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1. Introduction 

The goal of pharmaceutical research is to find solutions for intervention into disease- or 

pain-causing processes by the specific and effective manipulation of the target, which requires 

a better understanding of the target, in the present case the structure-function relationship of 

the TRPV1 ion channel. 

The TRPV1 receptor, a non-selective ligand-gated cation channel with a ninefold higher 

permeability for Ca2+ than for Na+, is an integrator of a wide variety of exogenous and 

endogenous physical and chemical stimuli, including capsaicin (CAPS), noxious heat  

(>43 °C) and protons (pH<5.2). Besides CAPS, many complex amphiphilic molecules have 

been shown to activate or inhibit TRPV1. These include polyring compounds such as 

resiniferatoxin (RTX). 

RTX, a highly irritant diterpene related to the phorbol esters [1], the most potent natural 

diterpene agonist of TRPV1, is present in latexes of various Euphorbia species, such as 

E. resinifera, E. poissoni and E. unispina [2]. Bioassays rank RTX as a 3-4 orders of 

magnitude more potent agonist of TRPV1 than CAPS. RTX thereby can induce Ca2+ 

cytotoxicity and eventually ablates these neurons by rapid necrosis, followed by removal of 

the cell debris [3-6]. Exploitation of the Ca2+-excytotoxic potential of RTX has been proposed 

for pain management in the method dubbed “molecular neurosurgery”, using it as an ablative 

agent specific for TRPV1-expressing cells [3, 4, 6]. "RTX to treat severe pain associated with 

advanced cancer" is currently undergoing Phase II clinical trials [7]. 

There have been debates about whether TRPV1 can [8-10] or can not [11-13] be activated 

by allyl isothiocyanate (AITC). Story et al. proposed that TRPA1 might be another cation 

channel co-expressed with TRPV1 [12], but no systematic study has been carried out to verify 

this notion and reveal the functional consequences of co-deletion. 

TRPV1 has a number of functions and is involved in different physical processes, 

depending on its location. TRPV1 plays a key role in the development of the burning pain 

sensation associated with acute exposure to heat or CAPS, and with inflammation in 

peripheral tissues [14, 15]. However, besides the development of burning pain, TRPV1 may 

also be involved in vitally important functions in the urinary tract and in the respiratory and 

auditory systems. It may also participate in the maintenance of body and cell homeostasis, e.g. 

thermoregulation [16], body temperature [17], metabolism and hair growth regulation [18], 
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and the development of cancer. TRPV1 in the alimentary tract has also been implicated in 

several metabolic diseases, including diabetes, pancreatitis and obesity [19].  

Consequently, control of the TRPV1 function may have the potential to provide exciting 

opportunities for therapeutic interventions. Its known functions in both health and disease 

have been continuously expanding, promoting a better understanding of TRPV1. 
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2. Aims 

This research aims to determine sensory modalities that may be lost after RTX treatment 

of newborn or adult mice, and to dissect potential side-effect(s) of molecular neurosurgery, a 

promising new area of the treatment of otherwise intractable pain conditions. 

A second goal of this research is to gather information concerning the structure and 

function of the channel by investigating the effects of divalent heavy metal cations on TRPV1 

and by collecting literature data on the functionally important point mutations of the channel 

for prospective in silico modelling. 

To accomplish the main goals, the following specific aims were identified: 

 Determination of the potential effect of AITC on TRPV1. 

 Testing of the sensitivity of the mice treated with RTX to vanilloids, in order to 

verify the effectiveness of the RTX treatment in deleting TRPV1+ neurons. 

 Assessment of the sensitivity of the mice treated with RTX to AITC, in order to 

investigate the extent of coexpression of TRPV1 and TRPA1 in sensory neurons. 

 Testing of the sensitivity of the RTX-treated mice to heat, in order to assess the 

actual role of TRPV1 and coexpressed homologues in heat sensing. 

 Immunohistology and Western blotting experiments to characterize the 

distribution of TRPV1, TRPA1 and TRPM8 in the dorsal root ganglion (DRG) and 

trigeminal ganglion (TG) neurons of RTX-treated or untreated mice. 

