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4-acetamido-4’-isothiocyanatostilbene-2,2’-disulfonic acid; DADS, 4,4’-diaminostilbene- 

2,2’-disulfonic acid; DNDS, 4,4-dinitro-2,2-stilbenedisulfonic acid; HEK, human embryonic kidney; 
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Abstract 

 

TRPV1 is a nonselective cation channel activated by capsaicin, low pH and noxious heat, 

and plays a key role in nociception. Understanding mechanisms for functional 

modulation of TRPV1 has important implications. One characteristic of TRPV1 is that 

channel activity induced by either capsaicin or other activators can be sensitized or 

modulated by factors involving different cell signaling mechanisms. In this study, we 

describe a novel mechanism for modulation of TRPV1 function: TRPV1 function is 

modulated by 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS) and analogs. We 

found that, in rat dorsal root ganglion (DRG) neurons, although DIDS did not induce 

activation of TRPV1 per se but increased drastically the TRPV1 currents induced by 

either capsaicin or low pH. DIDS also blocked the tachyphylaxis of the low pH-induced 

TRPV1 currents. 4-acetamido-4’-isothiocyanatostilbene-2,2’-disulfonic acid (SITS), a 

DIDS analog, failed to enhance the capsaicin-evoked TRPV1 current but increased the 

low pH-evoked TRPV1 currents, with an effect comparable to the effect of DIDS. SITS 

also blocked the low pH-induced tachyphylaxis. DIDS also potentiated the currents of 

TRPV1 channels expressed in HEK293 cells, with an effect of left-shifting the 

concentration-response curve of the capsaicin-induced TRPV1 currents. This study 

demonstrates that DIDS and SITS, traditionally used chloride channel blockers, can 

modify TRPV1 channel function in an agonist-dependent manner. The results provide 

new input for understanding TRPV1 modulation and development of new modulator of 

TRPV1 function. 
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Introduction 

 

Since the first vanilloid (capsaicin) receptor, transient receptor potential vanilloid 1, (TRPV1) 

was cloned (Caterina et al., 1997), TRP channels, especially TRPV1, have been a focus of 

intensive studies (Bhave et al., 2003; Jordt et al., 2000; Jung et al., 1999; Karai et al., 2004; 

Patwardhan et al.). TRPV1 is a nonselective cation channel and is predominantly expressed in 

nociceptive sensory neurons. As a polymodal receptor, TRPV1 is activated by vanilloids 

(such as capsaicin), low pH (< pH 5.8) and noxious heat (> 43 °C) (Caterina et al., 1997) and 

a number of endogenous ligands such as certain inflammatory lipoxygenase products and the 

endocannibinoid anandamide (Ahern, 2003; Hwang et al., 2000; Jordt et al., 2000; Zygmunt 

et al., 1999). TRPV1 is considered to be one of the major molecular mechanisms for 

nociception (Bolcskei et al., 2005; Davis et al., 2000; Szolcsanyi, 1996). 

The general topology of the vanilloid channel, structurally similar to the Shaker-related 

voltage-gated potassium channels, includes an intracellular N- and C-terminal region and six 

transmembrane (TM) domains with a short pore-forming stretch between TM5 and TM6 

(Caterina et al., 1997). The structure of TRPV1 has been studied by using electron 

cryomicroscopy. The channel protein appears to exhibits fourfold symmetry and comprises 

two distinct regions: a large open basket-like domain, likely corresponding to the cytoplasmic 

N- and C-terminal portions, and a more compact domain, corresponding to the 

transmembrane portion (Moiseenkova-Bell et al., 2008). Important regions or amino acids in 

TRPV1 possibly involved in capsaicin binding, proton and noxious heat activation, 

sensitization/desensitization, and phosphorylation of the channel have been described (Jordt et 
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al., 2000; Koplas et al., 1997; Lishko et al., 2007; Sutton et al., 2005). TRPV1 is believed to 

be activated by stimuli with different mechanisms. For example, capsaicin was found to bind 

to the intracellular site whereas proton was suggested to bind to the extracellular site of the 

channel (Jordt et al., 2000; Jung et al., 1999). 

One striking feature of TRPV1 is that the activated currents can be sensitized and 

desensitized. This feature implies that TRPV1 function is under great modulation, which has 

significant implications for the involvement of TRPV1 in physiological and 

pathophysiological conditions. Some inflammatory mediators in damaged tissues sensitize 

TRPV1 to its agonists. Whereas protons sensitize TRPV1 protein directly, most of the 

mediators work through receptor pathways which include G protein-coupled receptors and 

receptors with intrinsic Tyr kinase activity. PKC-dependent phosphorylation can sensitize 

TRPV1 to capsaicin, protons or heat (Bhave et al., 2003; Vellani et al., 2001). 

The activated TRPV1 currents exhibit two types of desensitization: acute desensitization 

and tachyphylaxis. In acute desensitization, the current amplitude diminished during a 

prolonged agonist application, whereas in tachyphylaxis, current amplitude diminished in the 

response to repeated agonist applications. It is still a debating issue in regard whether these 

two processes are related or independent. Some studies suggest that these two desensitization 

processes operate independently to modulate TRPV1 functions (Koplas et al., 1997). Others 

suggest that tachyphylaxis can be explained as a failure of recovery from acute desensitization 

without invoking an additional, slowly desensitizing state (Liu et al., 2005). Anyway, both 

types of desensitization seem to be sensitive to the concentration of free internal calcium 

(Koplas et al., 1997). Further studies suggest PIP2 depletion, Ca2+/calmodulin binding and 
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dephosphorylation may contribute to tachyphylaxis (Lishko et al., 2007; Liu et al., 2005; 

Numazaki et al., 2002; Vyklicky et al., 2008).  

