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Altered expression of TRPV1 and sensitivity to capsaicin in
pulmonary myelinated afferents following chronic airway
inflammation in the rat

Guangfan Zhang', Ruei-Lung Lin', Michelle Wiggers', Diane M. Snow?” and Lu-Yuan Lee'

! Department of Physiology and ?Spinal Cord and Brain Injury Research Center and Department of Anatomy and Neurobiology,
University of Kentucky Medical Center, Lexington, KY 40536, USA

Vagal pulmonary myelinated afferents are normally not activated by capsaicin, a selective agonist
of transient receptor potential vanilloid type 1 (TRPV1) receptors. This study was carried out
to investigate whether the expression of TRPV1 in these afferents is altered when chronic airway
inflammation is induced by ovalbumin (Ova) sensitization. Two groups of Brown—-Norway rats
(sensitized and control) were exposed to aerosolized Ova and vehicle, respectively, 3 days per
week for 3 weeks. After the C-fibre conduction in both vagus nerves was blocked, right-atrial
injection of capsaicin elicited augmented breaths in sensitized rats breathing spontaneously, but
not in control rats, indicating a stimulation of rapidly adapting receptors (RARs) by capsaicin.
Single-unit fibre activities of RARs and slow adapting receptors (SARs), identified by their firing
behaviour and adaptation indexes in response to lung inflation, were recorded in anaesthetized,
vagotomized and artificially ventilated rats. Capsaicin injection evoked either negligible or no
response in both RARs and SARs of control rats. However, in striking contrast, the same dose
of capsaicin evoked an immediate stimulatory effect on these myelinated afferents in sensitized
rats. Furthermore, the immunohistochemistry experiments showed that there was a significant
increase in the proportion of TRPV1-expressing pulmonary neurones in nodose ganglia of
sensitized rats; this increase in TRPV1 expression was found mainly in neurofilament-positive
(myelinated) neurones. In conclusion, allergen-induced airway inflammation clearly elevated
capsaicin sensitivity in myelinated pulmonary afferents, which probably resulted from an
increased expression of TRPV1 in these sensory nerves.
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Vagus nerves carry sensory information from the lung and
airways to the brainstem. Among these vagal broncho-
pulmonary afferents, approximately 75% conduct action
potentials in axons of non-myelinated (C-) fibres (Jammes
et al. 1982). The remaining myelinated afferents can be
further divided into two broadly defined receptor types,
based upon their firing behaviour and rates of adaptation
in response to maintained lung inflation: rapidly
adapting receptors (RARs), and slowly adapting receptors
(SARs) (Widdicombe, 1981; Coleridge & Coleridge,
1986; Sant’Ambrogio, 1987). Each of these three major
types of lung receptors has its own characteristic
afferent properties, and upon stimulation, elicits distinctly
different reflex responses (Widdicombe, 1981; Coleridge &
Coleridge, 1986; Sant’Ambrogio, 1987). In general, RARs
and SARs are more sensitive to mechanical stimulation,
and less sensitive to chemical stimuli. In contrast,
C-fibre afferents exhibit more pronounced chemosensitive
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properties, but have a much lower sensitivity to lung
inflation than their myelinated counterparts (Ho et al
2001). Indeed, the sensitivity to capsaicin is one of the
most prominent characteristics of bronchopulmonary
C-fibre afferents (Ho et al. 2001); capsaicin, the pungent
ingredient in hot peppers, is a specific activator of the
transient receptor potential vanilloid type 1 (TRPV1)
channel, a polymodal nociceptive transducer expressed
predominantly in non-myelinated sensory afferents.
Electrophysiological studies indicated that TRPV 1 is either
not or only sparsely expressed in myelinated afferents in
rat lung (Ho et al. 2001).

Brown—Norway (BN) rats sensitized by chronic
inhalation of ovalbumin (Ova) aerosol have been used
extensively as an animal model of allergic asthma because
of its well-documented pathophysiological features such
as inflammatory cell infiltration, expression of TH2 cyto-
kines interleukin-4 (IL), IL-5 and IL-13, and airway
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hyper-responsiveness (Elwood et al. 1992, 1993; Nagase
et al. 1994; Tschernig et al. 2008). A recent study
in our lab demonstrated that chronic Ova exposure
induced airway inflammation, eosinophilic inflitration
and non-specific airway hyper-reactivity in BN rats,
which closely resembled those observed in human
allergic asthma (Zhang et al. 2008). Furthermore, our
study showed a significant increase in the sensitivity
of bronchopulmonary non-myelinated (C-) fibres to
capsaicin in Ova-sensitized rats (Zhang et al. 2008).
A similar observation was also recently reported by
Kuo & Lai (2008). We postulated that a contributing
factor might be an increase in the expression of
TRPV1 in pulmonary C neurones resulting from the
chronic inflammatory reaction (Zhang et al. 2008). More
interestingly, results obtained in our pilot experiments
carried out in anaesthetized and spontaneously breathing
rats further revealed another possibility that chronic air-
way inflammation induced by allergen sensitization might
elevate the sensitivity of RARs to capsaicin (e.g. Fig. 1).
To test this hypothesis, the present study was carried out
to investigate whether the sensitivity of vagal myelinated
afferents to capsaicin is altered in Ova-sensitized rats,
and if so, whether the expression of the TRPV1 channel
is up-regulated in pulmonary sensory neurones of the
nodose and jugular ganglia.

Methods
Animals

All protocols were performed in accordance with Guide
for the Care and Use of Laboratory Animals published by
the National Institutes of Health and were also approved
by the University of Kentucky Institutional Animal Care
and Use Committee.

Allergen sensitization and animal exposure

Adult male BN rats were separated into two groups
(control, n=19; sensitized, n=21). Sensitized rats
received an initial intraperitoneal (1.P.) injection of a
suspension containing 2 mg Ova in 1 ml ImjectAlum as
adjuvant. Three days later, these rats were exposed to
an aerosol of 5% Ova diluted in saline for 15 min each
time, 3 times per week for 3 weeks. During exposure, the
unanaesthetized rat was placed in a Plexiglas restrainer
(University of Kentucky, Center for Manufacturing), and
breathed spontaneously and continuously through a nose
cone connected to a free stream of air—aerosol mixture
under a negative-pressure exhaust hood. Ova solution
(wt/vol concentration: 5% in saline) was nebulized and
delivered by an ultrasonic nebulizer (Model 099HD;
Devilbiss) at a droplet size ranging from 0.5 to 5 um.
Control rats received the ILP. injection and aerosol
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inhalation of the vehicle (isotonic saline) following
identical procedures.

