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Lieu T, Myers AC, Meeker S, Undem BJ. TRPV1 induction in
airway vagal low-threshold mechanosensory neurons by allergen
challenge and neurotrophic factors. Am J Physiol Lung Cell Mol
Physiol 302: 1.941-1.948, 2012. First published March 2, 2012;
doi:10.1152/ajplung.00366.2011.—We addressed the hypothesis that
allergic inflammation in guinea pig airways leads to a phenotypic
switch in vagal tracheal cough-causing, low-threshold mechanosensi-
tive Ad neurons, such that they begin expressing functional transient
receptor potential vanilloid (TRPV1) channels. Guinea pigs were
actively sensitized to ovalbumin (OVA) and beginning 21 days later
exposed via aerosol to OVA daily for 3 days. Tracheal-specific
neurons were identified in the nodose ganglion using retrograde
tracing techniques. Tracheal specific neurons were isolated, and
mRNA expression was evaluated at the single-neuron level using
RT-PCR analysis. Electrophysiological studies have revealed that the
vast majority of vagal nodose afferent nerves innervating the trachea
are capsaicin-insensitive Ad-fibers. Consistent with this, we found
<20% of these neurons express TRPV1 mRNA or respond to capsa-
icin in a calcium assay. Allergen exposure induced de novo TRPV1
mRNA in a majority of the tracheal-specific nodose neurons (P <
0.05). The allergen-induced TRPV1 induction was mimicked by
applying either brain-derived neurotrophic factor (BDNF) or glial-
derived neurotrophic factor (GDNF) to the tracheal lumen. The
BDNF-induced phenotypic change observed at the level of mRNA
expression was mimicked using a calcium assay to assess functional
TRPV1 ion channels. Finally, OVA exposure induced BDNF and
GDNF production in the tracheal epithelium, the immediate vicinity
of the nodose Ad -fibers terminations. The induction of TRPV1 in
nodose tracheal Ad -fibers would substantively expand the nature of
stimuli capable of activating these cough-causing nerves.

asthma; C-fiber; capsaicin; vagus

IN THE SOMATOSENSORY SYSTEM, inflammation can lead to a
so-called phenotypic switch in which low-threshold touch-
sensitive mechanosensitive AP-fibers take on a nociceptor
phenotype by expressing de novo substance P, a neuropeptide
typically limited to C-fiber neurons. When substance P is
released from the central terminals of the AB-fibers upon light
touch, the excitability of spinal cord neurons is increased,
leading to the hypothesis that the phenotypic switch may
contribute to the phenomenon of allodynia (21). We have noted
that allergic inflammation of the respiratory tract leads to a
similar phenotypic change in low-threshold vagal nodose
mechanosensory neurons innervating the lung (8) and trachea
(19), such that they express substance P and calcitonin gene-
related peptide (CGRP), neuropeptides typically limited to
C-fibers in these tissues (and a subset of jugular Ad-fibers in
the trachea) (24). Zhang et al. (31) have extended the idea of a
phenotypic switch by showing that transient receptor potential
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vanilloid (TRPV1), a key ion channel limited to nociceptors in
healthy airways, was expressed in intrapulmonary low-thresh-
old mechanosensors (rapidly and slowly adapting receptors)
following allergic inflammation of rat airways (31). These data
indicate that allergic inflammation can qualitatively alter A-fi-
ber phenotype in a manner that may contribute to inappropriate
sensations and reflexes.

The guinea pig trachea is innervated by neurons situated in
both the jugular and nodose ganglion. The jugular ganglion
projects capsaicin-sensitive (TRPV1-expressing nociceptive)
fibers to the trachea. The vast majority of nodose neurons
(80-90%), by contrast, are of the A8 phenotype (24). These
fibers are capsaicin insensitive (do not express TRPV1) but
exquisitely sensitive to light touch and evoke cough upon
activation (7, 24). Should these cough-evoking nerve fibers be
induced to express TRPVI1, it would lead to a qualitative
change in the nature of stimuli capable of their activation and
could in principle contribute to the excessive coughing often
associated with inhaled allergens.

Neurotrophic factors are capable of interacting with sensory
nerve terminals in a manner that leads to changes in gene
expression and nerve phenotype (32). Inflammatory airway
diseases (asthma, chronic obstructive pulmonary disease, bron-
chitis) are associated with an increased production of neu-
rotrophic factors in the airways (20, 25). The responsiveness of
a neuron to a given neurotrophic factor depends on its expres-
sion of selective high-affinity neurotrophic factor receptors.
Neurotrophins are a family of neurotrophic factors comprising
of nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF) and neurotrophin 3 and 4 (NT-3 and NT-4)
(22). These bind with high affinity to certain Trk receptors.
NGF binds to TrkA; BDNF and NT-4 bind to tropomyosin
receptor kinase B (TrkB); and NT-3 binds to TrkC (2, 3).
Another family of neurotrophic factors that can induce plas-
ticity in sensory neurons is referred to as glial cell-derived
neurotrophic factor (GDNF)-family ligands (15). This family
comprises GDNF, neurturin, artemin, and persephin (1). These
factors bind with high affinity to GDNF-family receptors
(GFR-a receptors). GDNF binds to GFR-al, neurturin to
GFR-a2, artemin to GFR-a3, and persephin to GFR-o4 (1).
Each of the GFR-a receptors use the tyrosine kinase RET as a
cosignaling receptor molecule. We have recently characterized
the pattern of neurotrophic factor receptor expression in dis-
tinct vagal sensory nerve afferent innervating the respiratory
tract of the adult guinea pig. We found that the nodose neurons
innervating the guinea pig trachea nearly uniformly express
TrkB and GFR-al/RET (14).

