














exposure causes aberrant increases in PNEC in-
nervation by deregulating the essential neurotrophic
factor NT4 during postnatal development.

Early life OVA exposure deregulated sensory
neuron activity by elevating NT4 levels

In response to injury, airway epithelium releases ATP that
activatespurinergic receptors expressedby sensorynerves
(37). The nodose ganglion provides a major source of
sensory innervation for ASM and PNECs (23, 38, 39). A
large majority of nodose ganglion neurons express a
purinergic P2X3 receptor that is required forATP-induced
activities (40). Because the development of nodose gan-
glion neurons during embryogenesis is dose-dependent
on brain-derived neurotrophic factor and NT4, both of
which signal through the TrkB receptor (41, 42), we spec-
ulated that elevated levels of NT4 after early life OVA
exposuremightaffectnodose sensoryneuronactivities. To
test this hypothesis, we examined the neuronal cell num-
ber and P2X3 expression in WT and NT42/2 mice at P21.
NT4 was required for the survival of ;50% of nodose
ganglionneurons (Fig. 4A,B)while havingno effect on the
percentages of P2X3+ neurons (Fig. 4C) (42). In addition,

OVAexposurehadnoeffect on thenumberofneuronsand
the percentage of P2X3+ neurons in the nodose ganglion
(Fig. 4B, C). However, OVA exposure increased the P2X3
mRNA levels by 3-fold inWTmice while having no effect
in NT42/2 mice (Fig. 4D). These findings suggest that al-
lergen exposuremay increase the level ofP2X3 expression
per neuron and thus cause neural hyperactivities in re-
sponse to ATP stimulation.

To testwhetherNT4mayaffect sensoryneuronactivity,
we isolated nodose ganglions from P18 mice and estab-
lished primary nodose sensory neuron cultures in defined
neurobasal media. Because dissection severed the axons,
neuronswere allowed to regenerate neurites in culture for
3dbeforeCa2+ imagingusinga fluorescentdyeFluo-3AM
for themeasurement of their activities in response to ATP.
We found postnatal nodose sensory neurons no longer
required NT4 for survival, as both BSA-treated controls
and NT4-treated cultures (100 ng/ml) exhibited little cell
death (Fig. 4E). In addition, a majority of nodose sensory
neurons were P2X3+ (Fig. 4E). ATP stimulation (100 mM)
triggered a spike of intracellular Ca2+ shown by a ;15%
increase above the baseline fluorescence thatwas reduced
by 40 to 50% after 15 s of stimulation (Fig. 4F). Compared
to control neurons,NT4-treated cultures exhibited a;45%

Figure 4. NT4 was required for
elevated purinergic receptor
gene expression and increased
nodose ganglion neuronal ac-
tivities after early life OVA
exposure. A) Representative im-
ages of double staining of me-
dial nodose ganglions in WT
and NT42/2 mice at P21 for
pan neuronal marker Uchl1
and P2X3 receptor. Nuclei were
labeled by DAPI. Scale bars,
250 mm. B) Quantification of
neuronal numbers in medial
sections of nodose ganglions
from WT and NT42/2 mice at
P21. Eighteen sections from 6
ganglions of 3 mice were quan-
tified. C) Quantification of per-
centages of P2X3+ neurons in
nodose ganglions from WT and
NT42/2 mice at P21. D) P2X3
mRNA levels in nodose gangli-
ons from WT and NT42/2 mice
with and without OVA expo-
sure. Six ganglions from 3 mice
were pooled as 1 sample. Three
samples were analyzed for each
condition. E) Representative im-
ages of P2X3 staining of primary
nodose ganglion neurons after
72 h in culture treated with
control BSA or NT4. Arrow-
heads indicate P2X3+ neurons.
F) Ca2+ imaging of control BSA-
and NT4-treated primary nodose ganglion neurons in response to ATP stimulation. Relative fluorescence (Ft/F0) of Fluo-3 AM
before and after ATP stimulation (arrow) was measured. To block P2X3 activities, NT4-treated cultures were pretreated with
A-317491 (1 mM) for 20 min before ATP stimulation and during entire course of Ca2+ imaging. Results represent 2 independent
experiments. Data in B–D represent means 6 SEM of 3 independent experiments. **P , 0.01.
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increase in fluorescence above the baseline on ATP
stimulation and maintained a higher level of intracel-
lular Ca2+ over time (Fig. 4F). Therefore, NT4 treatment
increases the activity of nodose sensory neurons toATP.
However, neurons treated with NT4 in the presence of
A-317491, a specific P2X3 blocker, exhibited a faster
return to baseline fluorescence while maintaining the
initial Ca2+ spike (Fig. 4F). These findings provide
evidence for functional involvement of P2X3 in NT4-
induced nodose sensory neurons hyperactivity. In ad-
dition,NT4may affect other ATP receptor expression to
account for the elevated Ca2+ spike immediately after
ATP stimulation.

