis
transmembrane conductance regulator is
also a Cl™ channel. Mutations in cystic
fibrosis transmembrane conductance
regulator cause cystic fibrosis, a lung
disease with clinical features of abnormal
mucus secretion and clearance. Whether
the GABA« receptor contributes to mucus
production and secretion in allergic
inflammation by regulating Cl~ outflux in
airway epithelial cells warrants future
investigation. In addition to ionotropic
GABAa receptors, the GABAR receptor is
a metabotropic, G protein-coupled
receptor that regulates cAMP production,
a secondary messenger that may act
together with IL-13 to regulate MUC5AC
gene expression (35). Interestingly,
GABBR?2 is broadly expressed by primary
human airway epithelium cells, and not
all goblet cells express GABBR2. These
findings raise the possibility that the
GABAR pathway may signal directly in
goblet cells and indirectly by acting on
other epithelial cells and triggering
paracrine mechanisms to affect goblet
cells. These possibilities need to be tested
in future studies. It is important to
emphasize that GABA signaling alone has
no effect on mucus production in the
airway. As shown in our previous work
in vivo (12) and this work in vitro, the role
of GABA signaling in mucus overproduction
requires IL-13. It is possible that IL-13 may
compromise the barrier function of airway
epithelium so that basally located GABA can
diffuse to the apical side of epithelial cells to
interact with GABA receptors.

In addition to asthma, mucus
overproduction is a major factor in the
exacerbation of COPD. COPD is strongly
associated with cigarette smoking. Using a
nonhuman primate epithelial cell culture
model, previous studies showed that the
GABAa« receptors played an essential role
in nicotine-induced mucus overproduction
without the involvement of IL-13 (20). In
that study, nicotine upregulated GABA

production and GABA« receptor
expression in the airway epithelium to
induce mucus overproduction.

Mechanisms that regulate GABA
receptor expression in the airway epithelium
by nicotine and inflammation warrant future
investigation. In an acute model of allergen
exposure in mice, we found no change in
airway epithelial expression of the GABA
receptors (12). However, three GABA receptor
genes exhibit an increase in expression in
patients with asthma. We speculate that
chronic allergic inflammation may contribute
to the upregulation of GABA receptor gene
expression in patients with asthma.

In summary, our studies have
demonstrated that PNEC-derived GABA
is required for the induction of mucus
overproduction in both rodent and primate
models of asthma (12, 18). GABA signaling
also contributes to nicotine-induced mucus
overproduction, which has implications in
COPD (12, 19, 20). In addition, calcitonin-
related gene peptide secreted by PNECs
promotes inflammation by activating
innate lymphoid cells (14). Furthermore,
PNEC hyperplasia has been associated with
pulmonary disorders in young children and
unusual forms of interstitial lung disease
(36-38). Because PNECs are a critical
source of neuropeptides and bioactive
amines in airway epithelium, it is possible
that aberrant PNEC secretion associated
with PNEC hyperplasia may contribute
to the pathogenesis of these rare diseases.
Our studies show that PNEC secretion
is regulated by a neurocircuitry that
innervates PNECs (12). In this context, the
identification of neural pathways that
regulate PNEC secretion may provide new
drug targets for the treatment of a variety of
lung diseases. M
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