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ABSTRACT The cough reflex becomes hyperresponsive in acute and chronic respiratory diseases, but
understanding the underlying mechanism is hampered by difficulty accessing human tissue containing
both nerve endings and neuronal cell bodies. We refined an adult stem cell sensory neuronal model to
overcome the limited availability of human neurones and applied the model to study transient receptor
potential ankyrin 1 (TRPA1) channel expression and activation.

Human dental pulp stem cells (hDPSCs) were differentiated towards a neuronal phenotype, termed
peripheral neuronal equivalents (PNEs). Using molecular and immunohistochemical techniques, together
with Ca2+ microfluorimetry and whole cell patch clamping, we investigated roles for nerve growth factor
(NGF) and the viral mimic poly I:C in TRPA1 activation.

PNEs exhibited morphological, molecular and functional characteristics of sensory neurons and
expressed functional TRPA1 channels. PNE treatment with NGF for 20 min generated significantly larger
inward and outward currents compared to untreated PNEs in response to the TRPA1 agonist cinnamaldehyde
(p<0.05). PNE treatment with poly I:C caused similar transient heightened responses to TRPA1 activation
compared to untreated cells.

Using the PNE neuronal model we observed both NGF and poly I:C mediated sensory neuronal
hyperresponsiveness, representing potential neuro-inflammatory mechanisms associated with heightened
nociceptive responses recognised in cough hypersensitivity syndrome.
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Introduction
Airway sensory nerves control cough and represent a means by which the lung clears secretions and
protects itself against inhaled foreign bodies and irritants [1]. In conditions such as asthma and chronic
cough this neural reflex becomes hyperresponsive, causing troublesome bouts of cough typically triggered
by low level physical and chemical stimuli [2, 3]. These abnormal sensory responses often worsen
during respiratory viral infections, and while the effects of virus on airway epithelial and immune cells has
been extensively studied, little is known regarding the mechanisms responsible for airway neural
hyperresponsiveness [4–6]. Although the symptoms associated with airway hyperresponsiveness are what
disturb patients most about their condition, there are no current treatments that adequately alleviate and
“reset” this state [7]. Potential therapeutic targets include the transient receptor potential (TRP) cation
channels which are responsible for sensing chemical and physical stimuli and are expressed on many cell
types including airway sensory nerves [8]. We have previously shown that human rhinovirus upregulates
expression of TRP ankyrin 1 (TRPA1) and TRP vanilloid 1 (TRPV1) channels in a neuronally
differentiated immortalised human neuroblastoma cell line [9]; however, the mechanisms involved in
nerve hyperresponsiveness remain to be investigated.

A number of neuroactive molecules are released into the airway following respiratory viral infection,
including nerve growth factor (NGF), which alters TRP channel function [10] and may be important in
regulating airway sensory nerve responsiveness. In addition, sensory neurons are known to express
Toll-like receptors (TLRs) which play a key role in host defence during microbial infection [11]. Toll-like
receptor 3 (TLR 3) is of particular interest as it responds to viral double-stranded RNA (dsRNA), a
by-product of replicating viruses, including rhinovirus [12], and represents a potential route through
which viral infection may induce cough reflex hyperresponsiveness.

Investigating TRP channel expression and regulation in human sensory neurons is challenging because the
cell bodies of peripheral neurons are housed in neuronal ganglia which are not accessible by biopsy.
Although TRP channel studies have been conducted in animal models [13–15] there are recognised
interspecies differences in TRP function and expression [16–18]. Furthermore, in light of European Union
(EU) legislation for the protection of animals for scientific purposes there is an urgent need for development
of a new generation of in vitro models based on human biology [19]. Thus, a human neuronal model could
complement or potentially replace some animal models currently used in respiratory research and provide
data that is relevant to human physiology.

Dental pulp tissue derives from migrating neural crest cells during development [20, 21] and is a source of
multipotential stem/progenitor cells. The propensity for human dental pulp stem cells (hDPSCs) to
differentiate towards a neuronal phenotype, previously termed peripheral neuronal equivalents (PNEs), has
been reported [22–24] and is likely to be explained by their neural crest origin. Neural crest stem cells are
the main contributors to the development of peripheral nerve fibres, including those of the trigeminal
ganglion of the trigeminal nerve [25, 26] and jugular ganglion of the vagus nerve [27]. Jugular ganglion
C-fibres terminate within the extrapulmonary airways and respond directly to tussive stimuli such as
capsaicin and bradykinin, express neuropeptides and tachykinins, and are thus considered important in
nociceptive airway responses such as cough. Here we describe the development of a functional human in
vitro neuronal model differentiated from hDPSCs, suitable for studying the role of neuroinflammatory
factors in TRPA1 channel-mediated neuronal hyperresponsiveness.

