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ABSTRACT 
 
Capsaicin-sensitive nerves mediate axon vasodilator reflexes in the intestine but the ion 

channels underlying action potential (AP) propagation are poorly understood. To 

examine the role of voltage gated Na+ channels underlying these reflexes, we measured 

vasomotor and electrophysiological responses elicited by capsaicin in guinea pig and 

mouse dorsal root ganglia neurons, submucosal arterioles and mesenteric arteries in vitro.  

TRPV1 agonists dilated guinea pig ileal submucosal arterioles and were blocked by 

capsazepine and ruthenium red.  In double chamber baths, capsaicin-evoked activation of 

TRPV1 on proximal perivascular nerves in the left chamber evoked dilations of the distal 

segment of the submucosal arteriole in the right chamber.  Dilations were TTX (1 µM) 

resistant but reducing extracellular Na+ (10% solution) or applying the Nav 1.8 antagonist 

A-803467 (1 µM) in the proximal chamber blocked capsaicin-evoked dilations in the 

distal chamber (88%; P = 0.01 and 75%, P<0.02 respectively).  In mouse mesenteric 

arteries, electrical field stimulation and capsaicin (2 µM) evoked dilations which were 

also TTX-resistant.  In perforated patch clamp recordings, action potentials in mouse and 

guinea pig capsaicin-sensitive DRG neurons were TTX-resistant but blocked by 10% 

extracellular Na+.  When capsaicin-evoked AP conduction was studied in in vitro ileal 

multi-unit afferent nerve preparations, capsaicin responses were elicited in the presence 

of TTX whereas distention-evoked responses were almost completely blocked by TTX.  

Together, these data provide evidence for TTX-resistant AP conduction in extrinsic 
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sensory neurons that innervate guinea pig and mouse intestine, and suggest this neural 

propagation is sufficient to mediate axon reflexes in the intestine.     

 

 

INTRODUCTION 

 Capsaicin-sensitive extrinsic sensory nerves perform important afferent and 

efferent roles in multiple organs, including the intestine (Holzer, 2006;Holzer, 

2008;Geppetti and Trevisani, 2004;Khairatkar-Joshi and Szallasi, 2009).  The effector 

action results from the release of neuropeptides from axon collaterals (Holzer, 

2007;Khairatkar-Joshi and Szallasi, 2009) which in turn stimulates a number of motor 

systems in the intestine, such as motility, secretion and blood flow, and can also activate 

the immune system. The mechanisms underlying neuropeptide excitation–release 

coupling are unclear, but several models have been proposed.  Depolarization may be 

restricted to nerve terminals, with neuropeptide release confined to that site (Bevan and 

Geppetti, 1994;Maggi and Meli, 1988;Khairatkar-Joshi and Szallasi, 2009).  

Alternatively neuropeptides may be released following neural propagation from the 

initiation to release sites through “axon reflexes” (Khairatkar-Joshi and Szallasi, 

2009;Holzer, 1991).  Several studies suggest that these actions may be mediated, at least 

in part, by tetrodotoxin (TTX)-insensitive neural propagation (Szolcsanyi, 1988; Vanner 

and Bolton, 1996). Determining which of these mechanisms underlies capsaicin-evoked 

responses, and the properties underlying neural propagation in axon reflexes, is 

fundamentally important to a better understanding of the effector role of these nerves in 

physiological and pathophysiological studies.  
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       The excitatory actions of capsaicin are due to the selective activation of transient 

receptor potential vanilloid 1 (TRPV1)  cationic channels (Holzer, 2008;Khairatkar-Joshi 

and Szallasi, 2009;Caterina, et al., 1997).  TRPV1 receptors are found on peripheral 

axons of capsaicin–sensitive nerves (Khairatkar-Joshi and Szallasi, 2009), including 

those in the wall of the intestine (Holzer, 2008;Vanner, 1993). Autoradiographic studies 

suggest these receptors are located along the entire length of the axon (Szallasi, 1995).  

However, little is known about the effects of activation of these receptors and the neural 

mechanism(s) which underlie their actions. 

         Studies of the ionic conductance underlying action potentials in capsaicin-sensitive 

peptidergic dorsal root ganglia (DRG) neurons innervating the viscera have been largely 

confined to the cell body (Dib-Hajj, et al., 2009;Rush, et al., 2007), and have 

demonstrated that the somatic action potential is TTX-resistant.  Molecular studies using 

laser-capture microdissected intestinal DRG neurons have confirmed the presence of Nav 

1.8 transcript in the soma (King, et al., 2009), however, it remains controversial as to 

whether these channels can sustain neural transmission in peripheral axons (Pinto, et al., 

2008).   Moreover, little is known about the role of these channels in nerve terminals 

within the target organ, such as the intestine, where the efferent function occurs.  