NT4 was required for GABA hypersecretion to
induce mucus overproduction after early life
allergen exposure

To test whether aberrant increases in PNEC innervation
may deregulate GABA secretion from PNECs after
early life allergen exposure, we measured serum levels
of GABA in WT and NT42/2 mice by ELISA, as neuro-
endocrine cells secrete laterally and basally into the
circulation (21). NT4 had no effect on baseline serum
levels of GABA (;200 ng/ml) (Fig. 5A). However, OVA
exposure elevated serum levels of GABA by ;60% in
WT mice while having no effect on NT42/2 mice (Fig.
5A). We found no change in Gad1 and GABA receptor
mRNAexpression in purified airway epithelium cells at
P21 after early life allergen exposure (Fig. 5B and Sup-
plemental Fig. 4A). These findings provide evidence
that NT4-dependent PNEC hyperinnervation deregu-
lates PNEC secretion of GABA.

We tested whether GABA administration would
restore mucus overproduction in NT42/2 mice. GABA
(10 mg/g body weight) was installed intratracheally be-
tween P14 and 20. Because of the relatively long half-life
of GABA in vivo (5 h) (43), GABA was provided once a
day. As a control neurotransmitter,Mch (30mg/ml)was
nebulized daily. Mice were analyzed at P21. We found
that GABA alone had no effect on baseline mucus levels
(Fig. 5E). In addition, GABA administration in OVA-
exposed WT mice had no effect on already high levels of
mucin expression (Fig. 5E). In contrast, compared to sa-
line in NT42/2 mice, GABA fully restored mucus over-
production inOVA-exposedNT42/2micewithnoeffect on
allergic inflammation assayed by serum levels of IgE
and IL-13 (Fig. 5C–F). In contrast, Mch had no such
rescuing activities (Fig. 5E). These findings indicate
that NT4 is specifically required for GABA signal-
ing during early life allergen-induced mucus over-
production. To provide further evidence, we evaluated
the epithelial expression of Foxa3, a transcriptional factor
associated with mucus overproduction in both animal
models and peoplewith asthma (5, 6, 44). GABApartially
recovered Foxa3 expression in ;13% airway epithelial
cells in OVA-exposed NT42/2 mice compared to WT
mice, which had;34% Foxa3+ cells in airway epithelium
afterOVAexposure (Fig. 5G,H). Furthermore,GABAhad
no rescue activities in PBS-exposedNT42/2mice (Fig. 5F),
similar to the results inmouse lung slice cultures (Fig. 1G).