In the present study, we address the hypothesis that allergic
airway inflammation can induce the expression of TRPV1 in
tracheal A-fiber neurons. In addition, we hypothesize that this
is secondary to neurotrophic factor production. Specifically, we
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evaluated the effect of allergen challenge on TRPV1 expres-
sion in nodose A& tracheal neurons, and, based on their
expression of specific neurotrophic factor receptors, we ad-
dressed the hypothesis that the allergen effect could be mim-
icked by exogenous application of BDNF and/or GDNF.

MATERIALS AND METHODS

Animals. All experiments were performed with approval from the
Johns Hopkins University Animal Use and Care Committee. Male
Hartley guinea pigs (200-300 g) were obtained from Hilltop Labo-
ratory Animals (Scottsdale, PA).

Retrograde tracing of neurons innervating trachea. Guinea pigs
were anesthetized by injection of ketamine (50 mg/ ml) and xylazine
(2.5 mg/ml) dissolved in PBS. The trachea was retrogradely labeled
using a fluorescent retrograde tracer Dil (Invitrogen, Carlsbad, CA)
solution (2% dissolved in ethanol). For tracheal labeling, the ventral
upper tracheal region was exposed and pierced with a microinjecting
needle attached to a Hamilton syringe. The 1,1-dioctadecyl-3,3,3
tetramethylindocarbocyanine perchlorate (Dil) (5 wl) was directly
injected into several sites directly into the tracheal wall. Upon histo-
logical assessment, we found that the dye stays delimited to the
trachea. The dye does not diffuse appreciably caudally; no die was
seen in the main bronchi, esophagus, or heart. The incisions were
sutured, and animal was allowed to recover for ~2 wk for sufficient
labeling of cell bodies in the vagal ganglia. All animals were closely
monitored, and any animal that displayed behaviors indicating exces-
sive pain or infection was euthanized immediately via CO, asphyxi-
ation.

Immune sensitization and allergen challenge. Guinea pigs were
actively sensitized by injecting intraperitoneally 10 mg/kg ovalbumin
(OVA) three times at 48-h intervals. Experiments were conducted on
animals 6—8 wk of age, beginning 3 wk following the active sensi-
tization. Control guinea pigs were actively sensitized and exposed
only to aerosolized PBS for 5 min. Additional control studies were
carried out in naive (neither sensitized nor challenged) animals.

One group of animals received what we refer to as “threshold”
dosing. The actively sensitized guinea pigs were challenged by ex-
posing animals to increasing concentrations of aerosolized OVA
(0.01, 0.03, 0.10, and 0.30% OVA dissolved in PBS) during normal
breathing in a Plexiglas chamber (8 1 volume) for 5 min at each
concentration. Animals were removed to ambient air at the first point
they showed signs of an overt allergic response (gasping, rapid
breathing), irrespective of the OVA dose. This was repeated on three
consecutive days.

Another group of animals received what we referred to as “maxi-
mal” dosing. Guinea pigs are very sensitive to the cardiopulmonary
effects of histamine. This limits the OVA concentration that can be
safely given to guinea pigs (4). Therefore, this group of animals was
injected with the H1 receptor antagonist pyrilamine (0.1 mg/kg) 20
min before they were exposed to a maximal (0.3%) OVA challenge
for 5 min. This was repeated on three consecutive days. These animals
typically did not show overt signs of discomfort.

One day following the final OVA challenge, the animals were
killed, the nodose ganglia were isolated for gene expression analysis
of tracheal specific neurons, or calcium influx studied. Additionally,
the trachea were isolated and studied histologically.

BDNF in Matrigel. To provide a sustained presence of growth
factor, we initially evaluated the effect of BDNF embedded in Matri-
gel. Matrigel is liquid at room temperature but solidifies at body
temperature. Growth factors leach out of solidified Matrigel slowly
over time; in vitro assays have shown that this can occur over days to
a couple weeks (9), but the precise kinetics will depend on the
experimental design and particular growth factor studied. Animals
were anesthetized by injection of ketamine (50 mg/ml) and xylazine
(2.5 mg/ml) dissolved in PBS. Tracheotomy was performed, and
BDNF dissolved in Matrigel (growth factor reduced, phenol-free) (BD
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Bioscience, Bedford, WA) was delivered to the trachea. Animals were
treated with 50 wl of Matrigel alone or Matrigel containing BDNF at
50 or 200 ng/ml. The Matrigel (30 wl) was injected as a bead in the
region between the esophagus and trachea (corresponding to the
region of trachea previously injected with the Dil), and the remaining
20 wl was positioned on the tracheal surface and closed off with
surrounding tissue. The incisions were sutured, and the animal was
allowed to recover. Approximately 2 wk later the animals were killed,
and the nodose ganglia were isolated.

BDNF/GDNF/NGF instillation. Animals previously labeled with
Dil were anesthetized by injection of ketamine/xylazine. One-centi-
meter midline incision of the skin was made over the cervical trachea.
The cervical trachea was exposed, and 50 pl (at designated concen-
trations) of human recombinant BDNF, human recombinant GDNF
(BioSource, Invitrogen), human recombinant NGF (R&D Systems,
Minneapolis, MN), or PBS (vehicle) was injected into the site along
the upper tracheal as described above for Dil injections. At the stated
time point, the ganglion were harvested and processed for single-cell
RT-PCR.