Therefore, in the present study we sought to confirm if neural transmission in the distal 

axons of DRG neurons underlying vasodilator axon reflexes in the intestine involved 

TTX-resistant mechanisms and, if so, to identify the major ion conductance underlying 

this neural propagation.  We found conclusive evidence for such a pathway and used in 

vitro vasodilator measurement techniques and electrophysiological techniques to examine 

if TTX-resistant Na+ channels are involved.  
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    METHODS 
 
 The methods were approved by the Animal Care Committee at Queen’s 

University and conform to the Guidelines of the Canadian Council of Animal Care.  In 

vitro studies were conducted on guinea pigs (150 - 225g) and CD1 mice (20 - 25 g) 

obtained from Charles River, Montreal, QC, Canada. Guinea pigs and mice were 

anesthetized by isoflurane inhalation and euthanized by cervical transection. 

 

Videomicroscopy of guinea pig submucosal arteriole dilation  

 After euthanasia, a midline laparatomy was performed and the distal ileum 

removed. Submucosal preparations were dissected, as previously described (Vanner, 

1993).  Briefly, the ileum was opened along the anti-mesenteric border and pinned flat in 

a Sylgard-lined Petri dish (Dow-Corning, Midland, MI) containing Krebs physiological 

saline solution. The mucosa was removed and the submucosa dissected free of the 

underlying muscle layers. The preparations were pinned in a small organ bath (3-4 ml). In 

double chamber preparations, a small plexiglass divider was placed between the proximal 

and distal portion of the parent submucosal arteriole and sealed with a silicone gel, as 

previously described (Vanner and Bolton, 1996).  Organ bath chambers were 

continuously perfused with Krebs physiological saline solution (in mM: 126 NaCl, 2.5 

NaH2PO4, 1.2 MgCl2, 2.5 CaCl2, 5 KCl, 25 NaHCO3, and 11 glucose) gassed with 95% 

O2 - 5% CO2 at 35 - 36 °C. In some experiments, a modified extracellular solution was 

used containing 10% of the normal Na+ (in mM: 14.4 NaCl, 129.6 NMDGCl, 4.7 KCl, 

1.17 MgSO4, 25 HEPES, 1.18 KH2PO4, 0.027 EDTA, 5.5 glucose; pH was adjusted to 

7.4 with CsOH). 
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 The outside diameter of submucosal arterioles was continuously monitored using 

a computer-assisted videomicroscopy system (Diamtrak), as previously described (Neild, 

et al., 1990).  Briefly, a video-capture card in a PC was used to digitize television images 

of the arteriole. This was converted to an analog signal and stored on a chart recorder. 

The resolution of the system was < 1 μm.  To enable vasodilator responses to be 

measured, vessels were pre-constricted in the recording chamber with 9, 11-dideoxy-11α 

9α –epoxy-methanoprostaglandin F2α  (PGF2α; 300 nM) to ~ 90% of maximum 

constriction (total occlusion of the blood vessel lumen).  The magnitude of the dilator 

response was expressed as a percentage of the potential maximum dilation, defined in 

previous experiments to be ~ 85% of the preconstruction from the resting diameter (Neild, 

et al., 1990).  All drugs were added to the bath by superfusion.  

  

Wire myography of mouse mesenteric arteries 

Following euthanasia, a laparotomy was performed to expose the mesenteric 

vascular bed. The jejunum, along with its surrounding vasculature, was removed and 

placed in ice-cold physiological saline solution (PSS) gassed with 5% CO2 in O2 to 

maintain pH at 7.4 (in mM: 119 NaCl, 4.7 KCl, 2.5 CaCl2, 1.17 MgSO4, 25 NaHCO3, 

1.18 KH2PO4, 0.027 EDTA, 5.5 glucose). The excised intestine segment was placed in a 

Sylgard-coated Petri dish filled with physiological saline solution and pinned so that the 

mesenteric bed lay flat and the target arteries could be dissected out. The overlying veins 

were removed, and the surrounding connective and adipose tissue was dissected away 

from the target arteries. Artery segments (length 1.5-2 mm) were mounted on 40 μm 

tungsten wire in myograph chambers (610M, Danish Myotechnology, Aarhus, Denmark) 
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which contained carbogenated physiological saline solution maintained at 37 oC.  In some 

experiments, a modified extracellular solution containing 10% normal Na+ was used, as 

described above. After a 30 min equilibration, arteries were normalized to an internal 

circumference equivalent to 90% of that of the blood vessel under a transmural pressure 

of 100 mmHg (Mulvany and Halpern, 1977). Vessels were left to equilibrate for 

approximately one hour before begining experimentation.  

Neurotransmitter release from peri-vascular nerves was evoked by electrical field 

stimulation (EFS) using platinum electrodes connected to a Grass (Brossard, QC, Canada) 

SD9 stimulator (10 Hz for 10 seconds, 0.5 ms pulse width).  Sympathetic 

vasoconstrictions were measured in vessels at rest (i.e. not constricted) and expressed as a 

percentage of the amplitude of vasoconstriction in response to 100 nM prostaglandin F2α.  

Vasodilations due to release of neuropeptides from the nerve terminals of extrinsic 

afferent neurons were measured following preconstriction with prostaglandin F2α and 

the amplitude of dilation was expressed as a percentage of the constriction to 

prostaglandin F2α.     

