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Abstract

Background—Gastroesophageal reflux can cause high acidity in the esophagus and trigger 

heartburn and pain. However, because of the esophageal mucosal barrier, the acidity at the nerve 

terminals of pain-mediating C-fibers in esophageal mucosa is predicted to be substantially lower. 

We hypothesized that the esophageal DRG C-fibers are activated by mild acid (compared to acidic 

reflux), and express receptors and ion channels highly sensitive to acid.

Methods—Extracellular single unit recordings of activity originating in esophageal DRG C-fiber 

nerve terminals were performed in the innervated esophagus preparation ex vivo. Acid was 

delivered in a manner that bypassed the esophageal mucosal barrier. The expression of mRNA for 

selected receptors in esophagus-specific DRG neurons was evaluated using single cell RT-PCR.

Key Results—Mild acid (pH=6.5–5.5) activated esophageal DRG C-fibers in a pH-dependent 

manner. The response to mild acid at pH=6 was not affected by the TRPV1 selective antagonist 

iodo-resiniferatoxin. The majority (70–95%) of esophageal DRG C-fiber neurons (TRPV1-

positive) expressed mRNA for acid sensing ion channels (ASIC1a, ASIC1b, ASIC2b and/or 

ASIC3), two-pore-domain (K2P) potassium channel TASK1, and the proton-sensing G-protein 

coupled receptor OGR1. Other evaluated targets (PKD2L1, TRPV4, TASK3, TALK1, G2A, 

GPR4 and TDAG8) were expressed rarely.

Conclusions & Inferences—Guinea pig esophageal DRG C-fibers are activated by mild acid 

via a TRPV1-independent mechanism, and express mRNA for several receptors and ion channels 

highly sensitive to acid. The high acid sensitivity of esophageal C-fibers may contribute to 

heartburn and pain in conditions of reduced mucosal barrier function.
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INTRODUCTION

Afferent nerves with their neurons in the spinal dorsal root ganglia (DRG) are considered to 

be the main pathway mediating pain, heartburn and other esophageal sensations(1). Acid 

refluxing from the stomach is arguably the most important noxious mediator initiating 

painful sensations from the esophagus (2). However, the mechanisms underlying acid 

sensing in the nerve terminals of esophageal spinal DRG C-fibers are incompletely 

understood.

The esophageal mucosa is highly resistant to acid. Experimental data show that strong acid 

(pH=1) in the esophageal lumen does not appreciably change the pH in the healthy mucosa 

as measured by interstitial pH in the esophageal basal epithelial layer(3). Indeed, in healthy 

subjects acid infusion is only weakly effective in inducing heartburn or pain (4–6). In 

patients with gastroesophageal reflux diseases (GERD) only a moderate reduction in 

esophageal mucosal resistance compared to healthy subjects has been reported (5–8). Yet in 

GERD patients acidic reflux or esophageal infusion of acid causes sensations of heartburn 

and pain. This raises the hypothesis that esophageal DRG C-fibers have mechanisms for 

activation by mild acid. At present the acid sensitivity of esophageal DRG C-fibers is 

unknown.

The capsaicin receptor TRPV1 is expressed by most C-fibers and can be activated by acid 

(9). In fact, TRPV1 is frequently considered to be the primary acid transducer in visceral 

nociceptors(10). Nonetheless, a relatively strong acidity (pH≤5.0, compared to pH>=7.3 in 

extracellular fluid) is required to fully activate TRPV1 (9, 10). On the other hand, a number 

of receptors and ion channels can be activated or modulated by relatively mild acid (pH=6–

7, compared to pH>=7.3 in extracellular fluid) in a manner that leads to sensory activation. 

These receptors and ion channels include acid sensing ion channels (ASICs), certain two-

pore-domain (K2P) potassium channels, certain TRP channels, and proton-sensing G-protein 

coupled receptors(10–12). At present it is not known whether esophageal DRG C-fibers 

express such receptors and ion channels. Here we addressed the hypothesis that esophageal 

DRG C-fibers express receptors and ion channels other than TRPV1 that are highly sensitive 

to acid. Moreover, we hypothesized that the non-TRPV1 mechanisms may be primarily 

responsible for activation of esophageal DRG C-fibers induced by mild acid (pH=6.0).

MATERIALS AND METHODS

The experiments described in this study were approved by the Johns Hopkins Animal Use 

and Care Committee.