The stilbene derivatives such as DIDS and SITS are known to inhibit Cl- channels and 

transporters (Dietrich and Lindau, 1994; Jessen et al., 1986; Lai et al., 1996; Lane et al., 1999; 

Matulef and Maduke, 2005). Besides, DIDS were also reported to be able to inhibit TRPC4 

(Walker et al., 2002) and TRPM4 (Morita et al., 2007) currents. In this study, we describe a 

novel function for these stilbene derivatives in modulation of TRPV1 function. DIDS and its 

analog SITS enhance the agonist-induced TRPV1 current amplitude and reduced the 

tachyphylaxis of the activated currents in adult rat DRG neurons. DIDS also potentiated the 

currents of TRPV1 channels expressed in HEK293 cells, with an effect of left-shifting the 

concentration-response curve of capsaicin-induced TRPV1 currents. 
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Materials and Methods 

 

Rat DRG cell culture. Use of animal in this study was approved by Animal Care and 

Ethical Committee of Hebei Medical University (Shijiazhuang, China). DRGs were extracted 

from all spinal levels of 6- to 8-week-old Sprague-Dawley rats. Ganglia were placed in 

modified D-Hanks’ solution, and digested at 37°C with collagenase (2 mg/ml, Worthington) 

for 50 min, followed by another 20 min digestion with trypsin (2.5 mg/ml, Sigma). They were 

subsequently suspended at least twice in DMEM medium plus 10% fetal bovine serum (PAA, 

Austria) to stop digestion. Ganglia were then dissociated into a suspension of individual cells 

and plated on poly-D-lysine-coated glass coverslips in 24-well tissue culture plates. Cells 

were incubated at 37°C with a 5% CO2 and 95% air atmosphere. Neurons were used for 

recording within 72 hr.  

cDNAs. Plasmids encoding rat TRPV1 (Gene ID: 83810) is subcloned in pcDNA3. 

TRPV1(E600Q), TRPV1(E648A) and TRPV1(S502A) mutants were produced by Pfu DNA 

polymerase with a QuickChange kit (Stratagene, La Jolla, CA, USA). The structure of the 

mutants was confirmed with DNA SEQUENCING. 

HEK293 cell culture and transfection. HEK293 cells were cultured in Dulbecco’s 

modified Eagle’s mediums (DMEM) supplemented with 10% fetal bovine serum and 

antibiotics in a humidified incubator at 37oC (5% CO2). Cells were seeded on glass coverslips 

in a 24-multiwell plate and transfected when 60-70% confluence was reached. For 

transfection of 6 wells of cells, a mixture of 3 µg TRPV1, pERFP cDNAs and 3 µl 

Lipofectamine 2000 reagent (Invitrogen) were prepared in 1.2 ml of DMEM and incubated 
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for 20 min. The mixture was then applied to the cell culture wells and incubated for 4 hr. 

Recordings were made 24 hr after cell transfection and cells were used within 72 hr. 

Electrophysiology. Perforated whole-cell patch recordings were performed on DRG 

neurons and HEK293 cells expressing TRPV1 channels. Recordings were made at room 

temperature (23~25°C). Pipettes were pulled from borosilicate glass capillaries and had 

resistances of 1.5~2.5 MΩ when filled with internal solution. Currents were recorded using an 

Axon patch 700B amplifier and pClamp 10.0 software (Axon Instruments, CA), and were 

filtered at 2 KHz. For perforated patch recording, a pipette was first front-filled with the 

standard internal solution, then backfilled with the same internal solution containing 

amphotericin B (250 μg/ml). The external solution used to record TRPV1 currents contained 

(in mM): 160 NaCl, 2.5 KCl, 5 CaCl2, 1 MgCl2, 10 HEPES, and 8 glucose, pH 7.4. The 

internal solution for perforated patch recording consisted of (in mM): 150 KCl, 5 MgCl2, 10 

HEPES, pH 7.4.  

Chemicals. Capsaicin (CAP), DIDS, SITS, DADS, DNDS, anandamide (AEA), ruthenium 

red (RR) were all purchased from Sigma (St. Louis, MO, USA). Stock solution for capsaicin 

was made in ethanol, and all other drugs were made in DMSO. The stock solutions were 

stored at -20°C and diluted in the appropriate solution immediately before use. The final 

concentration of DMSO or ethanol was less than 0.1%. 

Data analysis and statistics. Currents were analyzed and fitted using Clampfit 10.2 (Axon 

Instrument) and Origin 7.5 (Originlab Corporation) software. Results were expressed as mean 

± S.E.M. Differences were analyzed with Student’s paired/unpaired t test when appropriate, 

and were considered significant at p < 0.05. 
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Results 

 

DIDS enhances capsaicin-evoked TRPV1 current in adult rat DRG neurons. DIDS 

(Fig. S1A) has long been used as the chloride channel and anion transporter blocker. In 

preliminary experiments, we found DIDS to be able to potentiate capsaicin-induced currents 

in rat DRG neurons. Thus we decided to have a detailed investigation into this unexpected 

effect of DIDS. For this, adult rat DRG neurons and perforated patch clamp technique were 

used.  

   It has been shown that a long (1 hr) interval between two sequential capsaicin applications 

is necessary to avoid capsaicin-induced desensitization (Schnizler et al., 2008). Obviously 

such a long time frame is not practical in most of the patch clamp experiments. In order to 

have a reliable assessment of DIDS effects on activated TRPV1 currents, we first quantified 

the desensitization of capsaicin-induced currents. In the presence of 5 mM extracellular Ca2+, 

prominent reductions in the amplitude of capsaicin-activated currents (tachyphylaxis) was 

observed following the first application of 1 μM capsaicin when administrated with short 

duration (20 s) and multiple times (2 min interval) in DRG neurons (Fig. 1A). The average 

capsaicin-induced tachyphylaxis from multiple experiments was shown in Fig 1B; in this case, 

the current amplitudes at each of the repetitive applications of capsaicin were normalized to 

the current amplitude obtained with the first capsaicin application (Fig. 1B). 