Ganglion dissociation and cell picking. The blood from circulation
was washed out by in situ perfusion with Krebs’s bicarbonate solu-
tion, composed of (in mM) 118 NaCl, 5.4 KCI, 1.0 NaH,PO., 1.2
MgS0O4, 1.9 CaCl,, 25.0 NaHCOs, 11.1 dextrose, gassed with 95%
0,-5% CO> (pH 7.4). The nodose ganglia were harvested. Each
ganglion was incubated in the enzyme buffer (2 mg/ml collagenase
and 2 mg/ml dispase II dissolved in Ca®*-, Mg?>*-free Hanks’
balanced salt solution) for 30 min at 37°C. The cells were gently
dissociated by trituration with glass fire-polished Pasteur pipette. Two
additional enzymatic digestions at 37°C for 20 min were carried out.
The cells were washed by centrifugation (three times at 1,000 g for 2
min) and suspended in L-15 medium containing 10% FBS. The cell
suspension was transferred onto poly D-lysine (0.1 mg/ml)-laminin
(0.004 mg/ml)-coated cover slips. After the suspended neurons had
adhered to the cover slips for 2 h in an incubator (37°C), the
neuron-attached cover slips were flooded with the L-15 medium (10%
FBS). All chemicals were purchased from Fisher Scientific Products
(Pittsburg, PA).

Neurons were picked, and gene expression was evaluated on the
same day as the dissociation. Cover slips containing dissociated
neurons were constantly perfused by Krebs’s solution bubbled with
95% 05-5% CO,. The tracheal-specific neurons were identified by
using fluorescence microscopy, and single neurons were drawn into a
glass pipette (tip diameter 50—150 wm) pulled with a micropipette
puller (Model P-87; Sutter Instruments, Novato, CA) by applying
negative pressure, within 8 h of the dissection (14). The pipette tip
was then broken in a PCR tube containing 1 pl of Invitrogen
Resuspension Buffer and RNAse Inhibitor (RNAseOUT, 2 U/l). The
tubes were immediately snap frozen and stored on dry ice.

Only neurons found to be unattached to other neurons and osten-
sibly free from or other cells or debris were attempted to be collected
for single-cell RT-PCR analysis. Every neuron collected for the study
met the appropriate positive controls in our PCR analysis.

For our single-cell RT-PCR analysis, we used 50 PCR cycles.
Therefore, the major concern in these experiments is whether the
superfusing fluid is contaminated by RNA/DNA from any contami-
nating cells. To control for this, only clearly labeled neurons found
accessible and not attached to other neurons, other cells, or even
cellular debris were collected for single-cell RT-PCR analysis. This
careful approach limits the number of neurons that can be successfully
collected from any given ganglion. For this study we characterized the
mRNA expression in 642 neurons isolated from 108 nodose ganglia
(5-8 tracheal-specific neurons were obtained per ganglion, each of
which was placed into individual PCR tubes). In addition, our ap-
proach using constant flow perfusion of the coverslips during the cell
collection repeatedly proved effective to essentially eliminate any
contamination. In each experiment, the RT-PCR from the superfusing
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fluid from the vicinity of the collected cells (the negative control) was
nearly uniformly negative.

Single-neuron RT-PCR. Single neurons were processed using Su-
perscript III Cells Direct cDNA Synthesis Kit (Invitrogen) according
to the manufacturer’s instructions. Samples were lysed by the addition
of 10 pl of Resuspension Buffer and incubated at 75°C for 10 min.
Each sample was next treated with 5 .l of DNase I and 1.6 .l with
10X DNase I Buffer. After 5 min of incubation at room temperature
of DNase treatment, 1.2 pl of 25 mM EDTA was added to each
sample and placed in a thermocycler for an incubation at 70°C for 5
min. Subsequently, 1 ul of oligo (dT), random primers (Invitrogen),
and 10 mM dNTP Mix were added to each sample and then incubated
at 70°C for another 5 min. The final addition of 5X RT Buffer (6 pl),
RNase OUT (1 wl), and 0.1 M DTT (1 wl) were added to each sample.
Water was added to one-third of the sample for the negative RT
control while the remaining two-thirds of the final volume were
reverse transcribed by adding Superscript III Reverse Transcriptase
for cDNA synthesis. Each tube was transferred to the thermal cycler
preheated to 50°C for 50 min with an inactivated step set at 85°C for
5 min. The reaction was chilled at 4°C, and cDNA was stored at
—20°C until PCR amplification.

The PCR reaction mixture contained 0.5 U of HotStar Taq Poly-
merase, 2.5 mM MgCl,, and 10X PCR buffer (Qiagen). Additionally
10 mM dNTP and custom-synthesized intron-spanning primers (In-
vitrogen) were added to the reaction mixture in a volume of 2 pl as
previously described (14). As a positive control, RNA was isolated
from whole nodose ganglion and reverse transcribed using Omniscript
RT Kit (Qiagen). The PCR reaction conditions were on a 50-cycle
basis with initial activation at 95°C for 15 min, denaturation at 94°C
for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 1 min
followed by a final extension at 72°C for 10 min. Control experiments
testing the amplification of the “no RT” for each individual neuron
and bath control by using either one or multiple primer pairs did not
produce a specific product.