Animal preparation

Rats were initially anaesthetized with an LP. injection of
a-chloralose (100 mgkg™') and urethane (500 mgkg™")
dissolved in a 2% borax solution; supplemental doses
of the same anaesthetics (one-tenth of the initial dose)
were injected intravenously (1.v.) to maintain abolition
of pain reflexes. One femoral artery was cannulated
for recording the arterial blood pressure (ABP). For
administration of pharmacological agents, the left jugular
vein was cannulated and a catheter was advanced until
its tip was positioned just above the right atrium. A
short tracheal cannula was inserted just below the larynx
via a tracheotomy. Tracheal pressure (P;) was measured
(Validyne MP45-28, Validyne) via a side-port of the
tracheal cannula. Body temperature was maintained at
~36°C by means of a heating pad placed under the animal
lying in a supine position.

Measurements of pulmonary chemoreflex responses

Rats breathed spontaneously via the tracheal cannula.
Respiratory flow was measured with a heated
pneumotachograph connected to the tracheal cannula and
a differential pressure transducer (Validyne MP45-14),
and integrated to give tidal volume (V'1). Respiratory
frequency, expiratory duration (7Tg), ABP and heart rate
were analysed (Biocybernetics TS-100; Biocybernetics) on
a breath-by-breath basis by an on-line computer.

Measurement of single fibre activity

Pulmonary single-unit fibre activities were recorded in
anaesthetized, vagotomized, open-chest and artificially
ventilated rats, as described in detail previously (Ho
et al. 2001). Briefly, after a midline thoracotomy was
performed, the lung was artificially ventilated with a
respirator (Model 7025; UGO Basile); the expiratory
outlet of the respirator was placed under 3 cmH,O
pressure to maintain a near-normal functional residual
capacity. Volume and frequency were set at 8—10 ml kg™
and 50 breaths min™', respectively. To prevent a possible
indirect stimulatory effect caused by reflex broncho-
constriction on these afferents, bilateral vagotomy was
performed on these animals. The caudal end of the cut
right vagus nerve was placed on a small dissecting platform
and immersed in a pool of mineral oil. A thin filament was
teased away from the desheathed nerve trunk and further
split until the afferent activity arising from a single unit
was electrically isolated. The nerve trunk was ligated just
above the diaphragm to eliminate afferent signals arising
from lower visceral organs.
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SARs and RARs were searched initially by their
responses to lung inflation and deflation, and then further
identified by their adaptation indexes (Als) in response to
lung inflation; Al was calculated in each fibre by dividing
the difference in fibre activity (FA) between the first 2's
during a constant-pressure (P; =30 cmH,O; e.g. Figs 2
and 3) lung inflation by the FA of the first second, and
expressed as a percentage (Widdicombe, 1954). Fibres
with Als of < 80% and > 80% were classified as SARs and
RARs, respectively. The signals of the afferent activity, P,
and ABP were recorded on a thermal writer (Gould TW11;
Gould Instrument Inc.), and analysed by a computer and
a data acquisition system (Biocybernetics TS-100) in 0.1 s
intervals.

Measurement of conduction velocity

As described in detail previously (Ho et al. 2001), we
isolated the intrathoracic segment of the right vagus
nerve in each animal, and placed a pair of stimulating
electrodes under the vagus nerve above the exit of
its pulmonary branches. A rectangular constant-current
pulse (duration: 0.1-0.3 ms; intensity: 0.2—1.0 mA) was
generated by a pulse generator (WPI A310) and a
stimulus isolation unit (WPI A360R-C), and delivered to
the stimulatory electrodes. The exact distance between
stimulating and recording electrodes was measured to
calculate the conduction velocity. The general locations
of all fibres were identified by their responses to gently
pressing the lungs with a saline-wetted cotton Q-tip. Only
receptors with their locations identified in the lung or air-
ways were included for data analysis in this study. Finally,
animals were euthanized after the experiment by an Lv.
injection of KCI.

Retrograde neuronal tracing

The cell bodies of sensory neurones innervating
the lungs and airways were identified by retrograde
labelling from the lungs using the fluorescent tracer
1,1’-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine
perchlorate (Dil; Sigma). A polyethylene catheter
(PE-150) was inserted into the trachea of the anaesthetized
(pentobarbital sodium, 1.p., 40 mg kg™!) rat via the larynx,
and its tip was positioned above the thoracic inlet. Dil
(Imgml™') was sonicated and dissolved in ethanol,
diluted in saline (1% ethanol vol/vol), and instilled into
the lungs (0.2 ml x 2) with the animal’s head tilted up at
~30 deg. Five days later, the rats were subjected to chronic
exposure to saline or Ova aerosol.

Tissue preparation

On day 24 (3 days after the last exposure to saline or
Ova aerosol), rats were anaesthetized with halothane
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inhalation, euthanized and transcardially perfused with
0.01 M phosphate-buffered saline (PBS), followed by
freshly prepared 0.01M phosphate buffer (pH7.4)
containing 4% paraformaldehyde. The nodose and jugular
ganglia were dissected and fixed in 4% paraformaldehyde
for 4h. The ganglia were incubated in 20% sucrose
in PBS overnight at 4°C, embedded in Tissue-Tek
OCT compound (VWR Scientific), and frozen in dry
ice for serial cryosectioning at 12 um on a cryostat
(Model550; Microm International GmbH). The sections
were mounted on SuperFrost Plus slides (Fisher Scientific),
and air dried.

Immunohistochemistry

Tissue sections were first pre-incubated for 1 h at room
temperature with 0.01M PBS containing 5% normal
donkey serum to block non-specific protein binding
sites. Then, the sections were incubated in a mixture of
1:500 TRPV1 antibody (rabbit polyclonal antibody), or
in combination with 1 : 1000 neurofilament (NF) 160/200
antibody (mouse monoclonal antibody) overnight at 4°C,
which were each diluted in PBS 5% normal donkey
serum and 0.1% Triton X-100. After three 10 min washes
in PBS, the sections were incubated with a mixture of
1:200 FITC conjugated donkey anti-rabbit IgG and 1 : 200
AMCA conjugated donkey anti-mouse IgG for 1 hat room
temperature. Finally, the sections were washed again in
PBS and mounted in Vectorshield (Vector Laboratories).