When DIDS was co-applied with capsaicin after the capsaicin-induced currents had gone 

through substantial tachyphylaxis, the capsaicin-induced currents were greatly increased (Fig. 

1C, 1D); this increase resulted from the potentiation of the capsaicin-induced currents because 
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DIDS did not induce any currents when applied alone (100 μM, Fig. 1C). This was also true 

for DIDS at a higher concentration of 1 mM (n = 6, data not shown). In some cases, the 

desensitized capsaicin-induced currents were potentiated by DIDS to levels which were 

greater than the current amplitudes before the tachyphylaxis (Fig. 1C, 1D). The effects of 

DIDS on potentiation of capsaicin-induced current were concentration dependent, with an 

EC50 of 4.66 ± 0.77 μM (Fig. 1D, 1E). On average, at saturating concentration DIDS 

increased capsaicin-induced currents by more than two folds in comparison with the 

capsaicin-induced current (Fig. 1E) after taking into account of the current tachyphylaxis (Fig. 

1B).  

The tachyphylaxis of the capsaicin-induced currents in the presence of DIDS was shown 

in Fig. 1F, and was compared with that in the absence of DIDS (dotted line). The percentage 

current reduction evoked by repetitive application of capsaicin without or with DIDS was not 

significantly different, indicating that DIDS do not affect the capsaicin-induced tachyphylaxis 

(Fig. 1F), which does not depend on the concentrations of capsaicin used (Fig. S2). DIDS did 

not affect the capsaicin-induced TRPV1 current recovery from tachyphylaxia (Fig. S3). 

DIDS accelerated the activation of the capsaicin-induced currents (Fig. 1D). The 

activation process of the capsaicin-induced currents can be fitted by a single exponential 

function with a time constant of 7.02 ± 0.56 s, which was significantly shorten by the 

application of DIDS (2.13 ± 0.34 s, n=13, p < 0.01) (Fig. 1G). 

 

The effects of DIDS on capsaicin-induced TRPV1 currents in the absence of 

extracellular Ca2+. Ca2+ influx through the TRPV1 channel play important role in the acute  
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desensitization and tachyphylaxis of TRPV1 currents (Koplas et al., 1997). Thus in the 

absence of extracellular Ca2+, TRPV1 currents are virtually void of desensitization (Koplas et 

al., 1997; Mohapatra and Nau, 2005). To study whether DIDS could also activate TRPV1 

currents not being desensitized, we study the effects of DIDS on capsaicin-induced TRPV1 

currents in the absence of extracellular Ca2+.  

In Ca2+ free extracellular solution, capsaicin-activated TRPV1 currents did not desensitize 

and did not present tachyphylaxis upon repetitive application of capsaicin (Fig. 2A, the top 

panel). Under this circumstance, DIDS still potentiated the capsaicin-induced currents (Fig. 

2A, the middle and the bottom panels). The non-desensitizing characteristic of TRPV1 current 

evoked by capsaicin in Ca2+ free extracellular solution provided a reliable way to test whether 

the effect of DIDS was reversible. As shown in Fig. 2B, indeed the effects of DIDS were 

reversible. Thus capsaicin evoked similar amplitude of TRPV1 currents before their 

potentiation by DIDS and after washout of DIDS (Fig. 2C). 

The concentration-response relationship was established for DIDS in the absence of 

extracellular Ca2+ (Fig. 2D, 2E); DIDS potentiated the capsaicin-induced currents with an 

EC50 of 4.88 ± 0.74 μM, Fig. 2E), similar to the EC50 in the presence of extracellular Ca2+ (Fig. 

1E). 

 

DIDS enhances TRPV1 current induced by endovanilloid anandamide. Anandamide 

(arachidonylethanolamide) is a powerful vasodilator and was originally isolated from brain as 

an endogenous cannabinoid receptor ligand (Zygmunt et al., 1999). In electrophysiology 

experiments, anandamide induces a capsazepine-sensitive inward current in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 10, 2012 as DOI: 10.1124/mol.111.076000

 at A
SPE

T
 Journals on A

pril 8, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL#76000 

 12

TRPV1-expressing HEK cells and primary sensory neurons, which indicates that the vanilloid 

receptor may thus be another molecular target for endogenous anandamide (Zygmunt et al., 

1999). This provides a likely molecular mechanism of anandamide and/or structurally-related 

lipids participating in the regulation of the nociception and vasodilation as vanilloid receptor 

ligands.  

In this part, we tested whether DIDS could also enhance the anandamide-induced TRPV1 

currents in DRG neurons. Anandamide evoked a much smaller inward TRPV1 current at 10 

μM compared with capsaicin, and the current amplitude varied between cells (Fig. 3A, 3B, 

3C). DIDS (10 μM, Fig. 3A, 3B, and 3C) strongly enhanced the anandamide-induced TRPV1 

currents and did not affect the desensitization (Fig. 3C, 3D). 

 

DIDS enhances low pH-evoked TRPV1 current and blocks the tachyphylaxis of the 

low pH-induced currents. Low pH extracellular milieu regulates TRPV1 function in two 

primary ways. First, low pH increases the potency of heat or capsaicin as TRPV1 agonists, 

and lowers the channel activation threshold. Secondly, lower pH (pH < 5.8) activates channel 

directly as agonist of TRPV1 at room temperature (Caterina et al., 1997; Jordt et al., 2000). 