Methods
Full details are available in the online supplement.

Cell culture and hDPSC enrichment
Human dental pulp cells were harvested from immature permanent third molar teeth in accordance
with French ethics legislation [28] and maintained in minimal essential medium-alpha (MEM-alpha)
supplemented with 10% fetal bovine serum (FBS), 100 UI·mL−1 penicillin and 100 µg·mL−1 streptomycin,
L-glutamine and 200 µM ascorbic acid. hDPSCs were enriched in dental pulp cell cultures by preferential
adhesion to fibronectin (10 µg·mL−1 overnight at 4°C) coated six-well plates and incubated at 37°C for
20 min. Non-adherent cells were discarded. hDPSCs were maintained on fibronectin for 2 days in
MEM-alpha.

Neural induction
hDPSCs were harvested from fibronectin-coated plates using trypsin and seeded onto plastic/glassware
coated with poly-l-ornithine (0.01%) and laminin (5 µg·mL−1) and incubated with neurobasal A
supplemented with B27, glutaMAX, human basic fibroblast growth factor (40 ng·mL−1) and epithelial
growth factor (40 ng·mL−1) for 7 days.
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Immunofluorescence
PNEs were differentiated from hDPSCs as described above on circular coverslips (16 mm, thickness 1).
Cells were washed in PBS and fixed by submerging in ice-cold acetone for 8 min then air dried. Cells were
washed in PBS and blocked for nonspecific binding by incubation with 10% normal goat serum.

Cells were treated with specific primary antibody (in 10% goat serum) overnight at 4°C (table S1).
Appropriate anti-species Alexa Fluor secondary antibody conjugates were diluted in PBS containing 0.1%
Triton X 100 and applied to cells for 1 h at room temperature. Samples were mounted using ProLong
Gold (Thermo Fisher Scientific, Paisley, UK) with DAPI and viewed using a fluorescent microscope.

qRT-PCR
Neural induction of hDPSCs towards PNEs was achieved as outlined above, except that cells were grown
in 96-well plates. Total RNA was harvested using the PicoPure RNA isolation kit (Thermo Fisher
Scientific) and quantified using a Take3 plate and plate reader (BioTek, Swindon, UK). RNA samples were
reverse transcribed using the SuperScript VILO cDNA synthesis kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. qPCR reactions were set up using TaqMan universal mastermix with
UNG (Thermo Fisher Scientific) according to the manufacturer’s instructions using predesigned Taqman
primers (Thermo Fisher Scientific; tables S2 and S3). qPCR was carried out using the Stratagene PCR
instrument (Agilent, Stockport, UK) and analysed using Mx3005P software (Agilent).

Whole cell patch clamp
PNEs were differentiated as described on coverslips (thickness 0). Whole cell currents were recorded using
borosilicate patch pipettes (2–5 MΩ resistance), an Axopatch 200B amplifier (Molecular Devices,
Workingham, UK) and pClamp9 software (Molecular Devices).

To measure voltage-gated Na+ channel activity, CsCl bath (150 mM NaCl, 6 mM CsCl, 1 mM MgCl2,
1.5 mM CaCl2, 5 mM glucose and 10 mM HEPES in dH2O; pH altered to 7.4 using Tris) and pipette
(120 mM CsCl, 1 mM MgCl2, 4 mM Na2ATP, 10 mM BAPTA and 10 mM HEPES in dH2O; pH altered to
7.2 using Tris) solutions were used. 1 µM tetrodotoxin (TTX) was made up in CsCl bath solution.
Experiments were carried out at room temperature. The holding potential was −120 mV. Current−voltage
(I−V) relationships were measured using a voltage step protocol.

TRP channel activity was recorded using a CsCl bath solution and a Cs-aspartate pipette solution
(100 mM CsOH.2H2O, 100 mM aspartic acid, 20 mM CsCl, 1 mM MgCl2, 4 mM Na2ATP, 0.08 mM
CaCl2, 10 mM BAPTA and 10 mM HEPES in dH2O; pH altered to 7.2 using Tris). 100 µM
cinnamaldehyde, 10 µM HC030031, 10 µM capsaicin and 20 µM capsazepine were made up in CsCl bath
solution. Experiments were carried out at 37°C. The holding potential was 0 mV throughout. I−V
relationships were recorded using a voltage ramp protocol. All data were analysed using Clampfit9
software (Molecular Devices).