Immunofluorescence staining. For immunohistochemical experi-
ments, four guinea pigs were killed by an overdose of pentobarbital
(150 mg/kg, intraperitoneal), transcardially perfused with PBS (pH
7.4; 60 ml) containing 0.1% procaine and heparin (10 U/ml), followed
by 4% formaldehyde in PBS (60 ml), and the trachea with the
esophagus were removed and fixed for an additional 2 h (4°C). Two
guinea pigs were challenged with OVA according to the threshold
dosing plan described above, and two animals were naive animals.

The tracheal tissues were harvested and placed in 10% formalde-
hyde fix solution. Cryostat sections of tracheas were blocked with a
solution containing 10% donkey serum, 1% BSA, and 0.1% Tween 20
in PBS, applied for 1 h at room temperature. For double immunofiu-
orescent staining, the sections were then incubated (4°C) overnight in
primary antibodies diluted in PBS containing 1% BSA and 0.5%
Triton X-100, rinsed, and then covered in species-specific secondary
antibodies conjugated with Alexa dyes 350, 488, and 594 (Invitrogen-
Molecular Probes) recognizing species-specific primary antibodies.
We used rabbit anti-GDNF at 1:200 dilution (SC-328; Santa Cruz
Biotechnology, Santa Cruz, CA) and rabbit anti-BDNF at 1:1,000
dilution (AB15435P; Chemicon, Temecula, CA). For negative con-
trols, separate sections were processed similarly, but either the pri-
mary antibody was replaced with off-target IgG to evaluate nonspe-
cific staining or with primary antibodies preabsorbed with antigenic
peptide with the ratio of 10:1 concentration (GDNF, BDNF). Serial
sections of the trachea from control and allergen-challenged animals
were analyzed. The slides were evaluated using micrographs taken by
fluorescent microscope (Olympus BX-50) equipped with a camera
(Q-Imaging Retiga Exi camera); a micrograph field of view of the
entire stained section was taken. Imaging software (iVision, Exton,
PA) was used to analyze areas of positive staining in each digitized
micrograph, where simple bi-level thresholding was performed: the
microscope was focused on an area of no staining, and from this the
computer defined “background”; a target threshold value above this

L1943

background was set for positive staining and applied the same to all
images. The total area of the region of interest (the epithelial layer)
was outline by the observer and objectively measured by the software.
The software measurement of the positively stained area within the
region of interest was used to calculate the percent area of positive
immunostaining (positive area divided by the entire area of region of
interest).

Calcium imaging. Dissociated nodose neurons from BDNF-treated
animal (200 ng/ml in Matrigel for 2 wk) ganglia and control animals
were plated on coverslips were loaded with fura-2 AM (8 puM)
(Molecular Probes) in L-15 media containing 10% FBS and incubated
(40 min, 37°C). For imaging, the coverslip was placed in a custom-
built chamber (bath volume of 600 wl) and superfused at 4 ml/min
with Locke solution ad 34°C, composed of (in mM): 136 NaCl, 5.6
KCl, 1.2 MgCly, 2.2 CaCly, 1.2 NaH,POy, 14.3 NaHCO3 (gassed with
95% O>-5% CO», pH 7.3-7.4), for 15 min before and throughout each
experiment by an infusion pump. Changes in intracellular free calcium
concentration; intracellular [Ca®*]™*° were measured by digital mi-
croscopy (Universal; Carl Zeiss, Thornwood, NY) equipped with
in-house equipment for ratiometric recording of single cells.

Dil-labeled cells were monitored by sequential dual excitation, 352
and 380 nm, and the analysis of the image ratios used methods
previously described to calculate changes in intracellular [Ca?™]free
(26). The ratio images were acquired every 6 or 12 s. Superfused
buffer was stopped 30 s before each drug application, when 300 .l
buffer was removed from the bath and replaced by 300 1 of capsaicin
(1 wM) added between image acquisitions. At the end of the disso-
ciated vagal neuronal studies and all calcium imaging experiments,
dissociated vagal neurons were exposed to 300 pl of ionomycin (30 s,
1 uM) to obtain a maximal response.

For the analysis of fura-2 AM-loaded cells, the measurement
software converted ratiometric information to intracellular [Ca®*]free
using Tsien parameters: [Ca®>*] = Kd [(R — Rumin)/(Rmax — R)1(D)
(26). Preliminary calibration studies yielded an Rumin (352/380-nm
ratio under calcium-free conditions) of 0.3 for guinea pig sensory
neurons and an Rmax (352/380-nm ratio under calcium saturating
conditions) of 15 for neurons. In the following experimental studies,
we did not specifically calibrate the relationship between ratiometric
data and absolute calcium concentration for each specific cell, choos-
ing instead to use the parameters provided from the calibration studies
and relate all measurements to the peak ionomycin response in each
viable cell. This effectively provided the needed cell-to-cell calibra-
tion for enumerating individual cellular responses. Only cells that had
a robust response to ionomycin were included in analyses. At each
time point for each cell, data were presented as the percentage change
in intracellular [Ca®*]f°®, normalized to ionomycin: Response x =
100 X ([Ca?*]x — [Ca®t ]oDA[Ca% ™ max —[Ca®* 1), where [Ca?™*]x
was the apparent [Ca®* ] of the cell at a given time point, [Ca?" ]y
was the mean baseline of the apparent [Ca®™" ] of the cell measured
over 120 s, and [Ca®* | ,max Was the peak apparent [Ca®™] ¢ of the cell
during ionomycin treatment. Neurons were defined as “responders” to
a given compound of the mean response was greater than the mean
baseline plus 2X the standard deviation. Given that nodose ganglia are
probably composed of heterogeneous neuronal populations, it is
important to emphasize the point that results are presented in two
distinct ways. First, the number of Dil-labeled neurons responding
(based on the criteria described above) to a given stimulus compared
with the total number of Dil-labeled neurons is reported. Second, the
mean percentage change in intracellular [Ca®*]¢ normalized to
ionomycin of those neurons that (based on the above criteria) were
defined as responders is reported.