In this part, we tested whether DIDS could affect the low pH-evoked TRPV1 currents in 

DRG neurons.  

Low pH-induced currents also showed similar tachyphylaxis on repetitive application of 

low pH (Fig. 4A, 4B) and were also sensitive to DIDS (Fig. 4A). DIDS 

concentration-dependently increased the low pH-induced current with an EC50 of 1.83 ± 0.29 

μM (Fig. 4D). Actually, the low pH-induced currents were more sensitive to DIDS 
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modulation than the capsaicin-induced currents were; thus the low pH-induced currents were 

increased by 448 ± 69% of the control (the control current amplitude was calculated based on 

the percentage desensitization shown in Fig. 4B) with co-application of 100 μM DIDS (Fig. 

4D) whereas the capsaicin-evoked currents were increased by 216 ± 13% of the control with 

co-application of 100 μM DIDS (Fig. 1E). Furthermore, DIDS almost completely abolished 

the tachyphylaxis of currents evoked by low pH (Fig. 4A, 4B), in sharp contrast with the 

no-effects of DIDS on the tachyphylaxis of the capsaicin-induced currents (Fig 1D, 1F). This 

effect of DIDS was maintained even in a long recording with more repetitive application of 

pH+DIDS (Fig. S4). 

 Similar to the activation process of capsaicin-induced currents, the activation process of 

low pH-induced currents was also accelerated by DIDS (Fig. 4E). The time constants for 

activation process of the low-pH-induced currents were reduced from 2.93 ± 0.32 s to 1.26 ± 

0.11 s (n = 5, p < 0.01) by co-application of DIDS (Fig. 4E).  

 

The acid-sensitive currents are not involved in the DIDS-potentiated currents induced 

by low pH. There exist acid-sensitive currents in DRG neurons, among them including the 

currents through acid-sensing ion channels (ASICs). ASICs are ligand-gated ion channels 

activated by extracellular proton. To date, six members of ASICs family have been identified. 

They are widely expressed in the peripheral and central nervous system and all ASIC subunits 

are present in DRG neurons (Alvarez de la Rosa et al., 2002; Poirot et al., 2006). Since 

acid-sensitive currents can be activated by low pH at the range as we used in above 

experiments, we proceeded to test whether currents through ASICs and other acid-sensitive 
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components could contribute to the effects of DIDS. For this, broad-spectrum Ca2+ channel 

blocker, ruthenium red (RR) was used to block TRPV1 currents to isolate the acid-sensitive 

currents. As shown in Fig. 5A and 5B, RR almost abolished capsaicin-induced currents (97.3 

± 0.01%, n = 5) (Fig. 5B). We found, as we reported earlier, only subpopulation of DRG 

neurons responded to capsaicin stimulation (Liu et al., 2010). Among the cells we studied, 

51.7% cells were the capsaicin-sensitive cell and other 48.3% neurons did not respond to 

capsaicin with the development of measurable currents (total numbers of cells were 118). On 

the other hand, low pH (pH 5.0) always induced inward currents regardless whether the 

neurons were capsaicin sensitive or insensitive (Fig. 5C, 5D). However, in the capsaicin 

sensitive cells, low pH induced large currents which were mostly inhibited by RR (Fig. 5C), 

whereas in the capsaicin-insensitive neurons, low pH induced small currents which were not 

inhibited by RR (Fig. 5D). These results suggest that the residual currents left in the capsaicin 

sensitive neurons after RR inhibition and the currents in the capsaicin insensitive cells are 

from the acid-sensitive currents. The average amplitudes of these two currents were not 

greatly different (Fig. 5C and Fig. 5D, 146.7 ± 13.2 pA vs 222 ± 16 pA). Thus in the capsaicin 

sensitive neurons, low pH activated the acid-sensitive currents on top of the TRPV1 currents 

which were absent in the capsaicin insensitive currents. The acid-sensitive currents in the 

capsaicin insensitive neurons were inhibited by DIDS (Fig. 5E, 5F; 39.2 ± 0.18% of 

pre-DIDS level, n = 4), and the TRPV1 currents in the capsaicin sensitive neurons were 

potentiated (Fig. 5G, 5H, 566 ± 88 % pre-DIDS level). These data clearly demonstrates DIDS 

selectively sensitizes TRPV1 currents but not the acid-sensitive currents induced by low pH.  
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SITS potentiates the low pH-evoked but not the capsaicin-evoked currents. We next 

investigated whether SITS, an analog of DIDS, could also act similarly as DIDS does. There 

is only minor structure difference between these two compounds (Fig. S1A, S1C). One of 

isothiocyano in DIDS is replaced by acetamido in SITS. However, SITS (100 μM) did not 

potentiate the capsaicin-evoked TRPV1 currents (Fig. 6A, 6B), neither did it alter the 

tachyphylaxis of the capsaicin-induced currents (Fig. 6C, 6D). On the other hand, SITS 

strongly and concentration dependently potentiated the low pH-induced currents (Fig. 6E, 6F). 

Similar to DIDS, SITS alone did not induce any currents, even at high concentration of 1 mM 

(n = 6, data not shown). Efficacy of SITS on the low pH-induced currents is comparable with 

that of DIDS (421 ± 68% vs. 448 ± 69%, for low pH + SITS and low pH + DIDS over the 

controls, respectively). SITS also partially blocked the tachyphylaxis of the low pH-evoked 

currents (Fig. 6G). 