Microfluorimetric calcium imaging
For microfluorimetric calcium imaging, PNEs were differentiated as described on coverslips (thickness 0).
PNEs were loaded with Fura-2AM (5 µM) for 40 min at 37°C, placed into a recording chamber mounted
on the stage of an inverted microscope and superfused with Hanks (140 mM NaCl, 5 mM KCl, 2 mM
CaCl2.2H2O, 1 mM MgCl2, 10 mM HEPES free acid and 5 mM glucose in dH2O; pH altered to 7.4 using
NaOH). All solutions were kept at a 37°C using a water bath and perfusion system. [Ca2+]i was measured
(details in supplementary material) and TRP channel activity was observed as changes in [Ca2+]i following
stimulation with 10 µM capsaicin and 10 µM capsazepine diluted in Hanks.

Confocal Ca2+ imaging
PNEs were loaded with 0.4 µM fluo-4/AM for 6 min at room temperature and imaged using an iXon887
EMCCD camera (Andor Technology, Belfast, UK) coupled to a Nipkow spinning disk confocal head
(CSU22, Yokogawa, Japan). A krypton-argon laser (Melles Griot UK, Ely, UK) at 488 nm was used to
excite the fluo-4, and the emitted light was detected at wavelengths >510 nm. Experiments were performed
using a ×60 objective (Olympus) and images were acquired at 15 frames per second. Background
fluorescence from the camera, obtained using a null frame, was subtracted from each frame to obtain “F”.
F0 was determined as the minimum fluorescence under control conditions. The pseudo line-scan image
and corresponding intensity profile plot were obtained using Image J software (NIH, Bethesda, MD, USA).
ΔF/F0 refers to the measurement of the change in Ca2+ levels from basal to peak.
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ELISA
PNEs were differentiated in 96-well plates. Supernatants were collected following treatments (as outlined
below) and interleukin (IL)-8 and IL-6 levels were measured using human IL-8 and IL-6 DuoSet ELISA
kits (R&D Systems, Abingdon, UK) according to the manufacturer’s instructions.

Treatment of PNEs
PNEs were treated with pro-inflammatory cytokines (NGF, 100 ng·mL−1; IL-1β, 5 ng·mL−1; tumour
necrosis factor-α (TNF-α), 10 ng·mL−1;) and poly I:C (2 µg·mL−1) for 20 min, 6 h or 24 h (table S4).
Control cells were incubated with medium alone.

Results
Enriched hDPSCs undergo neuronal differentiation to become functional PNEs
hDPSCs expressed the neural crest protein markers, P75, AP2α and HNK1 (figure S1) and displayed a
fibroblastic morphology consisting of splayed multipolar elongations (figure 1a). Following 7 days
neuronal differentiation, cells acquired a typical bipolar neuronal morphology with a centrally located
swollen cell body and axon-like projections (figure 1b). Immunofluorescence confirmed a phenotype
change from hDPSC to PNE during differentiation, manifest by loss of expression of the fibroblast marker
FSP (figure 1c and d) and gain of specific mature neuronal markers PGP9.5 (figure 1e and f) and
synaptophysin (figure 1g and h). PNEs also expressed the neuropeptides substance P and CGRP,
consistent with a sensory neuronal phenotype (figure S2).

Using whole cell patch clamping the neuronal phenotype of PNEs was further confirmed by
demonstrating functional voltage-gated Na+ (NaV) channels. Using Cs-based bath and pipette solutions to
block outward K+ currents, a family of rapidly inactivating inward currents were consistently generated
when a series of 500 ms depolarising voltage steps were applied in 5 mV increments from an initial
holding potential of −120 mV (figure 1i) to a final test potential of 55 mV. Currents were completely
inhibited by the Na+ channel inhibitor, TTX (1 µM) (figure 1j). Currents, normalised against cell
capacitance, were plotted to show the I−V relationship (figure 1k).

Since TRPV1 has long been associated with a neuronal phenotype, its gene and protein expression in
PNEs was determined by qPCR (table S5) and immunofluorescene (figure 1l). To confirm TRPV1
functionality in PNEs, whole cell patch clamping was performed using Cs+-based bath and pipette
solutions. Using a voltage ramp protocol, significant increases in both inward and outward currents were
observed following application of the TRPV1 agonist capsaicin (10 µM), which were significantly inhibited
by capsazepine (20 µM) (figure 1m and n). Vehicle only controls were unresponsive (figure S3). To
further confirm the suitability of PNEs for functional studies, microfluorimetric [Ca2+]i imaging was
performed for TRPV1 activity. Fura-loaded PNEs were shown to demonstrate spontaneous activity (figure
S4), a characteristic of functional neurons, and upon capsaicin application an instantaneous increase in
PNE [Ca2+]i was observed (figure S5a), with [Ca2+]i levels falling immediately afterwards. In the presence
of the TRPV1 antagonist, capsazepine, PNE [Ca2+]i did not increase above basal levels (figure S5b). The
change in ratio with capsaicin in the absence and presence of capsazepine was graphed for statistical
analysis (figure S5c).