DISCUSSION

Our study used a combination of lineage tracing and in
vivo and ex vivomodels to investigate the development
and neural regulation of pulmonary neuroendocrine
system. Our results revealed an orchestrating role for
NT4 in PNEC innervation and neuroendocrine secre-
tion of GABA. Building on these findings, we propose a
model of NT4-dependent mucus overproduction after
early life allergen exposure (Fig. 6). In themodel,NT4 is
expressed by PNECs and serves to attract the in-
nervating nerves during postnatal development. Al-
lergen exposure to developing lungs, which elevates
the levels of NT4 (17), causes aberrant increases in
PNEC innervation and sensory neuron activity that
feeds on efferent nerves to induce GABA hypersecre-
tion. Excessive GABA signaling and IL-13 in airway
epithelium ultimately induces mucus overproduction
(Fig. 6). Blockade of NT4 and TrkB receptor signaling
during allergen exposure prevents neural deregulation
GABA secretion from PNECs and therefore prevents
mucus overproduction (Fig. 6). Our findings, in com-
bination with our previous work concerning ASM in-
nervation and hyperreactivity, highlight the profound
impact of allergen exposure on the pattern and degree
of innervation of both ASM and PNECs in developing
postnatal lungs. Our previous study identified mast
cells as a de novo source of NT4 for allergen-induced
ASM hyperinnervation (18). Whether mast cells play a
similar role in aberrant PNEC innervation in the dis-
ease model warrants further investigation.

Our findings indicate that IL-13 provides a permis-
sive signal for the essential GABA function in mucus
overproduction after allergen exposure. This may be
mediated through the multifaceted role of IL-13 in gene
activation and in epithelial cell survival and differenti-
ation to enable GABA signaling (7). In addition, allergic
inflammation, which damages the barrier function of
airway epithelium (45, 46), may also provide a per-
missive barrier mechanism for paracrine GABA sig-
naling by facilitating the distribution of GABA after
PNEC secretion in vivo. The apical–lateral distribution
of a GABA receptor by club cells (Supplemental Fig. 4B)
supports the possibility that GABA may interact with
the receptors after basal–lateral secretion from PNECs.
Furthermore, GABA receptor antagonists had no
worsening effect on allergen-induced airway hyperre-
activity (Supplemental Fig. 5). Therefore, targetingNT4
along the nerve–PNEC axis to block GABA secretion
may be a valuable treatment strategy for mucus
overproduction in asthma.

Allergen exposure to developing postnatal lungs
elevates the neurogenic signal NT4 to disrupt the
neurocircuitry that innervates PNECs. In addition to
quantitative increases in PNEC innervation, we also
provide evidence for NT4-induced sensory neuron
hyperactivity in response to ATP. Whether PNEC-
innervating efferent nerves are altered by early life al-
lergen exposure warrants future work, as the efferent
signal that induces GABA secretion from PNECs
remains to be identified. However, independent of
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Figure 5. NT4 was required for GABA secretion and mucus overproduction after early life OVA exposure. A) Serum levels of
GABA in WT and NT42/2 mice with and without OVA challenges measured by ELISA. Data represent means6 SEM from 10 to 16
mice of each group. B) Gad1 mRNA expression in airway epithelium of WT and NT42/2 mice after PBS or OVA exposure at P21;
n = 6. C, D) Serum levels of IgE and IL-13 levels in BAL of PBS-exposed NT42/2 mice and OVA-exposed NT42/2 mice with and
without intratracheal GABA treatment. Each mark indicates sample from 1 mouse. E) Representative images of PAS staining of
lungs sections of WT and NT42/2 mice with indicated treatment. Arrows indicate mucin+ cells. Insets show enlarged images of
epithelium staining. F) Muc5ac gene expression in PBS- and OVA-exposed WT and NT42/2 mice with and without GABA
treatment. Each group had minimum of 7 mice. Data represent means 6 SEM of at least 3 independent experiments. G) Foxa3
staining of lung sections of WT and NT42/2 mice with and without OVA exposure and GABA treatment. Arrows indicate Foxa3+

cells. H) Percentages of Foxa3+ cells in airway epithelium of each experimental group. Data represent means 6 SEM from 15
airways of 3 mice for each experimental condition. Scale bars, 100 mm. *P , 0.05, **P , 0.01, ***P , 0.001.