 

DIDS enhances currents of TRPV1 expressed in HEK293 cells. In order to confirm 

TRPV1 is the direct target of modulation by DIDS, we studied the effects of DIDS on the 

currents of TRPV1 expressed in HEK293 cells. As in rat DRG neurons, the TRPV1 currents 

induced by capsaicin also went substantial tachyphylaxis on repetitive application of 

capsaicin. DIDS, as it did in DRG neurons, potentiated the capsaicin-evoked TRPV1 current, 

but did not affect the tachyphylaxis of the capsaicin-induced currents (Fig. 7A, n=4). SITS did 

not affect the capsaicin-induced currents (8 ± 6%, n=4). As in DRG neurons, DIDS also 

potentiated the TRPV1 currents in the absence of extracellular Ca2+ (Fig. 7B, n=4). The 

effects of DIDS were concentration dependent (Fig. 7C, 7D); DIDS potentiated the 
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capsaicin-induced currents in the absence of Ca2+ with an EC50 of 3.21 ± 0.10 µM (Fig. 7D). 

Lack of the tachyphylaxis of the capsaicin-induced TRPV1 currents in the absence of 

extracellular calcium enables us to study the effects of DIDS under repetitive application of 

capsaicin. Thus the effects of DIDS on the concentration-dependent activation of TRPV1 by 

capsaicin were tested. Co-application DIDS with capsaicin led to a leftward shift of the 

concentration-response curve for capsaicin activation of TRPV1 expressed in HEK293 cells 

(Fig. 8A, 8B, n=6~8).  

To help understand the possibly mechanism for DIDS-mediated potential of TRPV1, we 

tested the effect of DIDS on voltage-dependent properties of TRPV1 currents. TRPV1 was 

reported to be partially voltage-dependent, and agonists of TRPV1 (proton and capsaicin) 

could increase the voltage sensitivity of TRPV(Matta and Ahern, 2007; Voets et al., 2004). 

Fig. 8C shows representative current traces of TRPV1 expressed in HEK 293 cells, resulting 

from a family of voltage steps either under control conditions or in the presence of capsaicin 

(100 nM) or with co-application of 100 μM DIDS. The conductance and voltage (G-V) curves 

were fitted by Boltzmann function. 100 μM DIDS shifted the V1/2 from 40±5 mV and -42±7 

mV (Fig. 8D). However, the slope factors from these two fittings were not different (63 mV 

for capsaicin and 69 mV for capsaicin plus DIDS). 

 

DIDS does not potentiate TRPV1 currents through known modulation sites. Both low 

pH and activation of PKC were reported to be able to potentiate the TRPV1 currents activated 

by the agonists such as capsaicin (Bhave et al., 2003; Jordt et al., 2000; Numazaki et al., 

2002). The effects of low pH and PKC are mediated through specific sites in TRPV1. We 
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decided to investigate whether the effects of DIDS were also mediated through these sites. A 

Glu residue (E600) in TRPV1 was suggested to be the key regulatory site for low pH 

mediated modulation of TRPV1 function whereas the residue E648 may serve as the key site 

for low pH activation of TRPV1 (Jordt et al., 2000). And two Ser residues, S502 and S800 

were suggested be involved in the potentiation of the TRPV1 current via PKC-mediated 

phosphorylation (Bhave et al., 2003; Numazaki et al., 2002). We tested the effects of DIDS 

on TRPV1 mutants involving above mentioned sites expressed in HEK293 cells. The data 

shown in Figure 8 suggested that for the two low pH related mutants, TRPV1(E600Q) and 

TRPV1(E648A), the capsaicin-induced currents were potentiated by DIDS to same level 

compared with the wild type TRPV1 current (Fig. 9A, 9C), although their responses to low 

pH were greatly reduced (Fig. 9A, 9B). DIDS also potentiated the low pH-induced currents of 

E648A mutant to the similar extent as it did for the currents of wild type TRPV1 (Fig. 9D, 

9E). We also tested the effect of DIDS on TRPV1(S502A), which should abolish the 

PKC-mediated TRPV1 potentiation. As shown in Fig 9F and 9G, the capsaicin-induced 

TRPV1(S502A) currents were potentiated by DIDS similarly as the wild type TRPV1 

currents. Thus, DIDS potentiates the TRPV1 currents through a mechanism different from the 

known mechanism.  
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Discussion 

 

TRPV1, as a polymodal integrator, is activated by vanilloids (capsaicin) and low pH (pH < 

5.8). We studied here the effects of stilbene derivatives on TRPV1 currents activated by these 

two prototypical stimuli on DRG neurons as well as the capsaicin-activated currents of 

TRPV1 expressed in HEK293 cells. The results demonstrate that DIDS potentiated the 

TRPV1 currents evoked by capsaicin or low pH, whereas SITS selectively enhanced the 

TRPV1 currents induced by low pH. Furthermore, DIDS greatly reduced the tachyphylaxis of 

TRPV1 current induced by low pH but not by capsaicin. To our knowledge, this is the first 

report that stilbene derivatives are direct modulators of activated TRPV1 function besides 

their well known blocking effects on chloride channels. The characterization of the DIDS 

effects sheds some new insights into the modulation of TRPV1 function. 