Statistical analysis. The variable quantified in the gene expression
analysis was the percentage of neurons expressing a given gene (5-8
tracheal-specific neurons are studied/nodose ganglion). In each gel
there was or was not a visible band denoting mRNA expression. In
nearly all instances the bands were unambiguous (see Fig. 2 for an
example of 28 neurons). When two investigators viewed a gel, the
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concordance in the determination of the number of neurons expressing
a given gene was always 100%. To illustrate consistency among
ganglia, the percentage of labeled neurons expressing a given gene in
a given ganglion is presented as the mean * SE (n = number of
ganglia from which the neurons were obtained). For statistical anal-
ysis, the neurons from all ganglia within a treatment group were
pooled, and the proportion of neurons expressing TRPV1 was sub-
jected to a x? analysis. The percentage of the epithelium stained with
anti-BDNF and anti-GDNF (as determined by the computer program
discussed above) was compared with control using Student’s 7-test.

RESULTS

We have previously reported with the use of a vagally
innervated tracheal preparation that 80-90% of guinea pig
nodose ganglion neurons innervating the trachea are Ad-fibers
(conduction velocity ~5 m/s) (13). These nerves are exqui-
sitely sensitive to light touch of the mucosa and rapid decreases
in pH but are not activated by the TRPV1 agonist capsaicin
(12, 24). They evoke cough upon activation, even in lightly
anesthetized animals and accordingly have been referred to as
cough receptors (7). The remaining 10-20% of the nerve fibers
projecting from the nodose to the trachea are capsaicin-sensi-
tive C-fibers with conduction velocities of ~1 m/s (13, 24). As
predicted from this functional analysis and consistent with our
previous reports (13, 14), we found that the vast majority
(~80%) of nodose neurons retrogradely labeled from the
trachea do not express TRPV1 mRNA (see controls in Fig. 1).

Allergen challenge. After 3 days of OVA challenge (see
MATERIALS AND METHODS), we evaluated the dye-labeled (tracheal-
specific) nodose neurons for TRPV1 mRNA expression. The
results show that exposing actively sensitized animals to OVA
aerosol increased substantially the percentage of tracheal no-
dose neurons expressing TRPV1 (P < 0.05). In unsensitized/
nonchallenged (naive animals) 20.3 = 4.2% of the tracheal-
specific nodose neurons expressed TRPV1 (n = 16 ganglia).
Likewise, in another group of animals that were actively
sensitized with OVA but not challenged, 19.4 = 4.2% of the
neurons expressed TRPVI (n = 6 ganglia). These TRPV1-
expressing neurons likely reflect the small percentage of no-
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Fig. 1. Allergen-induced transient receptor potential vanilloid (TRPV1) mRNA
expression in tracheal-specific nodose neurons. Percentage of tracheal-specific
nodose neurons that express TRPV1 mRNA. Neurons were isolated from
nodose ganglia of guinea pigs exposed to PBS only (n = 6 ganglia), guinea
pigs exposed to threshold dose of ovalbumin (OVA) aerosol (n = 8 ganglia),
and guinea pigs exposed to 0.3% OVA aerosol (n = 6 ganglia). Data are
expressed as means = SE, *P < 0.05 based on x> analysis. The animals
exposed to 0.3% OVA were pretreated with pyrilamine (see MATERIALS AND
METHODS).

Control
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dose C-fibers innervating the trachea (13). In nodose ganglia
isolated from actively sensitized guinea pigs that were previ-
ously exposed to a symptom threshold dose of OVA, 37.1 =
4.1% of the neurons expressed TRPV1, n = 8§ ganglia, P <
0.05 (Fig. 1). Under the antihistamine cover (as described in
MATERIALS AND METHODS), guinea pigs inhaled 0.3% OVA (the
maximum dose we tried) without overt cardio-pulmonary
symptoms. After 3 consecutive days of this maximal dose of
OVA, we observed that 51.1 = 13.6% of the neurons express
TRPV1 mRNA, with six ganglia analyzed P < 0.05 (Fig. 1).
The results demonstrated that allergic inflammation can induce
neuroplasticity in the nodose Ad tracheal neurons in the adult
animal with respect to the expression of TRPV1 mRNA.

BDNF treatment. We have previously characterized the
expression of neurotrophin receptors in nodose neurons spe-
cifically innervating the trachea and found that >80% of these
neurons express TrkB, with a minority of neurons expressing
TrkC, and only about 10-20% expressing TrkA (14). Given
the importance of neurotrophic factors in regulating gene
expression, we evaluated whether BDNF, an agonist for TrkB,
could mimic the effect of allergen challenge.