10 Vol. 31 September 2017 BARRIOS ET AL.The FASEB Journal x www.fasebj.org
 Vol.,  No. , pp:, June, 2017The FASEB Journal. 154.59.124.102 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org
http://www.fasebj.org/


changes in efferent nerves, hyperactive sensory afferents
are expected to feed on efferent nerves to deregulate the
activity of the neurocircuitry, which in turn induces
GABA hypersecretion. In contrast to neonatal mice, we
showed that adult mice had no change in airway in-
nervation after allergen exposure (17). Without the in-
crease in innervation, we speculate that GABA secretion
from PNECs may be triggered by the neurocircuitry ac-
tivated in response to the stimuli present in the in-
flammatory milieu, such as ATP. Identification of the
stimuli and investigation of their induction by injury,
such as allergen exposure, cigarette smoke, and viral
infection, may help explain why mucus overproduction
occurs in a variety of airway diseases.

In summary, our study provides evidence that the
nerve–PNEC axis may be involved in the pathogenesis of
asthma after early episodes of exposures. Targeting NT4-
dependent PNEC innervation may provide a novel strat-
egy for the treatment of mucus overproduction.
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A. (2012) Serum neurotrophin-3 and neurotrophin-4 levels are
associated with asthma severity in children. Eur. Respir. J. 39,
1035–1037

21. Linnoila, R. I. (2006) Functional facets of the pulmonary
neuroendocrine system. Lab. Invest. 86, 425–444

22. Cutz, E., Pan, J., Yeger, H., Domnik, N. J., and Fisher, J. T. (2013)
Recent advances and contraversies on the role of pulmonary
neuroepithelial bodies asairway sensors.Semin.CellDev.Biol.24, 40–50

23. Chang, R. B., Strochlic, D. E., Williams, E. K., Umans, B. D., and
Liberles, S. D. (2015) Vagal sensory neuron subtypes that
differentially control breathing. Cell 161, 622–633

24. Branchfield,K., Nantie, L., Verheyden, J.M., Sui, P.,Wienhold,M.D.,
and Sun, X. (2016) Pulmonary neuroendocrine cells function as
airway sensors to control lung immune response. Science 351, 707–710

25. Wojcik, S.M.,Katsurabayashi, S.,Guillemin, I., Friauf,E.,Rosenmund,
C., Brose, N., and Rhee, J. S. (2006) A shared vesicular carrier allows
synaptic corelease of GABA and glycine. Neuron 50, 575–587

26. Oswald, D. J., Lee, A., Trinidad, M., Chi, C., Ren, R., Rich, C. B., and
Trinkaus-Randall, V. (2012) Communication between corneal
epithelial cells and trigeminal neurons is facilitated by purinergic
(P2) and glutamatergic receptors. PLoS One 7, e44574

27. Jarvis, M. F., Burgard, E. C., McGaraughty, S., Honore, P., Lynch, K.,
Brennan, T. J., Subieta, A., Van Biesen, T., Cartmell, J., Bianchi, B.,
Niforatos, W., Kage, K., Yu, H., Mikusa, J., Wismer, C. T., Zhu, C. Z.,
Chu, K., Lee, C. H., Stewart, A. O., Polakowski, J., Cox, B. F., Kowaluk,
E.,Williams,M., Sullivan, J., and Faltynek,C. (2002)A-317491, a novel
potent and selective non-nucleotide antagonist of P2X3 and P2X2/3
receptors, reduces chronic inflammatoryandneuropathicpain in the
rat. Proc. Natl. Acad. Sci. USA 99, 17179–17184

28. Chen, X., Ye, H., Kuruvilla, R., Ramanan, N., Scangos, K. W., Zhang,
C., Johnson, N. M., England, P. M., Shokat, K. M., and Ginty, D. D.
(2005) A chemical–genetic approach to studying neurotrophin
signaling. Neuron 46, 13–21