It is striking that the agonists (capsaicin or low pH)-induced TRPV1 currents are greatly 

potentiated by the stilbene derivatives even substantial tachyphylaxis of the currents has 

developed. In fact, all of the effects of DIDS and SITS were observed when the TRPV1 

currents have desensitized to less than 30% of their initial values (Fig. 1B). Under this 

condition, the desensitized currents were not only increased but in some cases increased to a 

higher level than the currents before the desensitization. This is truly remarkable in 

considering that the desensitized channels rarely respond to stimuli and they need long time to 

recover from the desensitization. Clearly, DIDS does not merely to recover the desensitized 

TRPV1 channels, since the non-desensitizing TRPV1 currents in the absence of extracellular 

Ca2+ are also potentiated by DIDS (Fig. 2A, 7B). Actually, as shown in Fig 1F, DIDS does not 
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alter the tachyphylaxis of capsaicin-induced TRPV1 currents. It has been reported that 

Ca2+/calmodulin binding, membrane PIP2 hydrolysis and channel dephosphorylation may 

contribute to the repetitive stimuli-induced TRPV1 tachyphylaxis (Lishko et al., 2007; Liu et 

al., 2005). DIDS is not likely to affect cellular Ca2+/calmodulin, membrane PIP2 hydrolysis or 

channel phosphorylation. If any of these mechanisms are indeed involved in the tachyphylaxis 

of TRPV1 seen in this study, DIDS should potentiate the agonist-induced TRPV1 currents 

independent of these mechanisms. Indeed, as shown in Fig. 7, when the capsaicin-activated 

TRPV1 currents are devoid of the tachyphylaxis due to the absence of extracellular Ca2+, 

DIDS still greatly potentiates the TRPV1 currents. Activation of PKC can sensitize the 

TRPV1 currents activated by capsaicin, low pH or heat in DRG neurons and in HEK293 cells 

(Vellani et al., 2001). However, TRPV1 mutant that lacks the suggested phosphorylation site 

still responds to DIDS similarly as the wild type TRPV1 did (Fig. 9F, 9G). Thus it is likely 

that DIDS employs a novel mechanism in potentiating the TRPV1 currents. It is possibly that 

binding of DIDS to TRPV1 channel alters the conformation of TRPV1 so that the channel 

now is not only more sensitive to the agonists but also can be activated to a greater extent. 

 Although it has been reported that TRPV1 could be activated by strong membrane 

depolarization in the absence of agonists (Matta and Ahern, 2007; Voets et al., 2004) we could 

not record appreciable size of TRPV1 currents expressed in HEK 293 cells when membrane 

was depolarized to up to 160 mV (Fig 8C). Furthermore, this property of TRPV1 was not 

changed by application of DIDS alone. Nonetheless, as it was reported before(Matta and 

Ahern, 2007) there was a voltage-dependent component of TRPV1 currents activated by 

capsaicin (Figure 8D). DIDS shifted the voltage dependent activation of capsaicin-induced 
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currents to more negative potential without affect the slope factor of the G-V curve. In 

consideration that capsaicin could also concentration-dependently shifted the 

voltage-dependent TRPV1 currents to more negative potential(Matta and Ahern, 2007). we 

interpreted the effect of DIDS as increasing the sensitivity of TRPV1 to capsaicin, consistent 

with above discussion. 

DIDS potentiated the desensitized capsaicin-activated TRPV1 currents but did not affect 

the process of current tachyphylaxis (Fig. 1F). On the other hand, DIDS potentiated the low 

pH-activated TRPV1 currents and abolished the current tachyphylaxis (Fig. 4A, 4B). These 

selective effects of DIDS again support our above argument that DIDS modulates TRPV1 

function with novel mechanisms that are distinct from the current known mechanisms. For 

example, membrane PIP2 is believed to be important for both the low pH and the 

capsaicin-induced TRPV1 tachyphylaxis (Liu et al., 2005). Furthermore, while SITS 

potentiated the low pH-induced but not the capsaicin-induced TRPV1 currents in this study, 

the PKC-mediated sensitization of TRPV1 channel are non-selective for these two stimuli 

(Vellani et al., 2001). Thus, overall, we have following hypothesis for mechanisms involved 

in DIDS and SITS modulation of TRPV1 function. Capsaicin and low pH should use different 

mechanisms to activate TRPV1 thus creating different conformation states of activated 

channels, and the difference is small enough to accommodate the binding and action of DIDS 

on both conformation states but big enough to discriminate for the selective binding and 

action of SITS on pH-induced activated state of TRPV1. Similarly, the mechanisms of 

tachyphylaxis for capsaicin- and low pH-activated TRPV1 currents could also be different. 

Thus it is not too difficult to understand why DIDS only abolished the tachyphylaxis of 
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pH-activated but not capsaicin-activated TRPV1 currents. The above hypothesis are 

supported by the evidence from electrophysiological and mutagenesis studies, which 

demonstrate capsaicin binds to the intracellular domain of TRPV1 (Y511 and S512, located at 

an intracellular loop and TM3), whereas protons bind to the sites localized extracellularly 

(E648 in the pore-forming stretch between TM5 and TM6) (Jordt et al., 2000). 

Two lines of evidence suggest that the isothiocyanate groups in stilbene derivatives are 

important for their actions on modulation of TRPV1 functions. First, when both of two 

isothiocyanate groups in DIDS are replaced by primary amines, as for DADS (Fig. S1B), or 

replaced by nitro, as for DNDS (Fig. S1D), the capability to modulate TRPV1 function is lost 

(Fig. S5). Second, when one of the two isothiocyanate groups in DIDS is replaced by 

acetamido, as for SITS (Fig. S1C), the capability to potentiate capsaicin-activated TRPV1 

currents, leaving only the ability to potentiate the pH-activated currents. These features of 

structural specificity for stilbene derivatives further support the notion that specific 

structure-related interaction between the stilbene derivatives and TRPV1 channels are 

necessary for modulation of TRPV1. It has been reported that the multimers formed from 

DADS have greater potency in inhibiting Cl- channel function than DIDS (Matulef et al., 2008; 

Wulff, 2008), which suggest that the isothiocyanate groups are not needed for function of 

stilbene derivatives as Cl- channel blockers. It is thus possible to develop new compounds 

with TRPV1 potentiation actions but void of Cl- channel blocking actions.  