In our initial experiments, the trachea of the animal was
treated with 50 pl of Matrigel alone or Matrigel containing 50
ng/ml or 200 ng/ml (10 ganglia analyzed) of BDNF. Matrigel
allows for slow release of the growth factor over time (see
MATERIALS AND METHODS). Two weeks following treatment with
Matrigel alone, about 20% of the nodose tracheal neurons
expressed TRPV1 (n = 6 ganglia analyzed, Fig. 2A). This
proportion was similar to other control values as mentioned
above and likely reflects a small proportion of nodose C-fibers
innervating the trachea. Matrigel containing 50 ng/ml BDNF
did not significantly increase the proportion of nodose trachea
neurons expressing TRPV1 mRNA (n = 6 ganglia, Fig. 2A).
However, after treatment with Matrigel containing 200 ng/ml
BDNF, >60% of the tracheal-specific nodose neurons ex-
pressed TRPV1 (n = 8 ganglia analyzed P < 0.01 Fig. 2A). In
fact, in some nodose ganglia from the BDNF-treated tracheas,
nearly every neuron labeled from the trachea expressed TRPV 1
(Fig. 2B).

We next evaluated the time course of the BDNF effect
(Fig. 3). In these studies, BDNF was dissolved in PBS at 200
ng/ml and instilled into the rostral trachea of the animal. This
provides an immediate but transient exposure of the trachea to
the growth factor. Animals were killed 1 day, or 1, 2, or 3 wk
following this acute BDNF treatment. Control animals re-
ceived instillations of PBS alone, and, as expected, <20% of
the neurons express TRPV1 mRNA (n = 10 ganglia). How-
ever, as early as 1 day following the acute BDNF treatment, we
observed that >50% of the tracheal-specific TrkB+ neurons
expressed TRPV1 (P < 0.05, n = 10 ganglia, Fig. 3). One
week following acute BDNF treatment, there was still a sig-
nificant increase in the percentage of nodose tracheal neurons
expressing TRPV1. By the second and third weeks following
acute treatment, the percentage of nodose tracheal neurons
expressing TRPV1 was greater than control values, but the
difference did not reach statistical significance (Fig. 3).

NGF treatment. As stated above, only about 20% of tracheal-
specific nodose neurons express TrkA (with respect to tracheal
vagal innervation, TrkA is selectively expressed in jugular
neurons) (14). Because few of the tracheal-specific nodose
neurons express TrkA, we predicted that NGF (an agonist for
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TrkA) would have little effect on neuronal phenotype. We
directly instilled NGF at 200 ng/ml into the rostral tracheal of
the guinea pig. One day later, we found that the percentage of
tracheal-specific neurons that expressed TRPV1 mRNA was
not significantly different than control (n = 6 ganglia Fig. 4).

GDNF treatment. In addition to previously characterizing
the neurotrophin receptors expressed by nodose Ad tracheal
neurons, we also characterized the expression of GFR-as.
Similar to neurotrophins, GDNF family ligands can bind to
their respective GFR receptor and signal via retrograde trans-
port to induce gene expression within the cell body (27, 28).
We found that the 80% of the tracheal-specific neurons pri-
marily express GFR-al and that over 60% expressed both
GFR-al and RET (14). Thus we hypothesize that GDNF, an
agonist for GFR-a1/RET could induce TRPV1 gene expres-
sion in nodose tracheal A8 neurons. One day after GDNF (200
ng/ml in PBS) was instilled into the trachea, we observed
significant increase such that >50% of the nodose tracheal

100+

Percentage of TRPV1
expressing neurons

Control 1 Day 1 Week2 Weeks3 Weeks

Time following BDNF Treatment

Fig. 3. Time course of acute BDNF-induced TRPV1 mRNA expression in
tracheal-specific nodose neurons. Percentage of tracheal-specific nodose neu-
rons expressing TRPV1 mRNA in ganglia isolated from PBS-treated animals
(control) and in ganglia isolated from animals at various times following a
single acute treatment to the rostral trachea of BDNF 200 ng/ml dissolved in
PBS. Data are presented as means = SE, *P < 0.05 based on x? analysis, and
neurons were isolated from n = 6—10 ganglia.

7 8 9 10 11 12 13 14
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Fig. 2. Brain-derived neurotrophic factor
(BDNF) (in Matrigel)-induced TRPV1I mRNA
expression in tracheal-specific nodose neurons.
A: percentage of tracheal-specific nodose neu-
rons expressing TRPV1 mRNA 2 wk after
BDNF or control treatment. Neurons were iso-
lated from nodose ganglia of guinea pigs ex-
posed to Matrigel alone (6 ganglia), exposed to
Matrigel with 50 ng/ml BDNF (6 ganglia), or
exposed to Matrigel with 200 ng/ml BDNF (10
ganglia). Data are expressed as means = SE,
#*P < 0.01 based on x? analysis. B: example of
gel results of gene expression in single tracheal-
specific nodose neurons. Expression of tropo-
myosin receptor kinase B (TrkB) and TRPV1
mRNA are shown in 14 tracheal-specific neu-
rons (2 ganglia) isolated from a Matrigel-only-
treated animal on the left, and 14 neurons in 2
nodose ganglion isolated from a guinea pig
treated with 200 ng/ml BDNF in Matrigel.

neurons expressed TRPV1I mRNA (P < 0.05 compared with
control, n = 10 ganglia) (Fig. 5).