 Assessment of the interactions of divalent heavy metal cations with TRPV1 

through vanilloid-induced 45Ca2+ uptake assays. 

 Revalidation of the TRPV1 dependent Co2+ accumulation phenomenon by using 

(NH4)nSx histochemistry. 

 Validation of the Co2+ inhibition phenomenon in in vivo tests. 

 Collection of the mutational data on TRPV1 available in the literature and their 

organization in a form that facilitates in silico model building of the TRPV1. 
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3. Methods 

RTX treatment - The studies were carried out on male CD/1 mice. 1 mg RTX was 

dissolved in 500 μl 96% ethanol and the solution was diluted in physiological saline and 

injected s.c. into the scruff of the neck in a volume of about 100 μl. The RTX was applied at a 

dosage of 50 μg/kg body weight under light ether anesthesia to avoid unnecessary pain. 

Control mice received vehicle. In the case of adult treatment, two to three months old adult 

mice weighing about 30 g at the start of the experiments were tested 10 days after RTX 

treatment. Mice treated on the second day of life were tested at two months of age. In the case 

of chronic RTX treatment, RTX was added at 20 μg/kg body weight daily for three days. 

 

Eye wipe test - Eye wipe tests were performed on CD1 mice. 100 µM CAPS solution, or 

a solution containing 100 µM CAPS and 1 mM CoCl2, or a solution containing 100 µM 

CAPS and 5 µM capsazepine (CapZ) was dropped into the eye and the number of defensive 

wiping movements was then counted. 

 

Cold tail-flick test - Animals were held over ice-cold water (~5 °C) and their tails 

submerged to approximately half length into the bath. The time from immersion to tail 

removal or flicking was measured. 

 

Cold plate test - A micro-plate thermostat set at 5 °C was used to generate a cold surface. 

Tested mice were placed on the plate, and the time to the first response of forelimb 

withdrawal and shivering was recorded. 

 

Hot plate test - The animals were individually exposed to a hot plate maintained at 53 °C. 

The time up to forepaw licking was taken as the response time. 

 

Water consumption - The daily water consumption of individually housed mice was 

measured. Each bottle contained tap water with AITC at a concentration of 0.1 mM. 

 
45Ca2+ uptake assay - HaCaT adherent cell lines ectopically expressing the C-terminally 

ε-tagged rTRPV1 and Cos7 cells transiently transfected with rTRPV1 were seeded in poly-D 
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lysine-coated 96-well flat-bottom plates (Orange Scientific, Braine-l’Alleud, Belgium) at a 

density of 20,000 cells/well. The plates were washed three times with assay medium (Ca2+- 

and Mg2+-free Hanks’ balanced salt solution supplemented with 0.8 mM MgCl2 and with 

25 mM Tris-HCl, pH=7.4) at room temperature (20-25 ºC). Serial dilutions of reagents 

containing 45Ca2+ were prepared, and the 45Ca2+ uptake assay was performed for ten minutes 

at 24 °C using 1.33 μCi/ml of 45Ca2+ (Amersham Biosciences, Buckinghamshire, UK) in 

100 μl final volume/well. To stop 45Ca2+ uptake and remove the free isotope, cells were 

washed three additional times and then lysed in 80 μl lysis buffer/well (50 mM Tris-HCl, pH 

7.5, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 5 mM EDTA) for 30 minutes. 70 μl 

aliquots of the solubilised cell extracts were mixed with 100 μl aliquots of Optiphase 

Supermix scintillation cocktail (Perkin Elmer, Wellesley, MA) and counted in a Perkin Elmer 

liquid scintillation counter. To measure the effect of temperature on the TRPV1 function in 

the 45Ca2+-uptake assay, TRPV1/HaCaT cells were plated on six-well plates. 45Ca2+ uptake 

was evoked with 10 ml preheated buffer. The procedure was followed as described above. 