It has been reported recently that a variety of 1,4-dihydropyridine (DHP) derivatives can 

enhance capsaicin-induced TRPV1 activity, but exhibit minimal or no intrinsic agonist 

activity of their own (Roh et al., 2008). Thus, as we show here for stilbene derivatives, 
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functions of TRPV1 channel can be modulated by small molecular compounds with different 

structures. This will have at least two important implications. First, it will help to understand 

mechanisms underlying TRPV1 activation, desensitization and other properties of channel 

activities. Since the structure of TRPV1 is not available, these functional tools will be very 

valuable. Second, it will help to develop new modulators of TRPV1 function, which have 

great clinical therapeutic potentials. In fact, agonists of TRPV1 have been used and are 

evaluated to be used as analgesic agents (Mason et al., 2004). The logic behind this seemly 

paradoxical scenario is that the sustained opening of TRPV1 channel would allow a large 

influx of Ca2+, which results in Ca2+ excitotoxicity that occurs selectively in 

TRPV1-expressing, primary afferent nociceptive neurons (Karai et al., 2004). In this regard, 

compounds like DIDS could be very valuable. First, it enhances greatly the influx of Ca2+ 

through the activated TRPV1 channel, and in some cases may abolish the desensitization of 

the activated TRPV1 currents. Thus overall Ca2+ excitotoxicity to noceceptive neurons will be 

increased. Secondly, since DIDS and SITS do not activate TRPV1 on their own and only 

potentiate the agonists-activated TRPV1 currents, they would be efficacious only at nerve 

endings where TRPV1 is activated by pain-inducing substances, rather than at all accessible 

nociceptors. Thus, selective, localized actions may be achieved, but without the need for local 

administration and without blockade or inhibition of the important protective aspects of pain 

elsewhere in the body, as might be encountered with an antagonist of TRPV1. 
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Legends for figure

 

Fig. 1. DIDS enhances the capsaicin-evoked TRPV1 current in adult rat DRG neurons. 

Whole-cell currents from rat adult DRG neurons were recorded at a holding potential of -60 

mV, using perforated patch clamp technique in the presence of 5 mM extracellular Ca2+. 

Timing of the drugs application was indicated by bars. Intervals between the drug 

applications were 2 min. A, Representative trace of the TRPV1 currents induced by short (20 

s), repetitive application of 1 μM capsaicin. B, Normalized currents induced by capsaicin (1 

μM) vs the numbers of capsaicin applications. The amplitudes of the activated currents 

decreased with the repetitive application of capsaicin (tachyphylaxis). The current amplitudes 

were normalized to the current amplitude obtained with the first capsaicin application. C, 

DIDS (100 μM), on its own, did not activate TRPV1 currents in the capsaicin-sensitive 

neuron. D, The concentration dependent potentiation of TRPV1 currents by DIDS. The dotted 

square box outlines the two current amplitudes used for the quantitative analysis shown in E. 

E, The concentration-response curve for the DIDS-induced potentiation of TRPV1 currents. 

The EC50 is 4.66 ± 0.77 μM. DIDS was always co-applied with capsaicin at the fourth 

application of capsaicin. At this point, the capsaicin-induced current amplitude without DIDS 

(CAP) was calculated based on the current amplitude with the third application of capsaicin 

and the percentage tachyphylaxis shown in B. Then the current amplitude induced by 

co-application of capsaicin and DIDS (CAP+DIDS) was normalized to this calculated current 

amplitude. F, The effects of DIDS on the tachyphylaxis of the capsaicin-induced TRPV1 

currents. The current amplitudes were normalized to the current amplitudes obtained with the 
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first co-application of capsaicin and DIDS. G, The effects of DIDS on the activation kinetics 

of the capsaicin-induced currents. The rising phases of the capsaicin-activated currents in the 

absence and presence of DIDS were fitted with a single exponential function. 

 

Fig. 2. DIDS enhances the capsaicin-induced TRPV1 currents in the Ca2+-free 

extracellular solution. Whole-cell currents were recorded at a holding potential of -60 mV in 

the Ca2+-free extracellular solution. A, The representative trace of the TRPV1 current by short 

(20 s), repetitive application of 1 μM capsaicin or with co-application of 3 or 10 μM DIDS. B, 

The effects of DIDS were totally reversible. 5 min indicates the time for washout of drugs. C, 

The summary data of B. D, The concentration dependent effects of DIDS on the 

capsaicin-induced currents in the Ca2+-free extracellular solution. E, The 

concentration-response curve for DIDS-induced potentiation of TRPV1 currents in the 

Ca2+-free extracellular solution. The EC50 is 4.88 ± 0.74 μM.  

 

Fig. 3. DIDS enhances the TRPV1 currents evoked by endovanillold anandamide. 

Whole-cell currents were recorded at a holding potential of -60 mV in the presence of 5 mM 

extracellular Ca2+. A, The representative trace of the TRPV1 current induced by 10 μM 

anandamine (AEA) or by co-application of 10 μM DIDS and 10 μM anandamine. The 

TRPV1 current evoked by anandamide could be enhanced by DIDS in the capsaicin sensitive 

DRG neurons. B, Folds of the current increase by 10 μM DIDS. C, Co-application of DIDS 

with anandamide increased the currents, but did not prevent the desensitization of the currents. 

D, The summarized effects of DIDS (10 μM) on the desensitization of the 
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anandamide-induced TRPV1 currents. The current amplitudes were normalized to the current 

amplitudes obtained with the first co-application of DIDS with capsaicin or anandamine.  