Calcium recording. We wanted to insure that the neuroplas-
ticity seen in the tracheal-specific nodose neurons was not
limited to mRNA expression but also occurred at the level of
functional TRPV1 channels. TRPV1 is a nonselective cation
channel that when activated allows for entry of calcium that
can be monitored at the level of the cell bodies using conven-
tional fura-2 AM imaging techniques. We induced TRPV1
induction in nodose tracheal neurons using 200 ng/ml of BDNF
in Matrigel for 2 wk. This provided a strong and persistent (>1
wk) induction in TRPV1 (see above), allowing ample time for
functional channels to accumulate in the membrane. The cal-
cium response to capsaicin was monitored specifically in dis-
sociated nodose neurons that were labeled from the trachea
(Fig. 6A). In control (Matrigel alone)-treated animals, <20%
of the nodose tracheal neurons responded to capsaicin with an
elevation of intracellular calcium (Fig. 6B). By contrast, after
BDNF treatment, fully 50% of the nodose tracheal neurons
responded to 1 wM of capsaicin with a brisk rise in intracellular
calcium (P < 0.05) (Fig. 6B). These results are consistent with
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Fig. 4. Lack of nerve growth factor (NGF)-induced TRPV1 mRNA expression
in tracheal-specific nodose neurons. Percentage of tracheal-specific nodose
neurons expressing TRPV1 mRNA in ganglia isolated from control guinea
pigs (n = 10 ganglia) and guinea pigs that had been treated 24 h earlier with
200 ng/ml NGF instillation (n = 6 ganglia). Data are presented as means = SE;
there was no significant difference in the values based on a x? analysis.
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Fig. 5. Glial-derived neurotrophic factor (GDNF)-induced TRPVI mRNA
expression in tracheal-specific nodose neurons. Percentage of tracheal-specific
nodose neurons that express TRPV1 mRNA in ganglia isolated from PBS
(vehicle)-treated animals (n = 10 ganglia, control) and in ganglia isolated from
guinea pigs treated 24 h previously with 200 ng/ml GDNF instillation. Data are
presented as means * SE, *P < 0.01 based on x> analysis.

the TRPV1 mRNA expression data and demonstrate that ex-
posure to BDNF can induce neuroplasticity at the functional
level of TRPV1 ion channels in nodose A8 tracheal neurons.

Histology. Both BDNF and GDNF mimicked the OVA-
induced TRPV1 induction in the nodose tracheal AS neurons,
but it is not known whether these growth factors are present at
relevant sites in the allergically inflamed trachea. The nodose
Ad-fibers terminate in defined structures just beneath the epi-
thelium (17). After 3 days of allergen challenge, the tracheal
epithelium was evaluated for the presence of immunoreactive
BDNF and GDNF. Trachea isolated from naive animals re-
vealed trace amounts of BDNF present in the tracheal epithe-
lium (Fig. 7A) and no evidence of GDNF in the mucosa of the
control animals (Fig. 7E). By contrast, the tracheal mucosa of
the OV A-challenged animals consistently stained strongly for
both BDNF and GDNF (Fig. 7, B and F, and quantified in 7, D
and H).

DISCUSSION

The results support the conclusion that allergic inflammation
in guinea pig airways is associated with neuroplasticity in
nodose Ad tracheal neurons with respect to TRPV 1 expression.
The data also support the hypothesis that allergen challenge
induces the production of BDNF and GDNF in the airway
mucosa, the region of the airway where the Ad-fibers termi-
nate. Moreover, exogenously applied BDNF or GDNF mimics
the effect of allergen challenge with respect to TRPV1 induc-
tion in the nodose A9 tracheal neurons.

In this study, we focused on nodose sensory neurons inner-
vating the guinea pig trachea. Extensive functional studies
have revealed that the nodose neurons innervating the extrapul-
monary airways of guinea pigs comprise mainly one pheno-
type. These neurons do not express substance P or CGRP, are
~40 pm in diameter, and project thin myelinated fibers to the
trachea/bronchi that terminate just beneath the epithelium (17,
24). They have a very limited activation profile. They are
exquisitely sensitive to punctate (touch) mechanical stimula-
tion of the epithelium and to rapid, but not sustained, decreases
in pH (12, 24). These neurons do not normally express TRPV1
and therefore are not activated by the many disparate stimuli
capable of gating TRPV 1. The induction of TRPV1 expression
in the nodose tracheal A3 neurons therefore represents a

NEUROPLASTICITY IN TRACHEAL COUGH RECEPTORS

qualitative change in nerve phenotype similar to that observed
previously with respect to neuropeptide induction (19). These
effects predict that allergic inflammation may lead to situations
in which activators of TRPV1 (e.g., acid, certain eicosanoids,
heat, G protein-coupled receptor activation) cause qualitatively
distinct central reflex activity. Moreover, the TRPV I-induced
neurogenic inflammation due to local release of neuropeptides
will not be limited to the tissue environment of C-fiber termi-
nations but may also include regions of A-fiber innervation.
It is likely that the inhaled allergen-induced gene expression
occurring in the neuronal cell body located in the distant vagal
ganglion involves a neurotrophic factor(s). Neurotrophic fac-
tors are unique in that their ability to bind with high affinity to
specific neurotrophic receptors in the membrane of the nerve
terminal, and via axonal transport mechanisms, translocate to
the cell body to influence gene expression (10). We have
previously reported that the tracheal nodose A3-fiber neurons
express both neurotrophin receptors and GFR-a receptors (14).
Among the neurotrophin receptors, guinea pig tracheal-specific
nodose neurons nearly uniformly expressed TrkB (the receptor
for BDNF and NT-4) with relatively few neurons expressing
TrkA (the receptor for NGF) (14). We, therefore, predicted that
BDNF, but not NGF, would mimic the allergen-induced neu-
roplasticity in these neurons. Indeed, BDNF induced TRPV1
expression in the majority of nodose tracheal A8 neurons,
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Fig. 6. Capsaicin-induced calcium responses in tracheal-specific nodose neu-
rons in control and BDNF-treated guinea pigs. A: representative example of the
Ca®" responses, as measured by fura-2, in a tracheal-specific nodose neuron
isolated from guinea pigs 2 wk following treatment with Matrigel alone
(control, gray line) or treated with Matrigel containing 200 ng/ml BDNF (black
line). Capsaicin (1 wM) was applied for 60 s (black arrow). B: percentage of
tracheal-specific nodose neurons from control animals (n = 4 ganglia) and
BDNF-treated animals (n = 4 ganglia) that responded to capsaicin (as defined
in MATERIALS AND METHODS). Data are presented as means * SE, *P < 0.05
based on x? analysis.
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Fig. 7. Immunohistochemistry of allergen-induced BDNF/GDNF production in guinea pig tracheal sections. After active sensitization, animals were subjected
to PBS or 0.3% OVA exposure for 3 days. The presence of BDNF (A—C) and GDNF (E and F) in the tracheal sections were determined immunohistologically.
In C and G the OVA-challenged tracheal sections were also evaluated with preabsorbed antibodies as a negative control. Scale bar in C is for all images. The
data for the percentage of epithelium stained, as described in MATERIALS AND METHODS, for BDNF and GDNF is quantified in D and H, respectively (*P < 0.05