29. Chattopadhyaya, B., Di Cristo, G., Higashiyama, H., Knott, G. W.,
Kuhlman, S. J., Welker, E., and Huang, Z. J. (2004) Experience and
activity-dependentmaturationof perisomaticGABAergic innervation
in primary visual cortex during a postnatal critical period. J. Neurosci.
24, 9598–9611

30. Schnorbusch, K., Lembrechts, R., Pintelon, I., Timmermans,
J. P., Brouns, I., and Adriaensen, D. (2013) GABAergic signaling
in the pulmonary neuroepithelial body microenvironment:
functional imaging in GAD67-GFP mice. Histochem. Cell Biol.
140, 549–566

31. Harris, K. S., Zhang, Z., McManus, M. T., Harfe, B. D., and Sun, X.
(2006)Dicer function is essential for lungepitheliummorphogenesis.
Proc. Natl. Acad. Sci. USA 103, 2208–2213

32. Kim, E. J., Ables, J. L., Dickel, L. K., Eisch, A. J., and Johnson, J. E.
(2011) Ascl1 (Mash1) defines cells with long-term neurogenic po-
tential in subgranular and subventricular zones in adult mouse brain.
PLoS One 6, e18472

33. Song,H., Yao, E., Lin, C.,Gacayan,R., Chen,M.H., andChuang, P. T.
(2012) Functional characterization of pulmonary neuroendocrine
cells in lung development, injury, and tumorigenesis. Proc. Natl. Acad.
Sci. USA 109, 17531–17536

34. Ito, T., Udaka, N., Yazawa, T., Okudela, K., Hayashi, H., Sudo, T.,
Guillemot, F., Kageyama, R., and Kitamura, H. (2000) Basic
helix–loop–helix transcription factors regulate the neuroendocrine
differentiation of fetal mouse pulmonary epithelium. Development
127, 3913–3921

35. Van Rossum, D., Hanisch, U. K., and Quirion, R. (1997)
Neuroanatomical localization, pharmacological characterization
and functions of CGRP, related peptides and their receptors.
Neurosci. Biobehav. Rev. 21, 649–678

36. Hung,K.S. (1982)Developmentofneuroepithelial bodies inpre- and
postnatal mouse lungs: scanning electron microscopic study. Anat.
Rec. 203, 285–291

37. Lazarowski, E. R., Sesma, J. I., Seminario, L., Esther, C. R., Jr., and
Kreda, S. M. (2011) Nucleotide release by airway epithelia. Subcell.
Biochem. 55, 1–15

38. Brouns, I., Adriaensen, D., Burnstock, G., and Timmermans, J. P.
(2000) Intraepithelial vagal sensory nerve terminals in rat pulmonary
neuroepithelial bodies express P2X(3) receptors. Am. J. Respir. Cell
Mol. Biol. 23, 52–61

39. Adriaensen, D., Brouns, I., and Timmermans, J. P. (2015) Sensory
input to the central nervous system from the lungs and airways: a
prominent role for purinergic signalling via P2X2/3 receptors.Auton.
Neurosci. 191, 39–47

40. Cockayne, D. A., Dunn, P. M., Zhong, Y., Rong, W., Hamilton, S. G.,
Knight, G. E., Ruan, H. Z., Ma, B., Yip, P., Nunn, P., McMahon, S. B.,
Burnstock, G., and Ford, A. P. (2005) P2X2 knockout mice and
P2X2/P2X3 double knockout mice reveal a role for the P2X2 re-
ceptor subunit inmediatingmultiple sensory effects of ATP. J. Physiol.
567, 621–639

41. Liu, X., Ernfors, P., Wu, H., and Jaenisch, R. (1995) Sensory but not
motor neuron deficits in mice lacking NT4 and BDNF. Nature 375,
238–241

42. Erickson, J. T., Conover, J. C., Borday, V., Champagnat, J., Barbacid,
M., Yancopoulos, G., and Katz, D. M. (1996) Mice lacking brain-
derived neurotrophic factor exhibit visceral sensory neuron losses
distinct from mice lacking NT4 and display a severe developmental
deficit in control of breathing. J. Neurosci. 16, 5361–5371