 

Fig. 4. DIDS enhances the current amplitudes and abolishes the tachyphylaxis of the low 

pH-evoked TRPV1 currents. Whole-cell currents were recorded at a holding potential of -60 

mV in the presence of 5 mM extracellular Ca2+. A, Representative trace of the TRPV1 

currents induced by short (20 s), repetitive application of low pH solution (pH 5.0) and the 

effects of DIDS (100 μM) were shown. Co-application of DIDS with capsaicin increased the 

currents evoked by low pH, and abolished the desensitization of the currents with repetitive 

application of low pH (tachyphylaxia). B, The effects of DIDS on the desensitization of the 

low pH-induced TRPV1 currents. The current amplitudes were normalized to the current 

amplitude obtained with the first co-application of the low pH and DIDS. C, The 

concentration dependent potentiation of the low pH-induced TRPV1 currents by DIDS. D, 

The concentration-response curve for the DIDS-induced potentiation of TRPV1 currents. The 

EC50 is 1.83 ± 0.29 μM. E, The effects of DIDS on the activation kinetics of the low 

pH-induced currents. The rising phases of low pH-activated currents in the absence and 

presence of DIDS were fitted with a single exponential function. 

 

Fig. 5. The acid-sensitive currents are not involved in the effects of DIDS on the low 

pH-induced currents. Whole-cell currents were recorded at a holding potential of -60 mV in 

the presence of 5 mM extracellular Ca2+. A, The capsaicin-induced currents were greatly 

inhibited by ruthenium red (RR, 10 μM). B, Summary data for A. The currents were 
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normalized to the capsaicin-induced currents. C, The effects of RR on the low pH (pH 

5.0)-induced currents from the capsaicin-sensitive neuron. D, The effects of RR on the low 

pH-induced currents from the capsaicin-insensitive neuron. RR did not inhibit the currents E, 

DIDS (100 μM) markedly inhibited the low pH-induced currents from the 

capsaicin-insensitive neuron. F, Summary of DIDS effects as shown in E. G, DIDS (100 μM) 

markedly enhanced the low pH-induced currents from the capsaicin-sensitive neuron, which 

were inhibited by RR. H, Summary of DIDS (100 μM) effects as shown in G. The currents 

were normalized to the currents evoked by low pH solution. 

 

Fig. 6. SITS potentiates the low pH- but not the capsaicin-induced currents. Whole-cell 

currents were recorded at a holding potential of -60 mV in the Ca2+-free extracellular solution. 

A, SITS did not enhance the capsaicin-induced currents. B, Summary for the effects of SITS 

as shown in A. C and D, SITS did not affect the tachyphylaxis of the capsaicin-induced 

currents. E, SITS concentration-dependently potentiated the TRPV1 currents induced by the 

low pH. F, Summary data for the effects of SITS show in E. **P < 0.01. G: SITS partially 

blocked the tachyphylaxis of the low pH-induced currents. 

 

Fig. 7. The effects of DIDS on the currents of TRPV1 expressed in HEK293 cells. 

Whole-cell currents were recorded at a holding potential of -60 mV. A and B, The 

representative trace of the TRPV1 current induced by short (10 s), repetitive application of 1 

μM capsaicin or co-application of 1 μM capsaicin and 100 μM DIDS in the presence of 5 mM 

Ca2+ (A) or in the absence of Ca2+ (B) extracellular solution (left panel). Normalized summary 
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data were shown in the right panel. C, The concentration dependent potentiation of the 

capsaicin-induced currents by DIDS in the Ca2+-free extracellular solution. D, The 

concentration-response curve for the effects of DIDS. The EC50 is 3.21 ± 0.10 μM 

 

Fig. 8. DIDS sensitizes the effects of capsaicin on activation of TRPV1 and potentiates 

the TRPV1 currents in a voltage dependent manner. The capsaicin-induced TRPV1 

currents were recorded in HEK 293 cells. Whole-cell currents were recorded at a holding 

potential of -60 mV in the Ca2+-free extracellular solution. A, The representative traces of the 

currents induced by different concentration of capsaicin in the absence (upper panel) or 

presence (lower panel) of 100 μM DIDS in the Ca2+-free extracellular solution. B, The 

concentration–response relationships for capsaicin with or without co-application of 100 μM 

DIDS. Data are fitted with Hill equation (n = 6~8). EC50 are shown. The Hill coefficient is 

1.48 for capsaicin alone and 2.08 for capsaicin+DIDS. C, The cells were held at -60 mV, and 

the holding currents at -60 mV were recorded continuously. A family of voltage steps (using 

the voltage protocol shown above the current traces) were applied at a-d, and the 

representative traces of control, in the presence of 100 nM capsaicin or with co-application of 

100 μM DIDS induced by the protocol were shown in the upper panel. D, Boltzmann fits to 

the conductances obtained from steady state currents at the end of the pulse. The V1/2 values 

for 100 nM capsaicin or with co-application of 100 μM DIDS were shown. The slope factor is 

63 mV for capsaicin alone and 69 mV for capsaicin+DIDS 

 

Fig. 9. Mutations that affect the pH and PKC mediated modulation of TRPV1 currents 
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do not affect the DIDS mediated potentiation of TRPV1 currents. Whole-cell currents 

were recorded at a holding potential of -60 mV in the Ca2+-free extracellular solution. A, The 

residues of TRPV1 (E600, E648) related to pH modulation were not involved in DIDS 

potentiation of capsaicin-induced TRPV1 currents. B, The ratio of low pH (pH 5.0)- vs 

capsaicin (1 μM)-activated currents. C, The summary data for the effects of DIDS shown in A. 

D and E, The residue (E648) of TRPV1 related to pH modulation were not involved in DIDS 

potentiation of pH-induced TRPV1 currents. F and G, The residue (S502) of TRPV1 related to 

PKC modulation were not involved in DIDS potentiation of capsaicin-induced TRPV1 currents. 
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