The immunoreactivity of each neurone was analysed
using epifluorescence microscopy (Zeiss Axiovert 100AV)
with appropriate filter combinations. Dil was detected
with the filter module (wavelengths of 552nm
for excitation and 565nm for emission); FITC
(495 nm excitation and 528 nm emission); and AMCA
(353 nm excitation and 440 nm emission). The sections
were visualized with an AxioCam MRc colour CCD
camera (Zeiss, Inc.). All images were captured using the
same brightness and contrast setting.

For negative controls, primary antibodies were omitted.
At least two negative control slides were done in each
animal. The specificity of the TRPVI1 antibody was
tested using two procedures: (1) neutralizing the primary
antibody with a blocking peptide (Neuromics) and (2)
applying TRPV1 antibody to the nodose—jugular ganglia
of TRPV1-null mice (B6.129 x 1-TrpvI®™V4/J; the Jackson
Laboratory). Neither of the two procedures showed
TRPV1 immunoreactivity.

Quantitative analysis

One nodose and one jugular ganglia were studied in each
animal. A total of ~100 sections were obtained from
the entire length of each ganglion (~1.5mm). To avoid
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the double counting of the same neurones, every eighth
section (> 96 um apart) was selected from serial sections
for each ganglion. About 12 sections were analysed per
ganglion in each trial. Two regions of interest were
captured and analysed per section at 20x magnification.

Computer-assisted image analysis was used to analyse
quantitatively the expression of TRPV1 and NF immuno-
reactivity. Digital images were captured using an Axiovert
100AV microscope with a CCD camera (AxioCam MRc
colour CCD; Zeiss, Inc.) interfaced through a Dell
Dimensions 4600 computer using Axiovision 4.6 software
(Carl Zeiss Imaging Systems). The TRPV1, NF and Dil
thresholds were set based on their densities on the control
slides. Dil-labelled, TRPV1-positive and NEF-positive
neurones were counted separately, and co-localizations
were determined for each region. The proportion of a
neurone phenotype in a given population of neurones is
expressed as a percentage and then averaged for group
analysis; for example, the percentage of TRPV1-positive
neurones in pulmonary (Dil-labelled) neurones was
determined in each section, and averaged for the entire
ganglion in each animal. Data were then pooled in each
group of animals for statistical analysis.

Experimental design and protocol

Three series of experiments were carried out: in Series 1, we
investigated the effect of Ova sensitization on pulmonary
chemoreflex sensitivity in anaesthetized, spontaneously
breathing rats. The cardiorespiratory reflex responses
to right-atrial injection of the same dose of capsaicin
(0.5-1.0 ugkg™") were compared between control and
sensitized rats. To determine the responses mediated
through vagal myelinated afferents to capsaicin, perineural
capsaicin treatment (PNCT) of both cervical vagus nerves
was applied to selectively block the neural conduction
in vagal C-fibre afferents as previously described (Lin
& Lee, 2002). Briefly, cotton strips soaked in capsaicin
solution (250 ug ml~') were wrapped around a 2-3 mm
segment of the isolated cervical vagus nerves for 30 min.
The apnoeic response to right-atrial injection of capsaicin
was measured as the ratio between apnoeic duration and
baseline T'g; apnoeic duration is the longest T occurring
within 5 s after the capsaicin injection.

In Series 2, the effects of Ova sensitization on the
baseline FA and the responses of RARs and SARs to
lung inflation and capsaicin were determined. Baseline
FA was averaged over 20 consecutive breaths in each fibre.
Constant-pressure lung inflation was applied by inflating
the lung with a constant air flow (~12mls™") until P,
reached 30 cmH,0, and was maintained at that pressure
for 10 s after turning off the respirator. Responses to lung
inflation were calculated as the FA in the first second
during lung inflation. Capsaicin (0.5 and 1.0 ugkg™)

G. Zhang and others

J Physiol 586.23

was first injected as a bolus (0.15 ml volume) into the
catheter (dead space ~0.2 ml) and then flushed into the
right atrium by an injection of 0.3 ml saline. The AFA
in response to capsaicin was calculated as the difference
between the peak FA (averaged over two consecutive
breaths) within 5 s after capsaicin injection and the base-
line FA (averaged over 20 consecutive breaths) in each
fibre. To avoid any accumulated effect, at least 10 min
elapsed between two injections.

Series 3 was carried out to investigate whether the ratios
of TRPV1-positive neurones in pulmonary myelinated
and non-myelinated neurones have been altered by Ova
sensitization. NF has been used as the specific marker
for identifying myelinated neurones (Lawson & Waddell,
1991; Hunter et al. 2000). Thus, Dil-labelled NF-positive
neurones were considered as pulmonary myelinated
neurones. The number of pulmonary non-myelinated
neurones (Dil-labelled NF-negative) was calculated as the
number of pulmonary neurones (Dil-labelled) minus the
number of pulmonary myelinated neurones (Dil-labelled
NF-positive).

Materials

A solution of Ova was prepared daily at the concentration
described earlier. Solutions of chemical agents at the
desired concentrations for injection or aerosolization
were prepared daily by dilution with isotonic saline
based on the animal’s body weight. All chemical agents
were purchased from Sigma Chemical, except Imject
Alum (Pierce Biotechnology), rabbit polyclonal TRPV1
antibody (Chemicon Inc), FITC conjugated donkey
anti-rabbit IgG, AMCA conjugated donkey anti-mouse
IgG and normal donkey serum (Jackson ImmunoResearch
Laboratories).

Statistical analysis

Statistical analysis of the difference in the responses
between control and sensitized groups was performed
using one-way or two-way ANOVA. When the two-way
ANOVA showed a significant interaction, pair-wise
comparisons were made with a post hoc analysis
(Fisher’s least significant difference). A P value < 0.05
was considered significant. Data were reported as
mean =+ S.E.M.