Extracellular recordings from DRG neurons projecting into the esophagus were performed 

as described previously (13, 14). Single fiber recordings of nerve activity originating in 

esophageal DRG C-fiber terminals were performed in the isolated superfused ex vivo 
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spinally-innervated guinea pig esophagus preparation. Esophagus with adjacent tissue (at the 

level of spinal ganglia approximately C8-Th5) that included a portion of left sympathetic 

trunk, and left spinal T1–T4 DRG ganglia were carefully dissected. Caution was made to 

preserve spinal afferent nerve pathways. The esophagus was secured dorsal side up in the 

tissue chamber. The DRG ganglia with short portions of their spinal nerves were pulled 

through a small hole into separately-perfused Sylgard-lined recording chamber and pinned. 

The hole was then sealed with vaseline. The tissue and recording chambers were separately 

superfused (4–6 ml/min) with Krebs solution (118mM NaCl, 5,4mM KCl, 1mM NaH2PO4, 

1.2mM MgSO4, 1.9 mM CaCl2, 25 mM NaHCO3, 11mM dextrose, gassed with 

95%O2/5%CO2, pH=7.4, 35°C) containing indomethacin (3 μM) and atropin (1μM). The 

silver/silver chloride return electrode and earth pellet were placed in the recording chamber. 

The aluminosilicate glass microelectrode (2 MΩ) filled with 3M sodium chloride was 

micromanipulated into the T2 or T3 DRGganglion. The recorded signal was amplified 

(Microelectrode AC amplifier 1800, A-M Systems) and filtered (low cut-off, 0.3 kHz; high 

cut-off, 1 kHz) and analyzed on Apple computer using the software TheNerveOfIt (sampling 

frequency 33 kHz; PHOCIS, Baltimore, MD, US). The dorsal surface of the entire 

esophagus was systematically searched with a concentric stimulation electrode delivering 

90V pulses (duration 1ms, frequency 1–2Hz, stimulator model 215/I, Hugo Sachs 

Electronik, March-Hugstetten, Germany and stimulus isolation unit SIU5, Grass 

Instruments, West Warwick, RI). If the electrical pulse evoked an action potential the 

mechanosensitive receptive field was searched and identified by using focal mechanical 

compression and von Frey probes.

Acidic solutions were prepared by replacing bicarbonate in the Krebs solution by HEPES 

and adding sodium D-gluconate to maintain sodium concentration and osmolarity (in mM: 

118 NaCl, 5.4 KCl, 1 NaH2PO4, 1.2 MgSO4, 1.9 CaCl2, 20 HEPES, and 11.1 dextrose, 18 

Na D-gluconate). The pH was adjusted to desired value (acidic solutions 5.5, 6.0, 6.5 or 

control solution 7.4) by NaOH (1M) or HCl (1M). The tissue was continuously superfused 

with Krebs solution. In order to bypass the mucosal barrier the tissue was exposed to acid in 

superfusing fluid via serosal surface. This approach has been show to effectively alter the 

pH in the mucosa (3). The pH was measured in samples from superfusing fluid. Only one 

acidic solution per fiber was studied. In experiments with I-RTX, the tissue was superfused 

with the following solutions containing either I-RTX (1μM) or vehicle (DMSO 0.01%): 

Krebs solution (15 min), control solution (pH=7.4, 15 min), acidic solution (pH=6.0, 

15min), Krebs solution (15 min) and Krebs solution containing capsaicin (0.1μM, 15 min). 

The change of solutions was rapid (completed within ≈10s).

Nerve activity (action potential discharge) was monitored continuously. The sustained 

aspect of activation evoked by acid and capsaicin was quantified as maximum 60s bin 

discharge defined as the maximal number of action potentials recorded in any 60s interval 

during the superfusion with the acid or capsaicin. The peak activation was quantified as peak 

frequency (Hz) defined as the maximal number of action potentials recorded in any 1s 

interval. Unpaired t-tests was used as appropriate, and the significance was defined as P< 

0.05.
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Retrograde labeling of the afferent neurons projecting into the guinea pig esophagus by DiI 

(0.1% in 10% DMSO in sterile saline) was performed as described previously (13, 15, 16). 