 

Protein extraction and Western blotting - Tissue samples were homogenized in 

modified RIPA buffer (50 mM Tris-HCl, 140 mM NaCl, 5 mM EDTA, 1% Triton X-100, 

Protease Inhibitor Cocktail - Roche, Mannheim, Germany) and incubated on ice for 15 

minutes to let lysis proceed. PAGE was carried out as described in the Protein Electrophoresis 

technical manual of Amersham Biosciences (Buckinghamshire, UK). Protein samples were 

separated on 8% polyacrylamide gels, then transferred to Millipore Immobilon PVDF 

membrane using Tris-Glycine transfer buffer (0.192 M glycine, 25 mM Tris, 20% MetOH). 

Transfer was followed by blocking of the membrane (30 minutes at room temperature (RT) in 

5% dry milk TBS-Tween), incubation with primary antibody (overnight at 4 °C, in 0.5% BSA 

TBS-Tween), secondary antibody (2 hours at RT, in 1% dry milk TBS-Tween), and the 

results were revealed by using the ECL method (SuperSignal West Chemiluminescent 

Substrate (Pierce Biotechnology Inc. Rockford, IL), Hyperfilm ECL - Amersham 

Biosciences, Buckinghamshire, UK). TBS: 50 mM Tris, 140 mM NaCl, pH 7.6; TBS-Tween: 

TBS with 0.5% Tween-20. Antibodies used and their dilutions: TRPV1 - 1:1000, (ABR 

Bioreagents, PA1-747); TRPA1 - 1:1000, (Transgenic Inc. Kumamoto, Japan. #KM120); 

TRPM8 - 1:1000, (Alomone Labs, Jerusalem, Israel #ACC-049); ß-actin - 1:1000 (Sigma, 
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St. Louis, MO #A5060), anti-mouse and anti-rabbit HRP - 1:10000 (Sigma, St. Louis, MO 

#A0168 and #A6154, respectively). 

 

Cobalt histochemistry - Rat DRG cells attached to coverslips were washed in buffer A 

(in millimolars: NaCl, 57.5; KCl, 5; MgCl2, 2; HEPES, 10; glucose, 12; sucrose, 139; pH 7.4) 

for 2 min, and then incubated at 37 ºC for 10 min in Co2+-uptake solution (buffer A + 5 mM 

CoCl2) containing 20 µM CAPS. A high (20 µM) CAPS concentration was used in order to 

obtain a robust and easily detectable Co2+ signal. Following a brief wash in buffer A, the 

water-soluble Co2+ taken up by the cells was precipitated with 0.12% ammonium polysulfide 

(Sigma-Aldrich) in buffer A, which resulted in the formation of dark, water-insoluble CoS in 

TRPV1+ cells. Cells were fixed in 4% formaldehyde and mounted on glass slides, using 

Kaiser’s glycerol gelatin (Merck, Darmstadt, FRG).  

 

Immunhistochemistry - Over-anesthetized mice were perfused intracardially with 4% 

paraformaldehyde in 0.1 M sodium phosphate buffer (PB, pH 7.4). TGs were dissected out, 

and cryoprotected in 10% glycerol / 30% sucrose) overnight at 4 ºC. TGs were embedded in 

Tissue Tek OCT (Sakura Finetek, Torrance, CA) and frozen in dry ice. Frozen sections were 

cut on a Shandon Cryotome Fe (Thermo Fisher Middletown, VA) sliding microtome and 

collected in Superfrost slides kept at -20 °C. Sections were pre-incubated in blocking 

solutions (5% goat serum, 0.1% Triton-X in PBS, pH=7.4). The sections were then incubated 

in primary antibody dilutions at 4 °C for 24 hours followed by secondary antibody. 

Antibodies used and their dilutions: anti-TRPV1 1:50 (our monoclonal antibody directly 

labeled with Alexa Fluor 488), TRPA1 1:50 (rabbit polyclonal, Transgenic Inc. Kumamoto, 

Japan. #KM120) TRPM8 1:50 (rabbit polyclonal, Alomone Labs, Jerusalem, Israel #ACC-

049) anti rabbit IgG – TRITC 1:400 (Sigma, St. Louis, MO). Sections were mounted on 

standard glass slides and coverslipped with Dako Faramount Aqueous Mounting Medium 

(Dako, Glostrup, Denmark). 