Results

A total of 40 adult male BN rats were used in this study.
Average body weight of sensitized rats was significantly
lower (266.7 £5.5g; n=21) than that of control rats
(300.4 £5.6g n=19, P<0.01).
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Series 1

In anaesthetized, spontaneously breathing rats,
right-atrial injection of capsaicin (0.5-1.0 ugkg™")
immediately elicited apnoea, bradycardia and hypo-
tension in control rats; these ‘pulmonary chemoreflex’
responses are well documented in the literature and
known to be mediated through stimulation of pulmonary
C-fibre afferents (Coleridge & Coleridge, 1984; Lee &
Pisarri, 2001). In comparison, the same dose of capsaicin
challenge elicited clearly more pronounced pulmonary
chemoreflex responses in Ova-sensitized rats (e.g. Fig. 1).
The apnoeic ratio (apnoeic duration/average baseline T)
was 265 4 88% in control rats (n=7) and 605+ 193%
in sensitized rats (n=7; P<0.05) after injection of a
low dose of capsaicin (0.5 ugkg™"). More importantly,
capsaicin injection frequently elicited an augmented
breath (inspiratory V1 exceeding the baseline V1 by
twofold), which usually occurred shortly following the
initial apnoea in sensitized rats, but not in control rats
(e.g. Fig. 1). Augmented breath is a vagal-mediated reflex
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response known to be triggered by activation of RARs
(Glogowska et al. 1972; Lee et al. 1992) and can be
completely eliminated by vagotomy (data not shown).
Furthermore, after the C-fibre conduction was selectively
blocked by PNCT of both cervical vagus nerves, the
same capsaicin injection no longer elicited the apnoea,
whereas the occurrence of augmented breath became
more consistent and its volume was further amplified
in sensitized rats (Fig. 1), probably resulting from the
removal of C-fibre-mediated respiratory inhibition by
PNCT (Lee ef al. 1992). Results of this series imply
that sensitivity to capsaicin of RARs was elevated in
Ova-sensitized rats.

Series 2

A total of 75 vagal bronchopulmonary afferents were
studied in 18 anaesthetized, open-chest rats (18 RARs and
13 SARs in 8 control rats and 26 RARs and 18 SARs in 10
sensitized rats): in control rats, 9.6, 41.9, 38.6 and 12.9%
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Figure 1. Experimental records illustrating the effect of perineural capsaicin treatment (PNCT) of both
cervical vagi on cardiorespiratory responses to capsaicin injection

Upper, middle and lower panels: responses to right-atrial injection of capsaicin before, during and after PNCT.
Right-atrial injection of capsaicin (1 ug kg~' in 0.15 ml volume) was slowly injected into the catheter and then
flushed (at arrow) into the right atrium as a bolus with saline (0.3 ml). Asterisks were added to depict the augmented
breaths. Note that the augmented breath was consistently elicited by capsaicin in sensitized rat (243 g; right) and
its volume was amplified when C-fibre conduction in the vagus nerve was selectively blocked either during or after
PNCT. Vagal-mediated reflex apnoea elicited by lung inflation (P = 10 cmH;,0) was not blocked by PNCT in either
control or sensitized rat (records not shown), indicating that neural conduction was intact in myelinated afferents.
Partial recovery of the response was shown at 70 min after the termination of PNCT in the control rat (257 g; left).
Note the augmented breath was always followed immediately by a short apnoea (e.qg. right lower panel), which
was probably caused by the hypocapnia generated by the augmented breath.
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receptors were in upper, middle, lower and accessory
lobes, respectively; in sensitized rats, 17.8, 46.7, 28.9 and
6.6% receptors were in upper, middle, lower and accessory
lobes, respectively. The average conduction velocities were
12.6 £ 1.5ms ! for RARs and 14.8 2.0 ms™! for SARs
in the control group, and were 13.2 + 1.5ms™! for RARs
and 15.2 + 1.7 ms™! for SARs in the sensitized group; no
significant difference in the conduction velocity was found
between control and sensitized rats in either RARs or
SARs.

Approximately a half of the RARs exhibited distinct
phasic baseline activity that was synchronous with
either expiratory or inspiratory phase of respiratory
cycles. The remaining RARs had no detectable or very
little respiratory-related baseline activity (Fig.2). These
two types of RARs were named phasic RARs and
silent RARs in this study; in order to balance the

Control rat

|
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distribution, the same number of each of these two
types of RARs was selected from both control and
sensitized groups for this study. In phasic RAR groups,
there was no significant difference in the intensity
and pattern of the baseline activity between control
(3.7 & 1.8 impulses breath™' (imp breath™), n=9) and
sensitized rats (6.2 %+ 1.7 imp breath™!, n=13) (Fig. 4).
Similarly, in silent RAR groups, there was also no
significant difference in the baseline activity between
control (0.2 £ 0.1 imp breath™, n=9) and sensitized rats
(0.3 4 0.1 imp breath™!, n = 13). When constant-pressure
lung inflation (P;=30cmH,0) was applied for 10s,
the discharge in RARs increased abruptly in response to
inflation and then rapidly declined despite the maintained
P, (Fig. 2). When lung deflation was applied by exposing
the expiratory outlet of the respirator to atmospheric
pressure (P, =0 cmH,0), the activity of RARs increased
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Figure 2. Experimental records illustrating the responses of silent RARs to lung inflation, deflation and
capsaicin injection in anaesthetized, vagotomized, open-chest and artificially ventilated rats

Left, responses to lung inflation (P = 30 cmH,0 for 10 s); middle, responses to lung deflation (P = 0 cmH,0 at
the end of expiration); right, responses to right-atrial injection of capsaicin (1 g kg~'; arrow). Note the lack of
bradycardia and hypotensive reflex responses to capsaicin injection because of the bilateral vagotomy performed
in these rats. AP, action potential; P, tracheal pressure; ABP, arterial blood pressure. Control rat (299 g): receptor
location, right middle lobe; conduction velocity, 15.3 m s~'. Sensitized rat (258 g): receptor location, right lower

lobe; conduction velocity, 16.7 ms~'.
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and did not show any sign of rapid adaptation during
the prolonged deflation (e.g. Fig. 2). In phasic RARs, the
FA in response to lung inflation in the first second were
4.4 4 1.6 and 15.5 £ 5.7 impulses in control (n=9) and
sensitized rats (n = 13) (Fig. 4), respectively, but there was
no significant difference between them (P = 0.13). In view
of the threefold difference in the responses and the small
sample size of these data, a non-parametric statistical
analysis (Wilcon rank sum test) was also applied, but a
significant difference was not found (P = 0.18). Similarly,
in silent RARs, there was also no significant difference in
the first—second response to the lung inflation between
control and sensitized rats (Figs 2 and 4).