Spinal T2 and T3 DRG ganglia were harvested 10–15 days after the injections. Single cell 

RT-PCR was performed on individual neurons as described previously (17–19). The sensory 

ganglia were dissected, enzymatically dissociated, and the neurons were plated on poly-D-

lysine/laminin-coated coverslips. Coverslips with dissociated neurons were perfused with 

cold PBS, and the DiI-labeled neurons identified under fluorescent microscope were 

individually harvested by glass-pipette into separate PCR tubes, immediately frozen and 

stored at −80°C. Only the neurons free of debris or attached cells were collected. Samples of 

bath solution were collected for no-template (bath) controls. RT-PCR: First strand cDNA 

was synthesized from single neurons by using the Super-Script(tm) III CellsDirect cDNA 

Synthesis System (Life Technologies) according to the manufacturer’s recommendations 

(combination of poly(dT) and random hexamer primers was used). 2μl of each sample were 

used for PCR amplification by the HotStar Taq Poymerase Kit (Qiagen) according to the 

manufacturer’s recommendations (final volume 20μl). PCR: activation 95°C/15min, 50 

cycles of denaturation 94°C/ 30s, annealing 60°C/30s and extension 72°C /60s, final 

extension 72°C/10min. Custom-synthesized primers (Life Technologies) were used (Tab. 1). 

Products were visualized in ethidum-bromide stained 1.5% agarose gels. The figures were 

constructed by using Microsoft PowerPoint and Apple Preview. Controls. The primers were 

designed by using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/) (20) based guinea 

pig sequences and verified by using the guinea pig genome (http://genome.ucsc.edu/(21)). 

The ASCI primers have been evaluated previously (see Fig. 1 in (19)). Table 1 shows that 

most primers used in the study were intron-spanning. For most primers no genomic product 

can be amplified because its predicted size >1,000 bp is not achievable with the extension 

time of 30s used for PCR. For several targets (OGR1, G2A, GPR4, TDAG8 and TASK1) it 

was not possible to design intron-spanning primers because the available coding sequence 

was located on a single exon (Tab. 1). In these instances it is theoretically possible that the 

primers would amplify genomic DNA if the treatment with DNAse during the sample 

processing was insufficient. Nonetheless, collectively G2A, GPR4 and TDAG8 were 

detected only in 15% (9/64) of samples arguing against significant amplification of genomic 

DNA in our experiments. Furthermore, in 6 samples of DRG processed as RT- control 

(without adding reverse transcriptase) no OGR1 was detected. No product was amplified 

from negative (bath) controls (n=39) indicating negligible probability of false positive 

results. In our previous studies we have also reported negligible false positive rates (<1%, 

n=640 negative controls) (18, 19).

Mouse studies

The neurons retrogradely labeled from the mouse esophagus used for the analysis of ASIC3 

expression were all obtained in our previous study as described therein (18) and the mouse 

β-actin, TRPV1 and ASIC3 primers used were evaluated before (Tab. 1 in (19)).
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RESULTS

Electrophysiological Studies

We performed extracellular recordings of the nerve activity originating from the nerve 

terminals of spinal DRG C-fibers in the esophagus. Only one fiber was studied in each 

esophageal preparation. Among 43 nerve fiber studied we found 41 to be C-fibers based on 

conduction velocity <1 m/s. Seventeen out of 18 of esophageal C- fibers tested with 

capsaicin (0.1–1μM) responded with action potential discharge. In order to bypass the 

esophageal mucosal barrier the acid and drugs were delivered to the serosal surface of the 

esophagus as described in the Methods.

We investigated whether DRG C-fibers can be activated by mildly acidic stimuli, similar to 

acidic conditions that may be reached in the esophageal mucosa during an acidic reflux 

event. Based on direct pH measurement studies (3), a healthy epithelium will provide a 

sufficient barrier to prevent the diffusion of nearly all the protons if intraluminal esophageal 

pH is close to 1. We speculated that it is unlikely that pH <5.5 would be reached even when 

a pathology that leads to some barrier breakdown is present. We found that acid stimulated 

DRG C-fiber nerve terminals in the concentration (pH)-dependent manner (Fig. 1A–B). 

Acid activated C-fibers at concentrations as mild as pH=6.5. At pH=6.0 the peak frequency 

of the action potential discharge was 4±1Hz. The maximum 60s bin discharge that better 

describes more sustained activation was 57±3 action potentials/60s at pH=6.0. For 

comparison, a near maximally effective concentration (0.1μM) of capsaicin evoked 

activation that averaged 9±1Hz and 114±23 action potentials/60s, respectively (n=7, Fig. 