PNEs express functional TRPA1
Having established the neuronal phenotype of PNEs (figure 1) their suitability for studying TRPA1 channels
was investigated. TRPA1 gene expression was confirmed by qPCR (table S5) along with protein expression by
immunofluorescence (figure 2a). To study the functional TRPA1 on PNEs, whole cell patch clamp
experiments were performed using Cs+-based bath and pipette solutions. Using a voltage ramp protocol,
significant increases in both inward and outward currents were observed in PNEs following application of
cinnamaldehyde (100 µM) which were blocked by HC030031 (10 µM) (figure 2b and c). Vehicle only
controls were unresponsive (figure S3). To further confirm the suitability of PNEs for functional TRPA1
studies we examined the effect of cinnamaldehyde (100 µM) on Ca2+ levels in single PNEs using confocal
Ca2+ imaging. Cinnamaldehyde induced robust rises in [Ca2+]i that were reversibly inhibited by subsequent
HC030031 application (representative figures 2d and e and summary plot in figure 2f; n=9). Cinnamaldehyde
responses were demonstrated to be concentration dependent (figure 2g and h), with an EC50 of 54 µM. Using
microfluorimetric [Ca2+]i imaging fura-loaded PNEs showed spontaneous activity (figure S4), and upon
application of cinnamaldehyde an instantaneous increase in PNE [Ca2+]i was observed (figure S6a), followed
by falling [Ca2+]i levels immediately afterwards. In the presence of HC030031, PNE [Ca2+]i did not increase
above basal levels (figure S6b). The mean change in ratio was graphed for statistical analysis (figure S6c).
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NGF induces TRPA1 hyperresponsiveness on PNEs
NGF is known to induce hyperresponsiveness in sensory neurons [10, 29, 30] and is therefore a
neuropathic cytokine worthy of investigating in this in vitro model. PNEs treated with NGF for 20 min
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FIGURE 1 Human dental pulp stem cells (hDPSCs) undergo both morphological and phenotype changes during neuronal differentiation to become
functional peripheral neuronal equivalents (PNEs). hDPSCs have a fibroblastic morphology consisting of splayed multipolar elongations (a).
Following neuronal differentiation the cells lose this shape and take on a typical bipolar neuronal morphology consisting of a swollen cell body
and axon-like projections (b). Undifferentiated hDPSCs express the fibroblast marker FSP (c). This FSP expression is lost during neuronal
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**: p<0.01; ***: p<0.001.
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immediately prior to patch clamp experiments generated significantly (p<0.05) larger inward and outward
currents when stimulated with cinnamaldehyde (figure 3a), demonstrating that PNE TRPA1 channels
hyperresponsiveness in the presence of NGF. This hyperresponsive state was not sustained, as PNEs
treated for 24 h did not generate the larger currents observed previously (figure 3a).

To investigate whether TRPA1 gene expression was altered following NGF treatment we undertook
qRT-PCR on PNEs incubated with NGF for 6 h and 24 h. No significant changes in TRPA1 gene
expression were observed (figure 3b). To determine whether this was an NGF-specific effect, we treated
PNEs with the proinflammatory cytokines TNF-α (10 ng·mL−1) and IL-1β (5 ng·mL−1), and observed no
significant change in TRPA1 gene expression (figure S7).

We also investigated whether similar effects in response to NGF treatment were observed in PNEs
stimulated with capsaicin. No significant changes in capsaicin-induced currents were seen between
untreated and NGF treated cells (figure S8a). Similarly, no changes were determined in TRPV1 gene
expression following NGF treatment (figure S8b).

The viral mimetic poly I:C induces IL-8 release and TRPA1 hyperresponsiveness in PNEs
Poly I:C was employed to demonstrate the usefulness of the model to investigate the effects of viral
infections on sensory neurons. Cell supernatants from PNEs incubated with poly I:C were analysed for
IL-8 and IL-6. Supernatants from control cells, and those incubated with poly I:C for 6 h showed no
significant change in IL-8 levels, and no detectable IL-6 in controls (figure 4a and b). However,
supernatants from cells incubated with poly I:C for 24 h had significantly higher levels of IL-8
(2140.8 pg·mL−1) and IL-6 (246.5 pg·mL−1) (figure 4a and b). Additional concentration- and
time-dependent effects of poly I:C on IL-8 levels are reported in figure S9.