In sharp contrast, the responses of these afferents
to capsaicin were markedly elevated in sensitized rats.
In silent RARs, the high dose (1 ugkg™') of capsaicin
triggered a significantly higher discharge in sensitized
rats (AFA =3.240.9 imp breath™!, n=13) than those
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in control rats (AFA=0.5+0.3impbreath™!, n=9,
P<0.05; Figs2 and 5B). The response of phasic
RARs to the same dose of capsaicin showed a similar
pattern as that in silent RARs (Fig. 5B; in control rats,
AFA =0.9+0.4imp breath™', n=19; in sensitized rats,
AFA =12.4 4 3.3 imp breath™!, n=13; P < 0.01).

All of the SARs (13 in control and 18 in sensitized
rats) exhibited distinct phasic baseline activity that peaked
during the inspiratory phase of the respiratory cycles.
The discharge of SARs showed very little adaptation
during the constant-pressure lung inflation (Al < 80%),
but ceased during deflation (e.g. Fig.3). No significant
difference in either the baseline activity (FA =15.8 + 6.1
and 17.8 £ 5.0 imp breath™! in control and sensitized rats,
respectively) or the responses to lung inflation in the
first second (FA =68.5 4+ 11.5 and 86.1 & 18.0 impulses,
in control and sensitized rats, respectively) was found
between the two groups (Fig. 4). In contrast, the response
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Figure 3. Experimental records illustrating the responses of SARs to lung inflation, deflation and
capsaicin injection in anaesthetized, vagotomized, open-chest and artificially ventilated rats

Left, responses to lung inflation (P; = 30 cmH, O for 10 s); middle, responses to lung deflation (P = 0 cmH,0
at the end of expiration); right, responses to right-atrial injection of capsaicin (1 ug kg="). Control rat (291 g):
receptor location, right middle lobe; conduction velocity, 12.9 m s~'. Sensitized rat (272 g): receptor location,
right middle lobe; conduction velocity, 16.3 m s~'. For detailed descriptions, see legend to Fig. 2.
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to capsaicin (1 ugkg™') was significantly elevated in
sensitized rats (AFA =8.142.2impbreath™, n=18)
compared to controls (AFA =2.3+ 1.3 imp breath™!,
n=13, P < 0.05) (Figs 3 and 5B).

When all the pulmonary myelinated afferents, including
both RARs and SARs, were grouped together, right-atrial
injection of either a low or high dose of capsaicin
evoked significantly higher responses in sensitized rats
than in controls (e.g. at the capsaicin dose of 1.0 ugkg™!,
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Figure 4. Average baseline fibre activities (FA) and the
responses of silent (si) RARs, phasic (ph) RARs and SARs to lung
inflation in anaesthetized, vagotomized, open-chest and
artificially ventilated rats

Baseline FA was averaged over 20 consecutive breaths in each fibre.
Response to lung inflation was measured as the FA during the first
second of lung inflation (P = 30 cmH;0). Values are means =+ s..M.
Open bars, control group (n =9 fibresin A, n=9in B, n=13in C);
filled bars, sensitized group (n = 13 fibresin A, n=13in B, n=18in
Q). No statistical difference was found in any of the corresponding
data between control and sensitized groups.
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AFA =7.9+ 1.4imp breath™!, n=44 in sensitized rats,
AFA =1.440.7 imp breath™', n=31 in control rats;
P < 0.01; Fig. 5A).

Series 3

To investigate whether TRPV1 expression in pulmonary
neurones in nodose and jugular ganglia is altered by
Ova sensitization, bronchopulmonary neurones were
identified using Dil labelling. In nodose ganglia obtained
from control rats, 35.1% of the neurones were retrogradely
labelled with Dil, which was similar to that of
sensitized rats (33.6%). Among these Dil-labelled neuro-
nes, 68.1+1.3% exhibited TRPV1 immunoreactivity
in control rats. In comparison, a significantly higher
percentage of the Dil-labelled neurones (80.9 &= 1.2%;
n=4, P<0.05) expresssd TRPV1 in sensitized rats
(Fig. 6A). To further investigate the relative increase of
TRPV1 expression in myelinated and non-myelinated
neurones, we used NF immunoreactivity as the criterion
to identify myelinated neurones. Previous studies showed
that all NF-positive neurones were large, myelinated
neurones and essentially all NF-negative neurones
were small, non-myelinated C neurones (Lawson &
Waddell, 1991). Among these Dil-labelled neurones,
32.8£1.6% and 36.1 =2.1% were NF-positive neuro-
nes in control and sensitized rats, respectively (Fig. 7A).
The percentage of TRPV1-positive pulmonary myelinated
(Dil-labelled and NF-positive) neurones was significantly
higher in sensitized rats (73.7 £ 1.5%) than in control
rats (47.8+£1.6%; n=4, P<0.05) (Fig.7B and C).
Surprisingly, there was no significant difference in
the percentage of TRPVI-immunoreactive pulmonary
non-myelinated (C-) (NF-negative and Dil-labelled)
neurones between control (78.1 & 1.7%) and sensitized
rats (85.1 & 1.5%; n=4, P> 0.05) (Fig.7B). Thus, the
staining for TRPV1 in nodose ganglia revealed a sub-
stantial increase of TRPV1 expression in Dil-labelled
neurones induced by sensitization. The increase was
mainly found in NF-positive Dil-labelled neurones
(Table 1; Fig. 7B and C).