1D). Thus, mild acid (pH=6.0) produces a response in esophageal DRG C-fibers that is 

approximately 40% that of the maximal noxious stimulus.

The vast majority (95%) of esophageal DRG C-fibers were responsive to the TRPV1 agonist 

capsaicin. TRPV1 is a major candidate for sensory acid sensing. Nonetheless, human and 

guinea pig TRPV1 are not fully activated by acid until the pH≤5.0 (22). These observations 

raise the question whether there is a substantial TRPV1-independent mechanism that 

contributes to the response of esophageal C-fibers to mild acid (pH=6.0). In order to test the 

hypothesis we used the selective TRPV1 antagonist I-RTX as we have previously shown 

that I-RTX effectively inhibits the response to stronger acid in guinea pig tracheal C-fibers 

(23–25). Pretreatment with I-RTX (1μM) had no effect on the response to acid (pH=6.0, Fig. 

1C). In contrast, as expected, I-RTX (1μM) virtually abolished (>90% inhibition) the 

response to capsaicin showing the effective block of TRPV1 in DRG C-fibers (Fig. 1D).

These studies indicate that non-TRPV1 acid sensors are largely responsible for the action 

potential discharge evoked by mild acid (pH=6.0) in DRG C-fibers innervating the 

esophagus. In order to obtain initial insight into what receptors and ion channels are likely to 

play a role in transduction of mild acid, we evaluated the gene expression of candidate 

receptors and ion channels in esophageal-specific DRG neurons.

Expression of mRNA for receptors and ion channels sensitive to acid

We investigated the expression of receptors and ion channels that are reported to be 

sensitive to acid near physiological pH (e.g. (10)). The expression of these targets was 
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evaluated using single cell RT-PCR on spinal DRG neurons retrogradely labeled from the 

guinea pig esophagus.

TRPV1—In total 56 DRG T1–T2 labeled neurons were analyzed. The majority of the 

esophagus-labeled neurons (48/56) expressed the C-fiber marker TRPV1. This was 

consistent with our electrophysiological studies showing that the vast majority of spinal 

afferent neurons innervating the esophagus are C-fibers that are responsive to capsaicin (see 

above).

ASICs—ASIC genes were frequently expressed in the spinal afferent neurons innervating 

the guinea pig esophagus. We evaluated 24 esophageal specific C-fiber (TRPV1 expressing) 

neurons for ASIC expression. ASIC1 and ASIC3 were found in 70–80% of neurons and 

ASIC2 was found in ~50% of the neurons (Fig. 2A). We noted that 23 out of 24 TRPV1-

positive neurons expressed at least one ASIC gene and 15/24 expressed a combination of at 

least 2 ASIC genes. Both ASIC1 splice variants (ASIC1a and ASIC1b) were expressed, but 

only one ASIC2 splice variant (ASIC2b) was expressed in these DRG neurons (Fig. 2A).

We have recently noted that although guinea pig vagal esophageal C-fibers extensively 

express ASIC3, ASIC3 is virtually absent in these nerves in the mouse (19). We therefore 

investigated ASIC3 expression in mouse DRG neurons retrogradely labeled from the 

esophagus. We found that the mouse DRG TRPV1-positive neurons innervating the 

esophagus did not express ASIC3 (0/10) (Fig. 3). ASIC3 was also rare in the TRPV1-

negative mouse esophageal DRG neurons (3/38). In these experiments we used validated 

mouse ASIC3 primers that provided reproducible detection of ASIC3 in the mouse neurons 

in our previous study (19), and we used the whole DRG RNA as a positive control (3/3 

positive).

PKD2L1 and TRPV4—These TRP channels were rarely expressed in TRPV1-positive 

DRG neurons innervating the guinea pig esophagus (1/16 and 1/16, respectively, Fig. 2B).

Proton-sensing GPCRs—Among this family of potential acid sensors only OGR1 was 

extensively expressed (27/32), while other proton-sensing GPSRs G2A, GPR4 and TDAG8 

were expressed relatively rarely in TRPV1-positive DRG neurons innervating the guinea pig 

esophagus (1/16, 4/24 and 4/24, respectively, Fig. 2B).