43. Li, J., Zhang, Z., Liu,X.,Wang, Y.,Mao, F.,Mao, J., Lu,X., Jiang,D.,Wan,
Y., Lv, J. Y., Cao, G., Zhang, J., Zhao, N., Atkinson, M., Greiner, D. L.,
Prud’homme,G. J., Jiao,Z.,Li, Y., andWang,Q.(2015)StudyofGABAin
healthy volunteers: pharmacokinetics and pharmacodynamics. Front.
Pharmacol. 6, 260

44. Park, S. W., Verhaeghe, C., Nguyenvu, L. T., Barbeau, R., Eisley, C. J.,
Nakagami, Y., Huang, X., Woodruff, P. G., Fahy, J. V., and Erle, D. J.
(2009) Distinct roles of FOXA2 and FOXA3 in allergic airway disease
and asthma. Am. J. Respir. Crit. Care Med. 180, 603–610

45. Stevens, P. T., Kicic, A., Sutanto, E. N., Knight, D. A., and Stick, S. M.
(2008) Dysregulated repair in asthmatic paediatric airway epithelial
cells: the roleofplasminogenactivator inhibitor-1.Clin. Exp.Allergy38,
1901–1910

46. Saatian, B., Rezaee, F., Desando, S., Emo, J., Chapman, T., Knowlden,
S., and Georas, S. N. (2013) Interleukin-4 and interleukin-13 cause
barrier dysfunction in human airway epithelial cells. Tissue Barriers 1,
e24333

Received for publication February 9, 2017.
Accepted for publication May 15, 2017.

12 Vol. 31 September 2017 BARRIOS ET AL.The FASEB Journal x www.fasebj.org
 Vol.,  No. , pp:, June, 2017The FASEB Journal. 154.59.124.102 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org
http://www.fasebj.org/


 10.1096/fj.201700115RAccess the most recent version at doi:
 published online May 31, 2017FASEB J 

  
Juliana Barrios, Kruti R. Patel, Linh Aven, et al. 
  
secretion
augmented neural stimulation of pulmonary neuroendocrine cell 
Early life allergen-induced mucus overproduction requires

  
Material

Supplemental
  

 http://www.fasebj.org/content/suppl/2017/05/31/fj.201700115R.DC1

Subscriptions

  
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx

 is online at The FASEB JournalInformation about subscribing to 

Permissions

  
http://www.fasebj.org/site/misc/copyright.xhtml
Submit copyright permission requests at:

Email Alerts

  
http://www.fasebj.org/cgi/alerts
Receive free email alerts when new an article cites this article - sign up at

© FASEB

 Vol.,  No. , pp:, June, 2017The FASEB Journal. 154.59.124.102 to IP www.fasebj.orgDownloaded from 

http://www.fasebj.org/lookup/doi/10.1096/fj.201700115R
http://www.fasebj.org/content/suppl/2017/05/31/fj.201700115R.DC1
http://www.faseb.org/The-FASEB-Journal/Librarian-s-Resources.aspx
http://www.fasebj.org/site/misc/copyright.xhtml
http://www.fasebj.org/cgi/alerts
http://www.fasebj.org/cgi/adclick/?ad=50450&adclick=true&url=http%3A%2F%2Fwww.avantilipids.com
http://www.fasebj.org/