 
Multi-unit extracellular recordings from ileal afferents 
 

Experiments were performed on guinea pig ileum, dissected with attached 

mesenteric tissue from euthanized animals.  The preparation was placed in a Sylgard-

lined organ chamber which was continually perfused with oxygenated Krebs solution (in 

mM: NaCl 118.4; NaHCO3 24.9; CaCl2 1.9; MgSO4.7H2O 1.2; KH2PO4 1.2 and D-

glucose 11.7) at a flow rate of ∼ 6-7 mL/min and maintained at 33-34 °C.  Proximal and 

distal ends of the bowel were securely attached to an input and outlet port. The input port 

was connected to a perfusion syringe pump, which allowed continuous intraluminal 
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perfusion of Krebs solution through the segments (0.2 ml/min) or periodic distension 

when closed. Intraluminal pressure was recorded via a pressure amplifier (NL 108, by 

Digitimer, Welwyn Garden City, UK) connected in parallel with the input port. The 

mesenteric bundle was pinned to the base of the chamber, a mesenteric nerve was 

dissected from the bundle and drawn into a suction electrode.  The electrical activity was 

recorded by a Neurolog system (also by Digitimer) bandpass filtered 0.2 – 3 kHz and 

acquired at 20 kHz sampling rate to a PC through a Micro 1401 MKII interface running 

Spike 2 software (CED, Cambridge, UK). 

The preparation was stabilized for 60 min and was distended to an intraluminal 

pressure of 60 mmHg by closing the outlet port. This procedure was repeated at 10 min 

intervals to test the viability of the preparation and the reproducibility of the afferent 

response to distension. 

 

Perforated patch clamp recordings  

 The vertebral column was removed and DRG from thoracic vertebra T9 to T13 

were isolated bilaterally and placed into ice-cold HBSS. DRG were then dissociated as 

described previously (Moore et al, 2002), using a sequential treatment with papain (69 U 

/ 1.5 ml) and collagenase / dispase (12 mg and 14 mg / 3 ml) for 10 min/37 ºC each. 

Ganglia were triturated gently through a flame-polished Pasteur pipette and neurons were 

placed onto round cover slips (precoated with sterile 20 µg/ml laminin plus 2 mg/ml 

poly-D-lysine) in F12 medium, containing 10% fetal calf serum, penicillin (100 U/mL), 

streptomycin (100 µg/mL), nerve growth factor (NGF) 100 ng/ml and maintained at 37 
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ºC in a humidified atmosphere of 5% CO2 until they were used for electrophysiological 

experiments. 

 Electrophysiological experiments were conducted on small neurons (<40 pF).. 

Neurons were recorded using Amphotericin B perforated patch clamp. Patch pipettes 

were made with a final resistance of 2-5 MΩ. Currents were amplified with a Multiclamp 

700B amplifier, and digitized by a Digidata 1440A AD converter (both by Molecular 

Devices, Sunnyvale, CA, USA). Pipette solution (mM): K-Gluconate 110, KCl 30, 

HEPES 10, MgCl2 1, and CaCl2 2, pH to 7.25 with KOH. External solution (mM): NaCl 

100, KCl 5, HEPES 10, glucose 10, MgCl2 1, and CaCl2 2, pH to 7.4 with NaOH. 

Experiments conducted in 10% sodium were made by lowering the NaCl concentration to 

the desired percentage and substituting it with N-Methyl-D-Glucamine (pH corrected 

with HCl). 

 Experiments were performed at room temperature (~23 °C). Only one cell was 

recorded from each cover-slip to prevent TRPV1 desensitisation by prior capsaicin 

exposure.  

 

Drugs  

 All chemicals were obtained from Sigma-Aldrich (Oakville, Ontario, Canada) 

unless otherwise stated. HBSS and F12 medium were purchased from Invitrogen 

(Carlsbad, CA, USA).  Poly-D-lysine was purchased from VWR Scientific (Montreal, 

QC, Canada). Papain was purchased from Worthington Biochemicals (Lakewood, NJ, 

USA). A-803467 was obtained from Tocris (Ellisville, MO, USA). 
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Statistical Analysis 

 Population data were expressed as mean ± SEM.  Statistical analysis was carried 

out in Graphpad Prism using paired, unpaired t-tests, 2 way ANOVA and the Mann 

Whitney U test for non-parametric data.  The significance was set at p < 0.05. Dose-

response curves were fit using the function y = ymin + (ymax-ymin)/(1+10^((LogEC50-

x)*HillSlope)). 
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RESULTS 
 
 

Activation of TRPV1 receptors on perivascular capsaicin-sensitive nerves in guinea 

pig ileum 

General Properties. The resting outside diameter of guinea pig ileal submucosal 

arterioles at the recording site ranged from 43 - 84 µm (n = 68). In experiments where 

double chamber experiments were performed (see Figure 3) the integrity of the chemical 

isolation between the chambers was established by superfusing trypan blue into the 

capsaicin stimulating chamber and ensuring that leakage did not occur between the 

chambers.   Only those experiments where leakage between the chambers did not occur 

were included for analysis.  Our previous studies (Vanner and Bolton, 1996) employed 

selective surgical denervation techniques to demonstrate that dilations observed in 

response to capsaicin stimulation were mediated by capsaicin-sensitive extrinsic afferent 

nerves.  