Among jugular ganglion neurones obtained from the
same groups of animals, approximately 28.5+ 0.4%
were labelled with Dil in control rats, which was not
significantly different from those of the jugular neurones
in sensitized rats (30.5 & 1.5%). There was no difference
in TRPV1 expression in Dil-labelled neurones between
control and sensitized rats (61.5 & 3.0% in control rats;
63.8+£2.5% in sensitized rats; Fig.6B). Furthermore,
31.8 +1.8% and 28.5 £ 1.8% of the Dil-labelled neuro-
nes in control and sensitized rats, respectively, were
NF positive (Fig. 8A4). In contrast to what we found in
nodose ganglia, the expression of TRPV1 in Dil-labelled
NF-positive neurones was not different between control
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Figure 5. Effect of Ova sensitization on responses of myeliated
afferents to right-atrial injection of capsaicin in anaesthetized,
vagotomized, open-chest and artificially ventilated rats

A, average responses of all the myelinated afferents to right-atrial
injection of capsaicin at 0.5 ug kg~" and 1 ug kg~'. Open bars,
control group (n = 31 fibres); filled bars, sensitized group (n = 44
fibres). Values are means + s.e.m. AFA, difference between the
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and sensitized rats. The percentages of TRPV1-positive
neurones in bronchopulmonary myelinated neurones
were 51.5+ 1.1% and 47.9 £ 0.6% (P > 0.05) in control
and sensitized rats, respectively (Fig.8B). Therefore,
TRPV1 expression in either myelinated or non-myelinated
neurones was not altered by Ova sensitization in jugular
ganglia (Table 1).

To avoid possible bias and to verify data accuracy,
the quantitative immunohistochemistry analyses were
re-performed in 21% of the images that were randomly
selected from both groups and blindly coded by a person
unfamiliar with the experiment. The difference between
the two analyses of the same slides was relatively small;
for example, the difference for NF, Dil and TRPV1
stainings were 2.1 +0.4%, 4.1 £0.8% and 2.6 & 0.4%,
respectively.

Discussion

Results obtained in the present study clearly show
for the first time that sensitivity to capsaicin of
vagal bronchopulmonary myelinated afferents, including
both RARs and SARs, was significantly elevated
when chronic inflammation was induced by allergen
sensitization in rats. Consistent with electrophysiological
recording experiments, our immunohistochemistry data
also show a significant increase in the proportion
of TRPV1-expressing bronchopulmonary neurones in
nodose ganglia of sensitized rats, compared to that
of control rats. This increase of TRPV1 expression
was found mainly in neurofilament-positive neuro-
nes (myelinated neurones). Rather surprisingly, we did
not find any significant difference in the proportion
of TRPV1-expressing cells in either myelinated or
non-myelinated neurones of the jugular ganglia between
control and sensitized rats.

RARs are generally recognized as mechanoreceptors
in the lung. These receptors can be activated by both
inflation and deflation of the lung, a decrease in lung
compliance and an increase in the interstitial fluid volume
in the lung (Widdicombe, 1954; Kappagoda et al. 1987;
Lee & Undem, 2005). A small percentage of RARs are also
sensitive to various inhaled irritants including cigarette

peak FA (averaged over 2 consecutive breaths) within 5 s after
capsaicin capsaicin injection and the baseline FA (averaged over 20
consecutive breaths) in each fibre. B, scatterplot diagrams of the
responses of silent RARs, phasic RARs and SARs to right-atrial injection
of capsaicin (1 g kg~"). RAR(i), silent RAR; RAR(ph), phasic RAR. o,
data obtained in control group (n =9, 9 and 13 in silent RARs, phasic
RARs and SARs, respectively); e, sensitized group (n =13, 13 and 18
in silent RARs, phasic RARs and SARs, respectively). Dash line: mean of
the AFA. *P < 0.05 and **P < 0.01, significant difference in the
responses between control and sensitized rats. 1P < 0.01, significant
difference in the responses between low and high doses of capsaicin.
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smoke, sulphur dioxide and acid (Widdicombe, 1954;
Ho et al. 2001). Stimulation of RARs can elicit reflex
responses such as augmented breath, bronchoconstriction
and hypersecretion of mucus. In addition, a subgroup of
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RARs is believed to act as cough receptors in response
to inhaled irritants (Widdicombe, 1998). On the other
hand, SARs can be activated by volume expansion of
the lung or an increase in transluminal pressure in the
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Figure 6. Effect of Ova sensitization on TRPV1 expression in pulmonary neurones in nodose and jugular

ganglia

Percentages of Dil-labelled (pulmonary) neurones in all neurones, and TRPV1-positive neurones in pulmonary
neurones in nodose (A) and jugular (B) ganglia. Open bars, average data obtained from control rats (n = 4);
filled bars, sensitized rats (n = 4). Values are means + s.e.M. *P < 0.05, significant difference between control
and sensitized rats. C, representative photographs of double-labelling immunohistochemistry of TRPV1 and
Dil in nodose ganglia of both control and sensitized rats. Left, TRPV1 staining in green; middle, Dil labelling
in red; right, the merged image. Arrowheads are added to depict co-localization of TRPV1 staining and Dil
labelling in the same neurones. Asterisks depict the Dil labelled neurones without TRPV1 staining. Scale bar,

100 pm.
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airways (Bartlett et al. 1976). SARs are generally considered
to be insensitive to capsaicin or any other chemical
irritants (Ho ef al. 2001). The activity arising from SARs
is known to play an important role in the regulation
of breathing patterns (Widdicombe, 1981; Coleridge &
Coleridge, 1986). Both RARs and SARs are myelinated
afferents, as verified by the measurement of conduction
velocity (> 5ms™!) in each fibre. RARs and SARs were
classified based upon their adaptation indexes in response
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to maintained lung inflation at 30 cmH,O pressure in this
study. Similar to that reported in our previous studies (Ho
et al. 2001), the heterogeneity of the discharge pattern of
both SARs and RARs, and the variability of adaptation
index in their responses to different inflation pressures are
both quite evident. A small percentage (~20%) of these
receptors may fall into the category of ‘intermediate type’
(Bergren & Peterson, 1993). However, this variation in
the classification criteria between RARs and SARs should
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Figure 7. Effect of Ova sensitization on TRPV1 expression in NF-positive and NF-negative neurones with

Dil labelling in nodose ganglion

A, percentages of NF-positive and NF-negative neurones in Dil-labelled pulmonary neurones. B, percentages of
TRPV1-positive neurones in NF-positive and NF-negative neurones labelled with Dil. Open bars, average data
obtained from control rats (n = 4); filled bars, sensitized rats (n =4). Values are means + S.e.M. *P < 0.05,
significant difference between control and sensitized rats. C, representative photographs of triple-labelling
immunohistochemistry of NF, Dil and TRPV1 in nodose ganglia of both control and sensitized rats. The first
column from left, NF staining in blue; second, Dil labelling in red; third, TRPV1 staining in green; fourth, the
merged image. Arrowheads are added to depict co-localization of NF staining, Dil labelling and TRPV1 staining in
the same neurones. Asterisks depict the neurone with co-localization of NF staining and Dil labelling, but without