relative to either control).

whereas NGF has little effect in this regard. This is consistent
with the finding in rat isolated and cultured nodose neurons
where BDNF but not NGF upregulated their capsaicin respon-
sivity (30). We have previously reported that NGF caused an
induction of substance P expression in a modest number
(~10%) of large diameter tracheal Ad neurons (11), a finding
consistent with the fact that only about 10% of these neurons
express TrkA. It is likely that BDNF would be a much stronger
inducer of sensory neuropeptides (along with TRPV1) in these
neurons than NGF; however, this hypothesis remains untested.

The majority of nodose tracheal Ad neurons also expresses
GFR-al and RET (14). GFR-al is the high-affinity receptor
for GDNF and along with RET can sensitize sensory neurons
(16). It may therefore not be surprising that GDNF, when
applied directly to the tracheal mucosa, like BDNF, mimicked
the allergen-induced neuroplasticity we observed with respect
to TRPV1 induction in tracheal-specific nodose neurons.

It is unlikely that the induction of TRPV1 in the nodose
tracheal neurons was limited to expression of mRNA. Follow-
ing BDNF treatment, not only was TRPV1 mRNA expression
induced in >60% nodose tracheal neuron, but also about the
same percentage of tracheal-specific neurons became respon-
sive to capsaicin with brisk elevations in intracellular calcium.
This indicates that the induction of mRNA led to the produc-
tion of functional TRPV1 channels in the neuronal membrane.

Although we focused this study on nodose tracheal Ad
neurons, it should be pointed out that nodose neurons also
project faster AB-fibers to the intrapulmonary compartment,
many of which are low-threshold stretch receptors, i.e., rapidly
and slowly adapting receptors (RARs and SARs) (7, 13). These
neurons also express TrkB and GFR-a1/RET (14). Therefore,
we hypothesize that allergen challenge may also induced
TRPV1 in these neurons. This speculation is supported by an

elegant study in rats where allergen challenge induced TRPV1
in large diameter, presumably fast-conducting nodose A-fiber
neurons (31). Importantly, this was accompanied by the induc-
tion of de novo functional responsivity of intrapulmonary RAR
and SAR nerve fibers to capsaicin (31). We have previously
shown that allergen challenge also induced Substance P in
intrapulmonary-presumed SAR/RAR neurons (8). Therefore,
allergen-induced switching of vagal low-threshold mechano-
sensitive A-fibers to nerves with a quasi-nociceptor phenotype
may be a general principle rather than mechanisms unique to
nerves innervating the guinea pig trachea.

If BDNF and/or GDNF are involved with allergen-induced
neuroplasticity in guinea pig tracheal Ad neurons, then these
neurotrophic factors should be present in the allergically in-
flamed airway near the site of the Ad nerve terminations. In
addition, selectively blocking TrkB and/or GFR-al should
inhibit the response. At present it is difficult to selectively
antagonize GFR-a1 and TrkB receptors in guinea pigs, but we
were able to employ immunohistochemistry to show that al-
lergen challenge induces the expression of immunoreactive
BDNF and GDNF in the tracheal epithelium. If these factors
are released from the epithelial cells, they would likely bind to
receptors in the Ad-fibers that terminate just beneath the
epithelial layer (17).

Although the present study is the first to report an allergen-
induced production of GDNF in the airways, others have noted
that allergic inflammation is associated with elevations in
BDNF production (5, 6). This finding is not limited to labora-
tory animals. In humans, BDNF is increased in both upper and
lower airways following allergen provocation (23, 29).

BDNF is a labile peptide, so it is likely to have a very limited
half-life in the trachea. However, the TRPV1 induction caused
by a single acute exposure of the trachea to BDNF persisted for
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at least 7 days. It is therefore likely that allergic inflammation
has both acute electrophysiological effects on airway sensory
nerves: i.e., C-fiber activation by locally released autacoids, as
well as more long-lived phenotypic changes such as those
presented here. The former effects can explain the acute sneez-
ing, coughing, and increased parasympathetic secretions and
bronchoconstriction that may accompany acute allergen expo-
sure. The neuroplasticity may provide some insights into the
more persistent hypersensitive state that often accompanies
allergic disease (18).
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