 

Activation of TRPV1 receptors on peripheral nerve terminals.  In single bath chamber 

experiments, superfusion of capsaicin (20 nM - 2 µM) evoked dose-dependent dilations 

of guinea pig submucosal arterioles (Figure 1), as previously described (Vanner 1993).  

In separate preparations, superfusion of resiniferatoxin (60 pM - 2 µM) also evoked dose-

dependent dilations (Figure 1).  Dilations completely desensitized during a 2 min 

superfusion period, as previously described with capsaicin (Vanner, 1993) and following 

a 20 min washout, reapplication of resiniferatoxin had no effect (n = 4).  Therefore, only 

single applications of resiniferatoxin were applied in each preparation.  Resiniferatoxin 
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evoked dilations of similar amplitude compared to capsaicin-evoked dilations but its 

potency was ~100 fold increased compared to capsaicin (EC50 = 280 pM vs. 32 nM, 

respectively, p < 0.0001 by 2 way ANOVA, n = 4 or more, one animal for each 

preparation).  

     Cross-desensitization by the TRPV1 agonists was examined in a single chamber bath 

(data not shown). Superfusion of capsaicin (600 nM) evoked typical dilations.   

Following a 10 min washout period, resiniferatoxin (2 nM; n=4) was superfused in the 

same preparation  and no dilation was observed. In a similar series of experiments, 

superfusion of resiniferatoxin (2 nM; n=4) evoked typical dilations but subsequent 

application of capsaicin (600 nM) had no effect. 

 

Effect of TRPV1 antagonists ruthenium red and capsazepine.   When capsaicin (600 nM) 

was applied in the presence of capsazepine (10 µM; n = 5) dilations were not observed 

(Figure 2).  After a 10 min washout of capsazepine, capsaicin evoked dilations were 

observed (mean = 65.0 ± 10.2%). Superfusion of resiniferatoxin (2 nM) also did not 

evoke responses in the recording chamber in the presence of capsazepine (3 µM; n = 4).   

In contrast to capsaicin responses, resiniferatoxin failed to elicit dilations following 

washout of capsazepine in three of the four preparations (Figure 2).  A small dilation was 

observed in one preparation (21% dilation).  

     The effect of ruthenium red (10 µM) on the capsaicin and resiniferatoxin evoked 

dilations was also studied.  Dilations evoked by capsaicin (2 µM; n=6) were completely 

blocked in 4 of 6 preparations (mean dilation = 15%).  Following a 10 min washout of 

ruthenium red, re-application of capsaicin evoked a typical dilation (mean = 63 ± 9.0%).  
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Dilations evoked by resiniferatoxin (2 nM) were also markedly reduced in the presence 

of ruthenium red (10 µM) (mean dilation = 3.5 ± 3.5 %; n = 6).  Following a 10 min 

washout period, resiniferatoxin (2 nM) alone was re-applied but had no effect.  To 

provide a positive control in these studies, the effects of resiniferatoxin (2 nM) alone 

were studied in separate preparations and typical dilations were observed (mean dilation 

= 61.5 ± 9.2%; n=6).   

 

Ionic mechanism underlying TRPV1 evoked neural propagation 

TTX sensitivity.  Our previous studies in guinea pig ileum (Vanner 1996) suggested that 

neural propagation underlying axon reflexes in capsaicin-sensitive nerves may involve 

TTX-resistant action potentials but this was not examined in a systematic fashion. 

Therefore, in the current study we examined whether neural propagation from the 

stimulating to recording chamber involved TTX-sensitive and/or resistant components by 

studying paired preparations from the same animal (Figure 3A). One preparation was 

superfused with capsaicin (600 nM) in the stimulating chamber and the other preparation 

was superfused with capsaicin (600 nM) in the presence of TTX (1 µM) in the 

stimulating chamber.  TTX had no significant effect on the capsaicin-evoked dilations (n 

= 7 paired preparations) compared to those evoked by capsaicin alone suggesting that 

neural propagation occurs by mechanisms independent of  TTX - sensitive Na+ channels.   

 In mouse mesenteric vessels, electrical field stimulation evoked large transient 

constrictions of mesenteric arteries.  Incubation of artery segments with 1 μM TTX 

abolished constrictions to EFS (Figure 3C, n = 10 arteries from 5 mice, P > 0.001, paired 
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t-test).  However, in the same arteries, EFS-evoked vasodilations of pre-constricted 

arteries were resistant to TTX (P = 0.25, paired t-test). 