TRPV1 staining. Scale bar, 100 um.
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Table 1. Expression of TRPV1-immunoreactivity in myelinated and non-myelinated pulmonary neurones in
nodose and jugular ganglia
Nodose Dil/All NF(+)/Dil NF(-)/Dil TRPV1(+)/Dil TRPV1(+) TRPV1(+)
(%) /Dil NF(+) /Dil NF(-)
Control 351+1.6 328+ 1.6 66.2 + 1.6 68.1+1.3 478+ 1.6 78.1+1.7
Sensitized 33.6+2.6 36.1+£2.1 63.9 + 2.1 80.9 + 1.2* 73.7 £ 1.5* 85.1+1.5
Jugular Dil/All NF(+)/Dil NF(-)/Dil TRPV1(+)/Dil TRPV1(+) TRPV1(+)
(%) /Dil NF(+) /Dil NF(-)
Control 285+04 31.8+1.8 67.2+1.9 61.5+3.0 515+ 1.1 69.9 +4.1
Sensitized 305+ 1.5 285+1.8 70.5+1.9 63.8+2.5 479+ 0.6 70.0 +£3.2

The number of Dil-labelled, NF-negative (NF(-)) neurones was calculated by subtracting the number of
Dil-labelled NF-positive neurones from the total number of Dil-labelled neurones; the TRPV1 expression
in pulmonary non-myelinated neurones as the number of TRPV1-positive Dil-labelled neurones minus the
number of TRPV1-postive NF-positive neurones with Dil. Control rats, n = 4; sensitized rats, n=4. Values
are means + s.e.M. *P < 0.05, significant difference between the corresponding data of control and sensitized rats.

not be viewed as a confounding factor in our conclusion
because the overall response to capsaicin is still markedly
greater in sensitized rats even when the data from all
myelinated afferents (including both RARs and SARs)
were pooled for comparison (Fig. 5A).

Capsaicin, a selective and potent agonist of TRPV1,
has been used extensively as a tool for identifying
non-myelinated (C-) nociceptive afferents in various
organ systems (Holzer, 1991). A recent study in our lab
showed that right-atrial injection of capsaicin stimulated
only 6.3% of the RARs and no SARs in the lungs of
Sprague—Dawley rats (Ho et al. 2001). Similar results
were also found in the control rats in the present
study. However, in stark contrast, right-atrial injection
of capsaicin exerted a distinct stimulatory effect on
RARs and SARs in Ova-sensitized rats. Thus, these
results demonstrated that chronic airway inflammation
induced by Ova sensitization triggered a phenotypic
switch in myelinated bronchopulmonary afferents and
clearly up-regulated their sensitivity to capsaicin.

TRPV1 is a polymodal nociceptive transducer
containing six transmembrane domains that form
non-selective, Ca®*-prefering cation channels. TRPV1 is
expressed predominantly in non-myelinated neurones,
and can be also activated by low pH (< 6.0) and high
temperature (> 39°C) (Caterina et al. 1997). It has
been shown that several endogenous mediators, such
as hydrogen ions, anandamide and certain lipoxygenase
metabolites of arachidonic acid, can also activate TRPV1
expressed in airway sensory nerve (Geppetti et al.
2006; Jia & Lee, 2007). The involvement of TRPV1
receptors in the development of airway hypersensitivity in
asthma has been suggested. For example, the sensitivity
of capsaicin-induced cough is increased in asthmatics
(O’Connell et al. 1996; Doherty et al. 2000). In
addition, TRPV1 antagonists can inhibit cough elicited

by inhalation of Ova aerosol in sensitized guinea pigs
(McLeod et al. 2006). The results obtained in this study
further indicate that a high percentage of pulmonary
myelinated neurones expressed TRPV1 when chronic air-
way inflammation was induced by allergen sensitization.
Therefore, it seems reasonable to hypothesize that the
over-expression of TRPV1 in vagal pulmonary afferents
may contribute, at least in part, to the development of
hypersensitivity in allergic airways.

The mechanisms possibly responsible for the
phenotypic change in TRPV1 expression in pulmonary
myelinated neurones are not known. However, neuro-
trophins such as brain-derived neurotrophic factor
(BDNF) and nerve growth factor (NGF) should be
considered because their synthesis and release have been
shown to increase in allergic airways (Bonini et al. 1996;
Lommatzsch et al. 2005). Furthermore, they are known
to up-regulate the expression and function of TRPVI
in sensory neurones (Winter et al. 1988; Winter, 1998;
Shu & Mendell, 2001). For example, it has been suggested
that BNDF may contribute to the development of hyper-
sensitive airways since mice treated with anti-BNDF
antibodies showed reduced neuronal hypersensitivity
to capsaicin (Braun ef al. 2004). Indeed, BDNF can
up-regulate the capsaicin sensitivity of nodose ganglion
cells in culture (Winter, 1998). More importantly, the
BDNF serum levels are elevated in asthmatic patients
(Lommatzsch et al. 2005). NGF is another important
neurotrophic factor to be considered in the pathogenesis
of asthma. It has been reported that serum levels of NGF
in patients with asthma were positively correlated with the
severity of the disease (Bonini et al. 1996). Meanwhile,
recent studies have clearly demonstrated that NGF can
increase capsaicin sensitivity of sensory neurones both in
vivo and in vitro (Winter et al. 1988; Winter, 1998; Shu
& Mendell, 2001; Galoyan et al. 2003), which may be
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mediated through several possible mechanisms, such as
increasing the expression of the TRPV1 channel protein
(Winston ef al. 2001), promoting translocation of the
TRPVI1 to cell membrane (Chuang et al. 2001), and
modulating the TRPV1 function by releasing the receptor
inhibition from phosphotidylinasitol-4,5-bisphosphate
(Chuang et al. 2001).