 

All animal experimental protocols were approved by our institutional review committee 

and the responsible governmental agency. 
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4. Results and discussion 

The research work can be summarized as follows: 

1, 

 The potential effect of AITC on TRPV1 was determined by using a cell-based 

functional assay on a permanent cell line expressing TRPV1, but not TRPA1 

ectopically. AITC has no effect on TRPV1-expressing cells, since it did not evoke the 

influx of Ca2+ when applied at concentrations ranging from 125 nM to 2.5 mM.  

2, 

 Mice treated either with one dose of RTX two days post-natal, or with one dose of RTX 

at adult age, or daily with a dose of RTX for three days at adult age, completely lost the 

sensitivity to vanilloids and to AITC in 

tests of eye wiping and the consumption 

of drinking water containing AITC 

(Figure 1A-B). 

 Immunohistological staining and 

Western blotting experiments confirmed 

TRPV1 and TRPA1 loss in the DRG and 

TG of mice treated with one dose of RTX, 

or one dose of RTX at adult age, or daily 

with a dose of RTX for three days at adult 

age (Figure 1C). 

 These data indicates that TRPA1 

expression is coincident with TRPV1 

expression in the vast majority of 

nociceptive neurons that normally confer 

pain signal in response to endogenous 

substances produced in pain and 

inflammation. 
Figure 1: Changes in the chemical sensitivity of mice 
treated with RTX at neonatal and adult age and the 
effect of RTX treatment on trigeminal ganglion 
neurons. 

 

A B 

C 
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3,  

 Mice treated with RTX two days post-natal and tested at the age of two months, 

interestingly showed no change in temperature sensitivity either to heat or to cold in 

cold plate, cold tail flick or hot plate tests (Figure 2A). Due to neuronal plasticity, mice 

treated at a neonatal age can most 

likely compensate for the imbalance 

caused by that drop-out of C-type 

afferent neurons. 

 Mice treated with one dose of RTX 

at adult age become less sensitive to 

heat, and surprisingly, more 

sensitive to cold (Figure 2B). Two 

hypotheses can be made to explain 

this finding: 1, NGF-mediated 

overexpression of TRPM8 caused 

by TRPV1 positive neuron loss. 

However, we did not find 

upregulation of the TRPM8 channel 

in RTX-treated mice using Western 

blot and RT-PCR. 2, The imbalance 

caused by that drop-out of C-type 

afferent neurons may cause 

alterations in the representation of 

sensory stimuli signalling heat and 

cold at the levels of the CNS. 

 Mice treated daily with a dose of RTX for three days at adult age lost their heat 

sensitivity to a greater extent as compared with mice which received acute treatment 

(Figure 2C), because the heat threshold increase depends on the efficacy of the RTX 

treatment. The heat insensitivity of the animal becomes more pronounced if RTX ablates 

TRPV1+ nociceptors almost completely. The chronic, repeated RTX treatment gave the 

best results, while the neonatal treatment was less effective. 

Figure 2: Changes in the heat sensitivity of mice 
treated with RTX at neonatal and adult age 

A B 

C 
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 Immunohistological staining and Western blotting experiments indicated that TRPM8+ 

cells remained intact in the DRG and TG of mice treated with one dose of RTX as 

neonates, or one dose of RTX at adult age, or daily with a dose of RTX for three days at 

adult age (Figure 1). 

 On the basis of these data, two markedly distinct populations of cold-responsive neurons 

can be distinguished: 1, TRPM8-positive neurons that lack of TRPV1 and TRPA1 

expression and are resistant to RTX treatment; and 2, TRPA1+ neurons that express 

TRPV1 as well and can be deleted with either AITC or RTX. 

 These experimental data predict a shift in heat perception in humans following RTX 

injection in the clinical trial protocol for the treatment of severe cancer pain.  