 Afferent Nerve Recording 

To further examine TTX-resistant nerve conduction in distal axons of capsaicin-sensitive 

sensory afferents innervating the guinea pig intestine, multi-unit afferent recordings were 

obtained from peri-vascular nerves.  These multi-unit recordings exhibited baseline 

activity that was markedly increased by luminal distention (Figure 4C & D) and 

application of capsaicin (2 µM) to the bath (Fig.  4A & B). When TTX (1 µM) was 

superfused, basal activity was markedly reduced (p = 0.002 by Mann Whitney U test, n = 

6 preparations from 6 animals). Luminal distention also elicited responses in the presence 

of TTX but these were markedly reduced compared to controls, suggesting that the 

majority of responses were mediated by TTX-sensitive nerves. However, stimulation 

with capsaicin (2 µM) in the presence of TTX still elicited robust action potential 

discharge (Fig. 4), although this discharge occurred later during the superfusion of 

capsaicin than those elicited without TTX (see Fig. 4A). This delay may reflect 

differences in the voltage-dependence of activation of slow TTX resistant Na+ currents 

compared to fast TTX sensitive Na+ currents (Beyak et al., 2004). 

  

Role of Na+ channels in neural propagation. To examine the role of Na+ in action 

potential electrogenesis of capsaicin-sensitive nerves,  the effect of TTX and reduced Na+ 

concentration in the external solutions was studied using perforated patch clamp 

recordings (Fig. 5).  Results were confined to recordings from small neurons (< 40 pF) 

which were depolarized by 2 μM capsaicin, properties typical of peptidergic C fiber 
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nociceptors (n = 5).  Ninety seven percent (34 out of 35) of small guinea pig DRG 

neurons exhibited TTX- resistant action potentials (Fig. 5) and the characteristic “hump” 

on its falling phase.  In a 10% Na+ solution, only a small pre-potential was evident at the 

rheobase. This potential increased in amplitude at two and three times the rheobase but 

did not elicit an action potential (Fig. 5A), presumably representing the activation of 

voltage-gated calcium channels. 

The effect of the reduced Na+ concentration was studied in parallel on the 

capsaicin-evoked vasodilator responses in the guinea pig ileum double bath preparations 

to determine if the capsaicin-evoked neural propagation between the two chambers was 

mediated by TTX-insensitive Na+ channels (Nav 1.8). Capsaicin (2 µM, n = 5 paired 

preparations from 5 animals) superfused into the stimulating chamber evoked typical 

vasodilations in the recording chamber but when applied in the presence of the 10% Na+ 

solution in the stimulation chamber, capsaicin-evoked dilations were almost completely 

abolished (Figure 5B; p = 0.0097, Mann Whitney U test).  

 

Role of Na+ ions in capsaicin – evoked depolarization.   

The effect of low Na+ could be due to two possible effects: blocking 

depolarisation response to capsaicin or blocking voltage-dependent Na+ channels. We 

used patch clamp recordings to examine whether capsaicin still depolarised neurons in 

low Na+. Capsaicin (2 μM) evoked large depolarizations and action potential discharge 

with control solutions (guinea pig neurons mean depolarization = 13.8 ± 6.6 mV, n=4 

from 4 animals and mouse DRG neuron mean depolarization = 21.6 ± 5.0 mV, n=6 from 

2 mice; see Fig. 6). Re-application of capsaicin in 10% Na+ still evoked large 
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depolarizations (mouse DRG neuron mean depolarization = 9.3 ± 4.0 mV and guinea pig 

DRG neurons mean depolarization = 10.3 ±5.8 mV, n values and animal numbers as 

above).  The lack of obvious desensitization to repeat capsaicin is likely due to the use of 

a fast flow system (see methods) compared to the standard superfusion system in the 

vasodilation experiments described above. These data suggest that capsaicin can still 

cause depolarisation in the lowered sodium conditions used. To determine if this 

depolarization was sufficient to evoke neurotransmitter release from nerve terminals 

when capsaicin was directly applied, we studied the effects of 10% Na+ on capsaicin - 

evoked dilations on the mouse mesenteric arteries.  Capsaicin-evoked dilations in 10% 

Na+ were not significantly different from those obtained in control solutions (n = 8 

vessels, from four mice, for each treatment; p = 0.235 Mann Whitney U test).  

 To further examine the role for TTX-resistant voltage gated Na+ channels we 

studied the effect of the Nav 1.8 channel blocker, A-803467 (Jarvis et al., 2007) (Fig. 7).  

Perforated patch clamp recordings were obtained from Fast Blue labeled mouse and 

guinea pig intestinal DRG neurons.  Action potentials were elicited by intracellular pulses 

(100 ms duration, 10 pA pulses increasing to a maximum of twice the rheobase) in the 

presence of TTX (1 μM).  Following a 3 min perfusion of A-803467 (1 μM), action 

potentials were blocked in 44% of guinea pig neurons (4/9) and 64% of mouse neurons 

(7/11). The effect of A-803467 was also tested on capsaicin-evoked depolarizations (Fig. 