The relationship between those neurotrophins and the
expression of TRPV1 may also help to explain another
interesting observation in the present study. Increased
expression of TRPV1 occurred only in nodose pulmonary
myelinated neurones, but not in their jugular counter-
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parts. Different embryonic origins of these two types of
ganglia may play a part in causing this difference. Nodose
ganglia have a placodal origin, where as jugular ganglia
arise from the neural crest (Undem et al. 2004). It has
been suggested that the different phenotypes of neurones
arising from these two ganglia may be related to different
requirements in neurotrophic factors. In the chick embryo,
placode-derived neurones, such as ventrolateral trigeminal
neurones (Davies et al. 1986) and nodose ganglion
neurones (Buj-Bello et al. 1994), mainly survived and grew
in the presence of BDNF, whereas neural crest-derived
neurones, such as dorsomedial trigeminal neurones and
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Figure 8. Effect of Ova sensitization on TRPV1 expression in NF-positive and NF-negative neurones with

Dil labelling in jugular ganglion

A, percentages of NF-positive and NF-negative neurones in Dil-labelled (pulmonary) neurones. B, percentages
of TRPV1-positive neurones in NF-positive and NF-negative neurones labelled with Dil. Open bars, average data
obtained from control rats (n = 4); filled bars, sensitized rats (n = 4). Values are means + s.e.m. C, representative
photographs of triple-labelling immunohistochemistry of NF, Dil and TRPV1 in jugular ganglia of both control and
sensitized rats. For detailed descriptions, see the legend of Fig. 7. Scale bars, 100 um.
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jugular neurones were supported preferentially by NGF
(Buj-Bello et al. 1994). Meanwhile, more abundant BDNF
are found in the nodose ganglion than in the jugular
ganglion (Zhou et al. 1998; Ichikawa et al. 2007). It
has been reported that the majority of nodose ganglion
neurones expressed tyrosine receptor kinase B (TrkB),
the preferred receptors for BDNF (Wetmore & Olson,
1995; Michael & Priestley, 1999; Kashiba et al. 2003).
Considering the observation that the level of BDNF,
but not NGF, is probably involved in determining the
level of capsaicin sensitivity of vagal sensory neurones
(Winter, 1998), we suggest that BDNF may be responsible
for the inflammation-induced TRPV1 up-regulation in
nodose ganglia. This postulation is further supported
by the fact that the majority of small neurones of the
nodose ganglion express TRPV1 mRNA in conjunction
with BDNF receptor TrkB, but not NGF receptor TrkA
(Michael & Priestley, 1999). It has been shown that
after nerve injury, small neurones (usually C neurones)
in DRG switched off their normal synthesis of BDNE,
whereas large ones (myelinated neurones) switched to a
BDNF phenotype (Zhou et al. 1999), which seems also in
general agreement with our postulation. Taken together,
the observations described above offer compelling support
to our hypothesis that these neurotrophic factors may
be involved, at least in part, in the over-expression of
TRPVI in myelinated neurones induced by allergic air-
way inflammation. Obviously, further investigation is
required to test this hypothesis. Furthermore, possible
contributions to the TRPV1 up-regulation by other
chemical mediators synthesized and released in the air-
ways during the chronic allergic inflammation can not be
overlooked.

An allergic inflammation-induced phenotypic change
of neuropeptide (tachykinins and calcitonin gene-related
peptide) synthesis in sensory nerves has been pre-
viously reported in guinea pig airways (Myers et al.
2002). However, the expression of TRPVI and neuro-
nal sensitivity to capsaicin were not found in the nodose
ASd neurones innervating the trachea and major bronchi
of Ova-sensitized guinea pigs in that study (Myers et al.
2002), which is different from our observation in this study
(Figs 5 and 6). Possible causes of this discrepancy are not
determined, but may be related to several factors such as
the severity of the allergic inflammation, innervations of
different regions of the lung structures, species difference,
or other unknown factors.

The expression of TRPV1 immunoreactivity was only
determined in neuronal cell bodies in this study. Therefore,
it did not offer any direct evidence of the TRPVI
over-expression in the sensory terminals of myelinated
afferents in sensitized rats. Coincidentally, a recent short
study reported the number of TRPV1-positive axons in the
trachea increases in Ova-sensitized guinea pigs (Watanabe
etal. 2008), which isin general agreement with our finding.

G. Zhang and others
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Furthermore, our data in the in vivo study indicating that
the sensitivities of both RARs and SARs to capsaicin were
markedly increased in sensitized rats (Figs 2, 3 and 5) lend
strong support to our conclusion.

In the present study, we did not find a difference
between control and sensitized rats in the percentage of
pulmonary non-myelinated (NF-negative) neurones that
express TRPV1 channels. However, we want to emphasize
that the contribution of pulmonary C-fibre afferents in
the airway hypersensitivity in this allergic asthma model
should not be underestimated. Indeed, we have recently
demonstrated that there was an increase in the excitability
of pulmonary C-fibres to mechanical and chemical
stimuli, especially the increased sensitivity to capsaicin,
in Ova-sensitized rats (Zhang et al. 2008). Furthermore,
we also need to point out the limitation in the data
analysis of our immunohistochemistry experiments; the
computer analysis measured only the percentage of
bronchopulmonary neurones that expressed the TRPV1
receptor, rather than the density or the total number of the
TRPV1 channels expressed in each neurone. Thus, it is very
possible that the density and/or the sensitivity of TRPV1
channels was elevated in pulmonary non-myelinated
neurones of sensitized rats, despite a lack of increase in
the percentage of TRPV 1-expressing neurones. In fact, our
recent finding in the in vivo study (Zhang et al. 2008) has
offered intriguing evidence for such a possibility. Similarly,
we cannot rule out the possibility that the sensitivity
and/or density of TRPV1 were also up-regulated in the
jugular pulmonary neurones in sensitized rats.

In conclusion, the present study demonstrates that
allergen-induced airway inflammation caused a distinct
increase in the sensitivity of vagal myelinated afferents
to capsaicin. The increased capsaicin sensitivity of these
afferents was further supported by a pronounced increase
of TRPV1 expression in pulmonary myelinated neurones
in nodose ganglia. In distinct contrast, these vagal afferents
did not exhibit any significant response to the same dose
of capsaicin injection in control rats. We believe that
the effects of endogenous chemical mediators including
neurotrophic factors released from airway structure cells
and inflammatory cells are probably involved in the
up-regulation of TRPVI expression in these myelinated
afferent fibres during chronic airway allergic inflammation
in sensitized rats.
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