Two-pore-domain (K2P) potassium channels family members—Among this 

family of potential acid sensors, TASK1 was expressed in 75% of the neurons (24/32) while 

TASK3 and TALK1 were expressed rarely in TRPV1-positive DRG neurons innervating the 

guinea pig esophagus (3/24 and 1/16, respectively, Fig. 2C).

After initial experiments suggested that TASK1 and OGR1 are frequently expressed in 

esophageal DRG C-fibers, we evaluated their co-expression with ASICs in the same neurons 

(n=16) (Fig. 2A). Of these 16 neurons, 15 expressed ASICs, 12 expressed TASK1, and 13 

expressed OGR1. Among these 16 neurons, 7 expressed all 5 targets, and additional 6 

expressed at least 3 targets. Thus our expression data indicate that the majority of 
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esophageal DRG C-fibers in the guinea pig express multiple receptors and/or channels that 

are potentially involved in sensing acid.

DISCUSSION

Our electrophysiological studies revealed that esophageal DRG C-fiber nerve terminals are 

highly sensitive to acid in the guinea pig. Acid at pH=6.5 was sufficient to induce a 

significant activation of esophageal DRG C-fibers (Fig. 1B). The magnitude of mild acid 

(pH=6.0)-induced action potential discharge was >40% of the activation induced by near 

maximally effective concentration of capsaicin (0.1μM). The response to acid (pH=6.0) was 

not affected by inhibiting TRPV1 with the selective antagonist I-RTX (which abolished the 

response to capsaicin) (Fig 1D). These data demonstrate the presence of a robust TRPV1-

independent acid-sensing mechanism(s) in esophageal DRG C-fibers. Nonetheless, it is not 

possible to exclude the role for TRPV1 that may be redundant to TRPV1-independent 

mechanisms.

The pH in healthy esophageal mucosa is not significantly affected by a strong acid within 

the lumen (3). In the absence of direct measurement, the mucosal pH remains speculative in 

the conditions of reduced mucosal barrier function such as in patients with GERD. 

Nonetheless, if the concentration of acid in the mucosa was to change 10-fold from its 

normal values (i.e. from pH=7 to 6) a substantial increase in permeability to acid would be 

needed given the robust buffering capacity of extracellular fluid. Our electrophysiological 

data support the hypothesis that even mild acid such as this can lead to action potential 

discharge by a TRPV1-independent mechanism. It has been reported previously that a mild 

acid (around pH=6.0) is sufficient to evoke pain when infused into skin in humans (26, 27). 

Consistent with predictions from our experiments, the studies in humans also found only a 

minor role for TRPV1 in acid-induced pain in skin (28).

Characterizing precisely which of the large number of receptors and ion channels sensitive 

to acid are most important in acid-induced esophageal DRG C-fiber activation requires 

knowledge about what receptors and ion channels are expressed in these C-fibers. Obtaining 

such knowledge was the goal of the second part of our study. We found that esophageal 

DRG C-fibers express several receptors and ion channels highly sensitive to acid, namely 

ASICs, K2P potassium channel TASK1, and the proton-sensing GPCR OGR1. The majority 

(>75%) of DRG C-fibers expressed a combination of at least 3 of these receptors and ion 

channels.

ASIC channels were expressed in nearly all esophageal DRG C-fiber neurons (Fig. 2A). 

ASICs are excitatory cation channels formed by trimeric (homomeric or heteromeric) 

association of ASIC subunits (ASIC1a, ASIC1b, ASIC2a, ASIC2b, ASIC3 encoded by three 

ASIC genes)(29–32). The acid-sensing properties of ASICs such as the acid sensitivity (pH 

threshold) depend on the ASIC subunit composition (33). We found that esophageal DRG 

C-fiber neurons express ASIC1a, ASIC1b, ASIC2b, ASIC3 but not the ASIC2b subunit (see 

below). ASICs channels that can be formed by combinations of these 4 subunits are highly 

sensitive to acid (half-maximum pH activation pH50=6.5–6) (33). We noted that over 70% 

of esophageal DRG C-fiber neurons expressed ASIC3 (Fig. 1A, D). This is relevant because 
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ASIC3 is responsible for the sustained component of acid-induced currents in homo/

heteromultimeric ASIC channels (33). This sustained component is likely to contribute to 

sustained acid-induced action potential discharge such as that observed in C-fiber nerve 

terminals (Fig. 1A).