Similar changes might be expected during the application of reversible, specific 

inhibitors of TRPV1, currently under development by different pharmaceutical 

companies. Nevertheless, the clinical trial of RTX in cancer pain patients may provide 

the answers to this question via thorough monitoring of the potential change in cold 

sensation, if it occurs in humans at all. 

4, 

 Neither Mg2+, Mn2+ nor La3+ significantly changed the function of TRPV1 (Figure 3). 

 Zn2+ proved to be a weak and only 

partial inhibitor of CAPS-induced 45Ca2+ 

uptake (Figure 3A). 

 Co2+, Cd2+, Ni2+ and Cu2+ effectively 

blocked the vanilloid-induced Ca2+ entry 

into TRPV1/HaCaT cells, with the 

following sequence of potency: Co2+ > Cd2+ 

> Ni2+ > Cu2+ (Figure 3A). 

 Co2+ reduced both the heat- and CAPS-

induced 45Ca2+ influx (Figure 3B) to a 

similar extent as did ruthenium red 

(RuRed), amitriptyline (AMI) or R4W2.  

 

Figure 3: Ranking divalent cations as channel 
blockers of CAPS and heat induced TRPV1 

A 

B 
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 Increasing concentrations of Co2+ decreased only the maximal response of efficacy 

(Emax) of Ca2+ entry in a vanilloid-induced 45Ca2+-uptake assay; the affinity of CAPS for 

TRPV1 did not change. The Co2+ inhibition patterns indicated channel-blocking kinetics 

(Figure 4A). 

 In a vanilloid-induced 45Ca2+-uptake assay, increasing cold Ca2+ concentration decreased 

the inhibitory effect of Co2+, showing that the effect of Co2+ on Ca2+ entry mainly 

depends on the competition for entry sites (Figure 4B). 

 Increasing CAPS concentration in a vanilloid-induced 45Ca2+-uptake assay caused a shift 

in the IC50 of Co2+; increasing agonist concentration enhances the blocking ability of 

Co2+ (Figure 4C). Curve-fitting analysis confirmed a strong interrelationship between 

IC50 and the CAPS dose applied (Figure 4D), suggesting that the increased efficiency of 

inhibition correlates with the different open-state conformations of the TRPV1 channel. 

 We presume that the efficacy of the TRPV1 blocking effect caused by heavy metal 

cations is determined by the combined impact of the ionic radii of the metal ions and the 

stability constants of the complexes formed between metal ions and amino acids. Ca2+ is 

likely to have the ideal ionic radius and stability constant in its reactions with amino 

acids in order to be effectively passed along the carbonyl groups of the peptide 

backbone in the ion selectivity filter and the pore loop. The stronger the M2+-amino acid 

Figure 4: Co2+ inhibits Ca2+ entry through the TRPV1 channel 

A B 

C D 
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complex and the smaller the ionic radius is, the more probable it is that M2+ will block 

the Ca2+ influx through the TRPV1 channel. 

 (NH4)nSx histochemistry experiments on rTRPV1/HaCaT, rTRPV1/3T3 cell lines and 

sensory neurone cultures prepared from DRGs of rat embryos revealed that Co2+ not 

only competes with Ca2+, but also enters into the cytosol of TRPV1+ cells, through the 

TRPV1 channel (Figure 5).  

I 

Figure 5: Co2+ histochemistry on the HaCaT cell line expressing TRPV1 ectopically. 

Cells were incubated for 10 minutes in buffer A containing:  

A - 20 μM CAPS + 5mM Co2+;  
B - 5mM Co2+ without CAPS;  
C - 20 μM CAPS + 5mM Co2+ + 300 nM CapZ; D - 20 μM CAPS + 5mM Co2+ + 5 μM CapZ;  
E - 20 μM CAPS +5 mM Co2+ +100 μM CapZ;  
F 20 μM CAPS + 5 mM Co2+ + 500 nM RuRed; G - 20 μM CAPS + 5 mM Co2+ +7 μM RuRed;  
H - 20 μM CAPS +5 mM Co2+ +100 μM RuRed. 
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 (NH4)nSx histochemistry experiments 

following extracellular KCl exposure of 

rTRPV1/3T3 cells ruled out the role of 

voltage gated Ca2+ channels in Co2+ 

accumulation. 