7B).  Action potentials elicited by a brief capsaicin (2 μM) application were blocked by 

A-803467 in 5/6 mouse neurons (from 4 mice) and 3/4 guinea pig neurons (from 3 guinea 

pigs) and the amplitude reduced in the remainder. Capsaicin-evoked depolarizations were 

not affected by A-803467.  To directly test the effects of A-803467 on capsaicin-evoked 
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dilations, studies were conducted using the guinea pig submucosal preparation in the 

double chamber bath (see Fig. 3A).  Mean submucosal arteriolar dilations evoked by 

capsaicin (2 μM) applied in the left chamber peak and recorded in the right chamber were 

reduced by 75% in the presence of A-803467 (1 μM) and TTX (1 μM) compared to 

capsaicin alone (p<0.02; n = 5 preparations in each group).    
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DISCUSSION 
 
            The release of neuropeptides from terminals of capsaicin-sensitive afferent nerves 

has been shown to have an important effect on a number of gut functions, including blood 

flow, vascular permeability, secretion, motility and the immune system (Holzer, 

2008;Bartho, et al., 2008;Holzer, 2006;Szallasi, 1995;Khairatkar-Joshi and Szallasi, 

2009).  There is growing evidence that these actions can involve local “axon reflexes” 

within the distal axons of extrinsic afferent nerves,  which implies that neural propogation 

underlies this effector signaling. However, there is little known about the mechanisms 

involved.  In the current study we have shown that activation of TRPV1 channels on 

distal axons of extrinsic sensory nerves innervating the intestine of the guinea pig can 

release vasodilator neurotransmitter(s) at remote sites from the stimulus.  This axon 

reflex was resistant to TTX but blocked by low Na+ solutions, suggesting TTX - resistant 

voltage-gated Na+ channels underlie this action. 

          The selective actions of vanilloid compounds including capsaicin and the more 

potent agonist resiniferatoxin are mediated by TRPV1 (Khairatkar-Joshi and Szallasi, 

2009;Holzer, 2004;Khairatkar-Joshi and Szallasi, 2009).  These non-selective cation 

channels have a high permeability for Ca2+ and sustained signaling leads to a reduction in 

the effector function of the neuron.  We found that application of capsaicin and 

resiniferatoxin to guinea pig and mouse perivascular nerves evoked vasodilations which 

rapidly desensitized.  In the guinea pig, we found that stimulation of the receptors by 

capsaicin and resiniferatoxin was blocked by TRPV1 antagonists, capsazepine and 

ruthenium red, further supporting their selective actions.  We also found, as we had 

previously described (Vanner and Bolton, 1996) that stimulation with capsaicin, at a site 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on May 3, 2010 as DOI: 10.1124/jpet.110.165969

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #165969 

 20

remote and isolated by a dividing chamber from the recording site, evoked vasodilator 

responses.  These actions could not be re-produced with exogenous application of the 

putative neurotransmitter substance P (Vanner and Bolton, 1996) into the stimulating 

chamber, thereby excluding electrotonic coupling as the mechanism underlying the 

signaling between the two chambers.  Taken together, these studies show that functional 

TRPV1 receptors exist on distal axons and their activation evokes action potentials 

resulting in vasodilatory neurotransmitter release.    

         Our studies suggest that the neural propagation initiated by activation of TRPV1 in 

these visceral extrinsic afferent nerves is not sensitive to TTX but is dependent on Na+ 

currents.  We found in both the guinea pig and mouse that vasodilator responses evoked 

by capsaicin, as well as EFS in the mouse,  were not blocked by TTX 1 µM.  Furthermore, 

capsaicin-evoked vasodilator responses in guinea pig ileum were blocked by low Na+ 

solutions and were markedly inhibited by the Nav 1.8 antagonist, A-803467 (Jarvis et al., 

2007), directly implicating TTX-resistant Nav 1.8 channels.  It is thought unlikely that 

low Na+ solution would inhibit the depolarization due to opening of the TRPV1 channel 

(Holzer, 1991).  We also tested this possibility directly using perforated patch clamp 

recordings from the cell bodies of capsaicin-sensitive DRG neurons.  We found that low 

Na+ blocked TTX-resistant action potentials and the Nav 1.8 antagonist A-893467 

blocked a significant proportion, but application of capsaicin still evoked large 

depolarizations in the presence of combined TTX and low Na+ solution or A-893467.   

Furthermore, in our studies of mouse mesenteric arterioles (see Figure 6B) we found that 

low Na+ solution did not block capsaicin-evoked dilations.   Recent studies of somatic 

extrinsic afferent nerves have provided important insights into the relative role of TTX- 
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sensitive and insensitive Na+ channels in axonal neurotransmission (Pinto, et al., 

2008;Zimmermann, et al., 2007).   In these studies axonal neurotransmission in Aδ and C 

fibers evoked by electrical stimulation was dominated by TTX - sensitive Na+ channels at 

physiological temperatures.  TTX- resistant channels did not support propagation of full-

amplitude APs which could trigger synaptic release in the spinal cord (Pinto, et al., 2008).  

These studies have also suggested that these channels, at least in the somatic nervous 

system, are only physiologically relevant at low temperatures.   In contrast, our study 

examines the efferent actions of these nerves in a visceral organ.  In this setting, our 

findings suggest that visceral nerves have sufficient density of TTX-resistant Na+ 

channels to support the local axonal propagation of APs sufficient to evoke release of 

neurotransmitter within the intestine.   