We have recently reported that in the vagal system the placodes-derived (vagal nodose) and 

the neural crest-derived (vagal jugular) esophageal C-fibers differ in the ASIC expression 

profile in that ASIC2a subunit is only expressed in the vagal placodes-derived nodose C-

fibers (19). In the present study we found that similarly to vagal jugular C-fibers, the 

esophageal DRG C-fibers (neural crest-derived) also lacked ASIC2a. This is consistent with 

our previous findings that the spinal DRG C-fibers are similar to vagal jugular esophageal 

C-fibers, but different from the placodes-derived vagal nodose C-fibers (reviewed in (34)).

ASIC channels may play a less important role in sensing esophageal acid by C-fibers in the 

mouse than in the guinea pig. We found that unlike guinea pig esophageal DRG C-fiber 

neurons, mouse esophageal DRG neurons did not express ASIC3 (Fig. 2A and 3). We have 

previously found the same difference between the guinea pig and mouse in vagal esophageal 

C-fibers (19). Others reported that ASIC currents in mouse sensory neurons are less 

frequent, smaller and less sensitive to acid than those in rat (35–37). In this respect the 

situation in the guinea pig appears to be more similar to the rat (present data and (19)). In 

any case, these data indicate that there are substantial differences in certain aspects of ASIC 

expression between the species. It is noteworthy that Harrington et al (38) reported a TRPV1 

component in the activation of spinal pathways (measured by pERK expression) induced by 

esophageal infusion of acid+pepsin. Whether the TRPV1 was activated by acid or indirectly 

by other mediators released due to the action of pepsin cannot be discerned from this study.

Two-pore-domain potassium (K2P) channels are constitutively open causing background 

potassium (leak) currents that stabilize resting membrane potential and counterbalance 

depolarization (39). Inhibition of K2P channels leads to membrane depolarization and 

initiation of action potentials. Of the K2P channels, TASK1, TASK3 and TALK1 can be 

inhibited by extracellular acid (12). We found that esophageal DRG C-fiber neurons 

expressed TASK1, but not TASK3 and TALK1. This is consistent with previous reports of 

TASK1 expression in DRG neurons and their preferential expression in the TRPV1-positive 

DRG neurons in the rat (40, 41). TASK1 is highly sensitive to acid and is nearly completely 

blocked at pH=6.5 (12, 42, 43). Our finding that TASK3 was rarely expressed in the C-fiber 

neurons is in agreement with the observation of the selective TASK3 expression in large 

diameter (putative A-fiber) TRPV1-negative DRG neurons (40, 41).

Proton-sensing GPCRs are highly sensitive to acid (activated at pH=6.4–6.8) and are 

expressed in DRG (44–47). We found that esophageal DRG C-fiber neurons expressed 

OGR1, but not other proton-sensing GPCRs. Our finding is in agreement with the report that 

OGR1 is preferentially expressed in the small- and medium-diameter neurons that were 

often TRPV1-positive and expressed C-fiber marker peripherin (45). OGR1 has been 

reported to couple to Gq/11 leading to activation of the phospholipase C (PLC)/Ca2+ 

signaling pathway(44). The activation of this pathway was reported to lead to nerve 

activation by multiple mechanisms including TRP channels(48).
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The expression data were obtain by single cell RT-PCR. This technique provides a distinct 

advantage for addressing the hypotheses in our study. Firstly, it allows for detection of 

multiple targets (up to 20) in individual neurons (e.g. simultaneous detection of receptors 

and ion channels from different families in the same neuron, Fig. 2). Secondly, because of 

the nature of PCR technique and a careful design of the primers (Tab. 1) PCR has high 

selectivity for differentiation of the targets with relatively high sequence homology such as 

ASIC splice variants or closely related K2P channels. Nevertheless, it must be emphasized 

that RT-PCR detects only mRNA, which may not necessarily reflect functional protein 

expression. However, previous studies have shown that the single cell RT-PCR results 

correlated well with the functional response for a number of receptors and ion channels 

including MrgA3 (17), the adenosine A1 and A2A receptors (13, 49), PAR1 receptors (50) 

and ion channels TRPV1, TRPA1, P2X2 and P2X3 (14, 51, 52), or with 

immunohistochemical detection of protein GFRα3 (53). In our previous studies by using 

single cell RT-PCR we also observed segregation of markers between placodes-derived 

(P2X2 and TrkB) and neural crest-derived (TrkA, PPT-A and GFRα3) TRPV1-positive 

neurons innervating the mouse esophagus (18). Thus while caution is required, the single 

cell RT-PCR results correlated well with the protein expression or function in previous 

studies.