 Co2+ decreased the frequency of 

vanilloid-evoked defending movements in 

tests of eye wiping (Figure 6). 

 A better understanding of the 

structural background and dynamics of the 

competition of Ca2+ with other divalent metal cations for entry may result in the discovery of 

novel channel-blocker painkillers. The mechanism of Co2+-mediated inhibition provides 

screening for adjuvant therapeutics with higher selectivity than that of AMI, an approved drug 

currently used in clinical practice, but with only limited efficacy and with serious side-effects. 

5, 

 An overview of the currently available results of site-directed mutagenesis studies on 

TRPV1 receptor was created and published [20], containing summarized information on 

112 unique mutated sites along the TRPV1. The mutations influence the effects or 

binding of different agonists, antagonists and channel blockers, alter the responsiveness 

to heat, acid and voltage dependence, affect the channel pore characteristics, and 

influence the regulation of the receptor function by phosphorylation, glycosylation, 

calmodulin, PIP2, ATP and lipid binding (Figure 7). 

Figure 6: Eye wipe responses to the corneal 
application of CAPS alone or together with Co2+ 
or CapZ. 
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5. Conclusion 

We demonstrated that: 

1. 

 TRPV1 is not a functional receptor of AITC, since AITC did not evoke a Ca2+ influx on 

TRPV1-expressing cells in the 45Ca2+ uptake assay. 

2. 

 RTX treatment successfully ablated TRPV1+ neurons in mice treated either at adult age 

or at neonatal age. 

 TRPA1 expression is coincident with TRPV1 expression in the vast majority of 

nociceptive neurons that normally confer pain signal in response to endogenous 

substances produced in pain and inflammation, since ablation of TRPV1+ neurons 

removed TRPA1 too. 

 RTX treatment alters heat and cold sensation in the case of adult mice but not in the case 

of neonatally treated ones. 

 These experimental data predict a shift in heat perception in humans following RTX 

injection in clinical trials. 

3. 

 Neither Mg2+, Mn2+ nor La3+ significantly changed the function of TRPV1, whilst Zn2+ 

proved to be a weak and only partial inhibitor of CAPS-induced 45Ca2+ uptake. 

 Co2+, Cd2+, Ni2+ and Cu2+ effectively blocked the vanilloid-induced Ca2+ entry into 

TRPV1/HaCaT cells, with the following sequence of potency: Co2+ > Cd2+ > Ni2+ > 

Cu2+. 

4. 

 Co2+ reduced both the heat- and CAPS-induced 45Ca2+ influx to a similar extent as did 

RuRed, AMI or R4W2 and also entered the cytosol of TRPV1+ cells through the TRPV1 

channel. 

 The Co2+ inhibition patterns indicated channel-blocking kinetics. 

 The effects of Co2+ on Ca2+ entry mainly depend on the competition for entry sites and 

correlate with the different open-state conformations of the TRPV1 channel. 
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 The efficacy of the TRPV1-locking effect caused by the heavy metals is determined by 

the combined impact of the ionic radii of the metal ions and the stability constants of the 

complexes formed between the metal cations and amino acids. 

 

The recently published overview of the currently available results of site-directed 

mutagenesis studies on the TRPV1 receptor [20] provides summarized information on 112 

unique mutated sites along the TRPV1. 

 

Our overall experimental data may effectively contribute to a better understanding of the 

role of the TRPV1 channel in physiology; in addition, they may lead to the resolution of the 

architecture not only of TRPV1, but of additional TRP superfamily members too. The specific 

effects of the selected divalent heavy metals on the given ion channel pore region can serve as 

a valuable constraint during in silico modeling of the pore region. Through a comparison of 

the different cation action profiles of the pore regions, the models can be fine-tuned. The 

information on the structure-function relationship of TRPV1 may promote the discovery of 

new, promising, more effective and safe drugs for the treatment of neurogenic inflammation 

and pain-related diseases and may offer new opportunities for therapeutic interventions. 
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