                   It is unclear at present whether the subpopulation of capsaicin-sensitive 

nerves which subserve the efferent function of these nerves, e.g. vasodilator nerves, 

represent the same population of capsaicin-sensitive extrinsic afferent nerves underlying 

nociceptive signaling in the intestine. We examined whether afferent nerve recordings 

from the ileum were able to generate TTX-resistant APs and found that capsaicin- evoked 

responses, while reduced, still exhibited robust action potential discharge. In contrast, 

distention induced responses were almost completely blocked by TTX suggesting these 

mechanical responses were mediated by extrinsic afferent nerves dominated by TTX-

sensitive Na+ channels.  These latter findings are similar to those reported by others in the 

mouse and rat somatic nerves (Yoshida and Matsuda, 1979;Villiere and McLachlan, 

1996).  It is possible that capsaicin activates a subpopulation of nerves with sufficient 

density of  TTX-resistant Na+  channels to support neural propagation, at least in distal 
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nerves over short distances, and/or that neural propagation in visceral nerves differs from 

that observed in somatic nerves.  

           In summary, the results of this study demonstrate that activation of TRPV1 on 

intestinal extrinsic afferent neurons initiates TTX-resistant neural propagation with 

ensuing neurotransmitter release and resulting vasodilation.  Previous 

electrophysiological and immunohistochemical studies suggest that Nav 1.8 channels are 

present in the soma and axons of these neurons and may underlie the TTX-resistant 

neural propagation and the effect of the A-803467 antagonist observed in the present 

study support these conclusions (Rush, et al., 2005;Rush, et al., 2007;King, et al., 2009).  

Our findings differ from other studies of neural propagation DRG axons in the somatic 

nervous system where these channels appear to be predominantly active during 

hypothermia.  These differences may reflect the relative evolutionary survival advantages 

of hypothermia signaling in the skin vs. the viscera and/or differences in efferent as 

apposed to afferent actions of the nerve terminals in the end organ.  These voltage-gated 

Na+ channels are highly regulated during inflammation (Beyak, et al., 2004;Stewart, et al., 

2003), including colitis and ileitis, either by phosphorylation of existing channels and/or 

increased expression of channels in the membrane (King, et al., 2009).  These events 

have been documented through studies of the cell bodies of the extrinsic sensory afferents 

and it will be important to determine if similar changes occur in their axon terminals, 

resulting in increased local axon reflexes in the intestine.  The findings of this study also 

highlight that using Nav 1.8 antagonists, such as A-803467, for the treatment of clinical 

pain syndromes may also disrupt peptidergic axon reflexes within the intestine and 

possibly other organs. Depending on the clinical setting, current data suggest this might 
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be detrimental if they are involved in protective actions, such as mucosal protection, or 

advantageous, if they are stimulating pro-inflammatory responses (Holzer, 2006). 
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LEGENDS FOR FIGURES 
 
Figure 1.  Concentration - vasodilation effect of TRPV1 agonists on guinea pig 

submucosal arterioles.  A. Representative traces from different preparations showing 

dilations in response to superfusion of resiniferatoxin 200 pM - 6 nM and capsaicin 6 nM 

and 2 μM for duration indicated by the black bars.  Resting outside diameters range from 

56 to 82 μm.  All vessels were preconstricted with PGF2α (300 nM) prior to application 

of TRPV1 agonist (not shown in traces).   B.  Summary of concentration – dilation 

responses for resiniferatoxin (EC50 = 280 pM) and capsaicin (EC50 = 32 nM) showing the 

greater potency of resiniferatoxin (p < 0.0001 by 2 way ANOVA). n=4 or more 

preparations (from one animal each) for each concentration.  

 

Figure 2.  Effect of TRPV1 antagonists on agonist evoked dilation of guinea pig 

submucosal arterioles.   A. Representative trace showing capsaicin-evoked dilations and 

resiniferatoxin- evoked dilations are blocked when capazepine (10 and 2 μM, 

respectively) is in the bath (left sided traces).   Right sided traces for each show effect of 

re-application of the agonist after 10 min washout of the antagonist.  Following washout, 

capsaicin evoked a dilation whereas resiniferatoxin had no effect.  B.  Representative 

traces showing capsaicin – evoked dilations and resiniferatoxin-evoked dilations are 

blocked when ruthenium red (10 μM) is in the bath (left sided traces).  Right sided traces 

for each show effect of re-application of the agonist after 10 min washout of antagonist.  

Following washout, capsaicin evoked a dilation whereas resiniferatoxin had no effect. All 

vessels were preconstricted as described in Figure 1.  Resting outside diameters were 68 

– 80 μm.  
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Figure 3.  Effects of tetrodotoxin on vasomotor responses in guinea pig submucosal 

arterioles and mouse mesenteric arterioles.  A.  Schematic drawing showing double 

chamber bath.  The parent branch of submucosal arteriole and its perivascular capsaicin-

sensitive nerves in a submucosal guinea pig preparation was divided by a silicone 

plexiglass divider (thick grey bar). Preparations were oriented in the mesenteric (left side 

of diagram) to anti-mesenteric direction within the submucosa (right side of diagram).  