Supplementary Materials and Methods 
 

Mice: Gad1f/f mice were kindly provided by Dr. Jun Ding (Stanford University, Stanford, CA, USA).  
TrkBF616A/F616A mice were kindly provided by Dr. David Ginty (Harvard Medical School, MA, USA).  
Gad2CreERT2/+ (stock number: 010702), and Rosa(lacZ) (stock number: 003309) were purchased from 
The Jackson Laboratories (Bar Harbor, ME, USA).  
Allergen exposure. For cockroach allergen exposure, mice were given intra-nasally cockroach antigen 
(CRA) (10µl, 15µg/ml; Cat. #B26, Greer Labs) at P5, P10, and P15.  For house dust mite allergen 
(HDMA) exposure, mice were given intra-nasally HDMA (5µg; Cat. # XPB70D3A2.5, Greer Labs) at 
P5, P10, and P15 followed by daily intranasal instillations (15µg) between P17-P20.  Control pups 
received PBS intra-nasally.  At day 21, mice were sacrificed for blood and lung harvest.  
Airway contraction assay using lung slices.  Individual lung slices were placed in each well of 24-well 
plates, secured with a ring of nylon mesh together with a metal washer.  The plate was imaged with an 
inverted microscope (DMI6000B; Leica Microsystems, Buffalo Grove, IL, USA).  Mid-sized airways 
with a baseline luminal area between 14,000µm2 and 20,000µm2 were selected for imaging.  Lung slices 
were stimulated with increasing concentrations of Mch to induce contraction.  Each airway was imaged 
every minute for a total duration of 35 min.  The airway luminal area was measured using NIH Image J 
and normalized to the baseline value. 

Supplementary Figures 
 

Supplementary Figure 1. NT4 and TrkB signaling were required for early life allergen-induced mucus 
overproduction in mice. (A) Scheme of cockroach allergen (CRA) exposure in early life. Controls 
received saline.  (B) Representative images of PAS staining of lung sections of wild type (WT) and NT4-

/- mice at P21 following CRA exposure.  (C) Scheme of house dust mite allergen (HDMA) exposure in 
early life.  Controls received saline.  (D) Representative images of PAS staining of lung sections of WT 
and NT4-/- mice following HDMA exposure.  (E) Muc5ac gene expression in WT and NT4-/- mice 
following exposure to saline or HDMA were analyzed by qPCR.  Data were normalized to 18S rRNA. 
*P<0.05.  (F) Scheme of 1NMPP1 treatment of TrkBF616A/F616A mice between P10-P20 during OVA 
exposure. Controls were injected with the solvent for 1NMPP1.  (G) Representative images of PAS 
staining of lung sections of TrkBF616A/F616A mice with and without 1NMPP1 treatment.  Arrows point to 
mucus+ cells in airways.  Scale bars, 100µm.  N=5 for each group. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure 2. 
Lineage tracing of TrkB-
expressing cells in postnatal lungs 
identifies selective TrkB 
expression by nerves in 
conducting airways.  
TrkBCreERT2/+;Rosa(tmRed) mice 
received 6 doses of tamoxifen 
between P5-P7 and P15-P17 
before lungs were harvested at 
P21.  Frozen lung sections of 

tamoxifen-treated TrkBCreERT2/+;Rosa(tmRed) mice were collected and stained for markers of airway 
smooth muscle (α-SMA) (A-C), endothelial cells (CD31) (D-F), immune cells (CD45) (G-I), and type II 
alveolar cells (SPC) (J-L). Negative controls include no primary control for directly conjugated 
antibodies (M) and rabbit IgG isotype for the SPC antibody (N). Arrows mark tmRed+ cells that also 
expressed individual cell markers.  TmRed was detected only in nerves in the conducting airway.  
TmRed was also detected in ~5% cells in alveoli.  Approximately 87% of these lineage labeled cells in 
alveoli were SPC+ type II pneumocytes, 10% were CD31+ endothelial cells, and 2% were CD45+ 
immune cells.  Scale bars, 100µm.  N=2 mice per group. Primary antibodies included: FITC-conjugated 
mouse anti-α-smooth muscle actin (SMA) (1:100; clone 1A4, Cat. #F3777, Sigma), FITC-conjugated rat 
anti-mouse CD45 (1:100, Cat. #553079, BD Pharmingen), FITC-conjugated rat anti-mouse CD31 
(1:100, Cat. #BD Pharmingen), rabbit anti-pro-SPC (1:200, Cat. #AB3786, Millipore).  