Poly I:C also induced TRPA1 hyperresponsiveness in PNEs. Treatment of PNEs with poly I:C for 20 min
immediately prior to patch clamping generated significantly larger inward and outward currents in
response to cinnamaldehyde, compared with untreated PNEs (figure 4c). PNEs incubated with poly I:C for
24 h were not readily amenable to patch clamp recording, suggesting changes had occurred in the plasma
membrane. No significant changes were observed in TRPA1 gene expression following 6 h or 24 h poly I:C
treatments (figure 4d).

Discussion
In this study we successfully differentiated stem cells from human dental pulp towards PNEs which have
morphological, molecular and functional characteristics of sensory neurons. We observed TRPA1 channel
hyperresponsiveness following stimulation with both NGF and the viral mimic poly I:C. Responses were
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rapid in onset, and independent of TRPA1 gene expression. Taken together, our data suggest that PNEs
represent a novel, species-specific in vitro model for the investigation of TRPA1 channel function and
regulation on human sensory neurons. We believe this model has potential to provide insight into the
potential mechanisms involved in cough hypersensitivity.

An important refinement in our approach was the enrichment of hDPSCs from dental pulp cultures
using differential fibronectin adhesion, allowing a phenotype switch from hDPSC to PNE in 7 days
compared with 21 days previously reported using dental pulp cell cultures [22]. Functional neuronal
activity in differentiated cells as described herein, should be considered a prerequisite for neuronal
characterisation, particularly in view of the finding that voltage-dependent sodium channels are not
present on hDPSCs [31].

To provide evidence for the suitability of PNEs as an in vitro model for the study of inflammatory TRP
channel regulation we investigated the effect of the neurotrophic cytokine NGF. Levels of NGF are elevated
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in the airways of asthmatics [32] and, in children with influenza infection, airway NGF levels are increased
and correlate with disease severity and cough duration [33] We observed that NGF rapidly induced
increased TRPA1 activation consistent with that reported previously in primary cultures of mouse sensory
neurons [28]. Such rapid effects are likely to be due to activation of intracellular cell signalling pathways
resulting in phosphorylation of the TRP channel with subsequent channel hyperresponsiveness [9]. Our
data suggest NGF can rapidly induce TRPA1 channel hyperresponsiveness, supporting a role for
transcription-independent mechanisms in regulating TRP responses [10]. Interestingly, we did not see
increased responses to capsaicin in NGF-treated cells, previously reported in a guinea pig model in vivo
[34]. This disparity could serve to highlight differences between animal and human tissues and may add
clinical relevance to the PNE model. It is also notable that positive preclinical data in animal models of the
TRPV1 antagonist XEN-D0501 sharply contrasts the lack of efficacy reported in a placebo-controlled trial
in chronic cough [35].

Following PNE treatment with the viral mimic poly I:C, significant increases in IL-8 and IL-6 secretion
and increased currents in response to cinnamaldehyde were observed compared to untreated PNEs. This is
the first report to suggest a functional relationship between TRPA1 and poly I:C. It is known that the viral
mimetic poly I:C mimics the pathogen associated molecular pattern (PAMP) dsRNA, and activates three
pattern recognition receptors (PRRs) TLR3, retinoic acid-inducible gene 1 (RIG-I) and melanoma
differentiation-associated protein 5 (MDA5)[36]. Functional interactions of TRPA1 and poly I:C could
therefore be mediated via one or more of these receptors.

In conclusion, PNEs represent a novel species-specific in vitro model suitable for the study of TRP channel
function and regulation on human sensory neurons which is in line with current EU and UK directives to
replace, reduce and refine the use of animals in research [19]. Using this model we have demonstrated that
NGF and the viral mimic poly I:C directly and rapidly induce a TRP channel hyperresponsiveness on the
cell membranes of human sensory nerves representing a possible neuro-inflammatory process responsible
for cough reflex hyperresponsiveness. We have been careful to distinguish our experimental findings of
neuronal hyperresponsiveness from neuronal hypersensitivity. Under experimental neuro-inflammatory
conditions we observed an increased neural response for a given stimulus which may have a clinical
parallel in the form of “hypertussia” observed in patients with cough hypersensitivity syndrome (CHS)
[37]. We have yet to determine if our PNE model can be rendered “hypersensitive” to low level
stimulation. CHS is a disorder gaining increasing recognition amongst respiratory, allergy,
gastroenterology, speech/voice and otolaryngology healthcare professionals [37]. There is a need to
improve our understanding of the neurobiology of this condition and we believe the novel techniques we
report in this manuscript and the clinical relevance of our experimental findings will be of interest to
those working in this field.
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