Considered together with our previous study (19), the present data suggest the conclusion 

that modest acidification of the esophageal mucosa can lead to activation of both spinal and 

vagal C-fibers, and that this likely involves complex TRPV1-independent mechanisms. It is 

not possible from current data to determine the contribution of specific channels to acid-

induced action potential discharge, but the most likely candidates include ASIC3 and 

AISC1, TASK1, and ORG1. As the figure 2A illustrates the vast majority of esophageal C-

fiber neurons expressed mRNA for a combination of these acid sensing channels and 

receptors.

Regrettably, potent and selective inhibitors of these acid sensing targets are presently 

unavailable. In preliminary studies we found the ASIC blocker diminazene (54) inhibited 

acid-induced action potential discharge in the C-fibers, but only at a concentration (100 μM) 

that also inhibited the capsaicin-induced responses and induced mechanical and electrical 

desensitization in some C-fibers indicating non-selective inhibitory effects (data not shown). 

Another ASIC blocker amiloride does not inhibit sustained currents mediated by ASIC3 

(55), and amiloride analogues inhibit voltage-gated sodium channels responsible for action 

potential formation in guinea pig nerve fibers (56). Some ASIC subunits can be modulated 

by certain toxins from venoms (31), however, these tools were not available for our studies. 

Pharmacological agonist and antagonists that specifically target TASK1 and ORG1 are 

currently, to our best knowledge, unavailable. Inhibition of highly sensitive esophageal acid-

sensing mechanisms may be an alternative or additive approach to acid suppression therapy 

in the treatment of GERD. Our results present the caveat however, that such a strategy may 

not yield to a single antagonist, but may require a combination approach.
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KEY MESSAGE

• Because of the esophageal mucosal barrier, the acidity at the nerve terminals of 

esophageal pain-mediating C-fibers is predicted to be relatively mild compared 

to acidic gastroesophageal reflux.

• We evaluated the response to mild acid by single fiber recordings and the 

expression of mRNA for acid-sensitive receptors and ion channels by single cell 

RT-PCR in the guinea pig esophageal DRG C-fibers.

• Guinea pig esophageal DRG C-fibers are activated by mild acid via a TRPV1-

independent mechanism, and express mRNA for several receptors and ion 

channels highly sensitive to acid (ASICs, TASK1 and OGR1).
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Figure 1. Mild acid stimulates esophageal DRG C-fibers by a mechanism independent of TRPV1
(A) Examples of electrophysiological traces of baseline activity and the response to modest 

acid (pH=6.0). (B) pH-dependency of the activation of esophageal DRG C-fibers by acid. 

(C) The response to mild acid (pH=6) was not inhibited by pretreatment with the TRPV1 

receptor selective antagonist I-RTX (1μM) although I-RTX nearly abolished the response to 

capsaicin in the same experiment (vehicle n=7, I-RTX n=5). *P<0.05.
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Figure 2. Spinal DRG C-fiber (TRPV1-positive) neurons innervating the esophagus express 
multiple receptors and ion channels highly sensitive to acid
Individual TRPV1-positive DRG neurons labeled from the esophagus are numbered. −, 

negative control, +, positive control. (A) Expression of ASICs. ASIC1a and ASIC1b were 

evaluated in ASIC1-positive neurons, and the ASIC2a and ASIC2b in ASIC2-positive 

neurons. OGR1 and TASK1 were also evaluated in the same neurons (see text). (B) 

Expression of selected TRP channels (PKD2L1 and TRPV4) and the proton-sensing 

GPCRs. (C) Expression of selected two pore domain (K2P) potassium channels. (D) 

Summary of expression results. The number of neurons positive for indicated target relative 

to the total number of neurons evaluated for that target is denoted as a fraction in parenthesis 

for each target. § The product sizes expected for ASIC1a, ASIC1b, ASIC2a and ASIC2b 

were 376, 240, 293 and 260 bp, respectively.
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Figure 3. Mouse spinal DRG C-fiber (TRPV1-positive) neurons innervating the esophagus do 
not express ASIC3
In control experiments in our previous study ASIC3 was reproducibly detected in a subset of 

mouse vagal TRPV1-negative neurons (Fig. 5 in (19)).
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