 
 
Supplementary Figure 3. Gad67 expression by PNECs is required for mucus overproduction following 

early life OVA exposure. (A) Lineage tracing of Gad2-expressing lineages. Gad2CreERT2/+;Rosa(lacZ) 

mice received tamoxifen injection at P10, P14, and P18. At P21, lungs and brain tissues were processed 

for X-gal staining and histological assessment.  N= 3. Arrows point to β-gal+ cells in mouse brains at 

P21. No labeling was found in lungs. (B) CGRP staining of PNECs in ShhCre-;Gad1f/f littermate controls 

and ShhCre+;Gad1f/f mutant mice at P21. Loss of GAD1 in airway epithelium had no effect on PNEC 

development. Arrowheads point to PNECs.  (C) Representative images of PAS staining of lung sections 

from ShhCre-;Gad1f/f littermate controls and ShhCre+;Gad1f/f mutant mice with and without OVA 

exposure. Arrows point to mucin+ cells.  N=2 for ShhCre+;Gad1f/f mice.  N=4 for ShhCre-;Gad1f/f mice.  

Scale bars, 100µm. 

 



 

 

Supplementary Figure 4. NT4 deficiency has no effect on GABA receptor expression in airway 

epithelium.  (A) The expression of major GABAA and GABAB receptor genes in airway epithelium cells 

isolated from PBS- and OVA-exposed, wild type and NT4-/- mice at P21. Each RNA sample for the 

array study was pooled from 4-5 mice. There are a total of 21 GABA receptors. To gain a 

comprehensive assessment of gene expression of all GABA receptors, we performed mRNA profiling 

using AffymetrixR Mouse Gene 1.0 ST Whole Transcript platform. Relative expression levels of major 

GABA receptor genes were shown. Data represent mean±SEM from 3 independent samples. (B) 

Characterization of GABABR2 expression in mouse airway epithelial cells by double staining.  

Antibodies used included mouse anti-Muc5ac (1:50; Cat. #ab3649, Abcam) and rabbit anti-GABABR2 

(1:100; Cat. #AB2255, Millipore). GABABR2 had apical-lateral distribution in a subset of CC10+ club 

cells. GABABR2 was also found in a majority of Muc5ac+ goblet cells following OVA exposure. No 

GABABR2 was detected in CGRP+ PNECs. Arrows point to GABABR2+ cells.  The arrowhead points to 

CGRP+ PNECs.  Scale bars, 100µm.  

 



 

 
 

Supplementary Figure 5. Blockade of GABAA receptor signaling prevented mucus overproduction. (A) 

PAS staining of lung sections from OVA-exposed mice with and without picrotoxin treatment between 

P14-P20 during OVA exposure.  Picrotoxin was given intranasally once per day between P14-P20 

(0.25μg/g body weight). Control mice received saline intra-nasally. Mice were analyzed at P21. Arrows 

point to mucin+ cells.  Inserts show enlarged images of stained epithelium. Scale bar, 100µm. (B) qPCR 

assays for Muc5ac gene expression in OVA-exposed mice with and without picrotoxin treatment. (C) 

Picrotoxin had no worsening effect on airway reactivity. Lung slices were prepared from PBS- and 

OVA-exposed mice at P21 with and without the treatment of picrotoxin. Airway reactivity was 

measured by the percentage of reduction in the airway lumen size in response to increasing doses of 

Mch. Mid-sized airways with a baseline luminal area between 14,000µm2 and 20,000µm2 were selected 

for imaging using an inverted microscope (DMI6000B; Leica Microsystems, Buffalo Grove, IL, USA).  

From the acquired images, the airway luminal area was measured using NIH Image J and normalized to 

the baseline value. For all experiments, N=5 mice for each condition from two independent experiments. 

n.s., not significant.  *P<0.05. 

 