Each chamber was superfused separately (designated a and b), allowing drugs to be 

added independently to the chambers and dilations recorded in a distal aspect of the 

vessel in the right chamber using videomicroscopy (designated by short parallel black 

lines). The distance from the distal aspect of the right chamber to the site of recording in 

the right chamber was about 4 mm.  B.  Representative traces from paired preparations 

from the same animal.  In the left tracing, capsaicin is superfused into the left chamber 

and the resulting dilation of the guinea pig submucosal arteriole is recorded in the right 

chamber.  PGF2α (300 nM) was first superfused into the right chamber to preconstrict the 

vessel (not shown in trace).   In the right trace, the same experiment was conducted in a 

separate preparation but in this case TTX (1 μM) was also present in the left chamber.  

The summary of data (n=7 paired preparations) shows TTX had no effect on the 

magnitude of the dilations.  C. Summary data from mouse mesenteric arterioles.  Left 

panel shows that TTX (1 μM) had no effect on nerve – evoked (EFS = 10 Hz, 10 s) 

dilations (n = 10 arteries; p = 0.25, paired t-test) whereas nerve-evoked constrictions were 

completely blocked by TTX.  * p < 0.001 (paired t-test)  
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Figure 4.  Effect of TTX on capsaicin and distention evoked multi-unit afferent 

recordings from the guinea pig ileum. A.  Representative traces showing baseline and 

capsaicin-evoked (1 μM) spikes alone (left trace) and in the presence of TTX (1 μM) 

(right trace).  B. Summary of results from studies performed in A. showing average 

responses to capsaicin expressed as a ratio of the baseline response (left panel).  TTX 

markedly suppressed baseline afferent discharge (right panel) (p = 0.0022 by Mann 

Whitney test, n=6 preparations from 6 animals).  C.  Representative traces showing 

baseline afferent nerve activity and response to ramp distention before and after a 10 min 

application of TTX (1 μM). D. Summary of data (n=5) showing mean changes in afferent 

nerve discharge during ramp of intra-luminal pressure (IP) before (left panel) and 

following TTX application (right panel).  

 

Figure 5. Effect of a low Na+ solution on action potentials and vasodilations evoked by 

capsaicin applied at a site remote from the recording.  A.  Representative perforated patch 

clamp recordings of an action potential from a small mouse dorsal root ganglia neuron 

(30 pF) which was elicited using intracellular current pulses.  The amplitude of the action 

potential was not affected by TTX (1 μM)  but when the extracellular solution was 

switched to a 10 % Na+ solution, the action potential was blocked, even at two and three 

times the rheobase (150 pA). Following a washout of the 10% Na+ solution, the action 

potential was again elicited by intracellular current pulse.  B.  Representative traces of 

capsaicin evoked dilations using the double chamber bath shown in Figure 4.  When 

capsaicin was superfused into the left chamber (left panel) a typical dilation was evoked 

in the right chamber, as described in Figure 4.  In a separate preparation (middle panel), 
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when capsaicin was superfused into the left chamber in the presence of a 10% Na+ 

solution in that chamber no dilation was observed in the right chamber. The right panel 

summarizes the mean dilator responses to capsaicin alone (control) and capsaicin plus a 

10% Na+ solution (n = 5 paired preparations from 5 animals) showing that capsaicin-

evoked dilations were blocked by the 10% Na+ solution (* P = 0.0097, Mann Whitney U 

test). 

 

Figure 6. The effects of a low Na+ solution on capsaicin-evoked depolarization of the 

DRG neurons and vasodilations evoked by capsaicin at the recording site. A.  

Representative perforated patch clamp recording from a small DRG neuron (30 pF) 

showing capsaicin evokes a large depolarization and action potential discharge in control 

solution but when the external solution is replaced by a 10% Na+ solution, the action 

potentials are blocked but large depolarizations are still elicited. Upper traces show a 

representative mouse DRG neuron, lower trace show guinea pig DRG neuron.  B.  

Summary of capsaicin-evoked dilations of mouse mesenteric arterioles in control and 

10% Na+ solutions showing no difference when capsaicin is applied at the recording site 

i.e. in the same chamber (n=5 pairs). 

 

Figure 7. Blockade of TTX-resistant nerves by A-803467, a Nav 1.8 antagonist. A. The 

percentage of mouse and guinea pig DRG neurons with TTX-resistant action potentials 

sensitive to the Nav 1.8 antagonist A-803467 (1 μM) (number of cells is shown on graph). 

B. Representative current clamp recording from a small (15 pF) guinea pig DRG neuron 

showing action potentials in response to 10 pA of injected current every 4 seconds. The 
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grey and black bars represent application of 1 μM TTX and A-803467 respectively, the 

latter abolished AP firing. The black bar represents the concurrent application of 2 μM 

capsaicin, which produced a marked depolarization despite the blockade of sodium 

channels.   C. The left and centre panels show a representative trace of the inhibition of 2 

μM capsaicin-induced vasodilation of a guinea pig submucosal arteriole by 1 μM A-

803467, recorded by videomicroscopy. The right panel shows mean data from 4 animals, 

with capsaicin-induced dilation significantly inhibited by blockade of TTX-resistant Nav 

1.8 channels (p = 0.0317 by Mann Whitney U test, n = 5). 
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