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Abstract 

Evidence that the ligand binding site of TRPV1 lies on the inner face of the plasma 

membrane and that much of the TRPV1 itself is localized to internal membranes suggests that 

the rate of ligand entry into the cell may be an important determinant of the kinetics of ligand 

action.  In this study, we synthesized a BODIPY TR labeled fluorescent capsaicin analog (CHK-

884) so that we could directly measure ligand entry.  We report that CHK-884 penetrated only 

slowly into CHO cells expressing rat TRPV1, with a t½ of 30 ± 4 min, and localized in the 

endoplasmic reticulum and Golgi. Although CHK-884 was only weakly potent for TRPV1 

binding (Ki = 6400 ± 230 nM), it was appreciably more potent when assayed by intracellular 

calcium imaging and was 3.2-fold more potent with a 1 hour incubation time (37 nM) than with a 

5 min incubation time.  Olvanil, a highly lipophilic vanilloid, yielded an EC50 of 4.3 nM upon 

intracellular calcium imaging with an incubation time of 1 hr, compared with an EC50 value of 

29.5 nM for calcium imaging assayed at 5 min. Similarly, the antagonist 5-Iodo-RTX displayed a 

Ki of 4.2 pM if incubated with CHO-TRPV1 cells for 2 hours before addition of capsaicin 

compared to 1.5 nM if added simultaneously.  We conclude that some vanilloids may have slow 

kinetics of uptake; this slow uptake may impact assessment of structure activity relations and 

may represent a significant factor for vanilloid drug design. 
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Introduction 

 TRPV1 is a central nociceptor mediating response to vanilloids such as capsaicin and 

RTX, heat, low pH, as well as to endogenous ligands (Szallasi and Blumberg, 1989; Caterina et 

al., 1997; Zygmunt et al., 1999; Hwang et al., 2000; Gavva et al., 2004). Also, it has a prominent 

role in the functioning of C-fiber sensory neurons, thus becoming a promising therapeutic target 

for chronic pain, bladder hyperreflexia, pruritus, diabetic neuropathy, postherpetic neuropathy, or 

cough (Robbins, 2000, Morice and Geppetti, 2004). 

 In this study, we were concerned with the influence of the rate of vanilloid penetration 

into the cell on apparent vanilloid activity.  It is clear that TRPV1 shows complicated cellular 

localization.  Contrary to the expectation that TRPV1 should be localized at the plasma 

membrane, most appears to be located at internal membranes (Olah et al., 2001).  Consistent 

with this pattern of localization, multiple research groups have shown that TRPV1 can function 

to release calcium from endoplasmic stores as well as permit calcium entry from outside the cell 

(Eun et al., 2001; Marshall et al., 2003).  Vanilloids obviously need to penetrate into the cell to 

gain access to the endoplasmic reticulum localized TRPV1. 

 For the TRPV1 located at the plasma membrane, the original view was likewise that the 

vanilloid binding site of TRPV1 lies on the inner face of the plasma membrane.  Oh and 

coworkers reported that DA-5018, a capsaicin derivative bearing a primary amine, activated 

single channel currents only when applied to the inner surface of the membrane and not when 

applied to the outer surface (Jung et al, 1999).  Mutational studies have identified residues on the 

third and fourth transmembrane domains of TRPV1 as being important determinants of ligand 

binding, arguing that this is indeed the site of ligand binding (Jordt and Julius, 2002; Gavva et 

al., 2004; Chou et al., 2004; Phillips et al., 2004).  Further, activity of anandamide on TRPV1 
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depends on its uptake by a transport system (De Petrocellis et al., 2001). On the other hand, 

Rami et al., 2004 have reported that a TRPV1 antagonist that contained a quaternary amine was 

effective only when applied to the external surface of membranes in patch clamp studies, and 

Vyklicky et al., 2003 reported that intracellular application of vanilloids was insufficient for 

activating TRPV1 channels in HEK293T cells.  It thus remains uncertain whether vanilloids 

must enter the cell to regulate that portion of TRPV1 which is localized at the plasma membrane. 

 In this paper, we describe the synthesis of a fluorescent vanilloid.  We measured its rate 

of uptake into cells directly, we showed that this uptake was slow, and we demonstrated that at 

limiting doses the compound only slowly elevated intracellular calcium levels.  We further 

describe that the biological potencies of the agonist olvanil and the antagonist 5-Iodo-RTX 

showed marked time dependence, presumably reflecting their slow penetration into cells.  

Previously, we have reported that the lipophilic vanilloid homovanilloyl-hexadecylamide only 

slowly equilibrated with TRPV1 in membrane preparations (Szallasi et al., 1991). An important 

implication of our findings for vanilloid structure activity analysis is that short incubation times 

may substantially underestimate potencies for some structural series of vanilloids. 
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Materials and methods: 

Synthetic procedure and spectra of CHK-884. A solution of BODIPY (5 mg, 0.01 mmol, 

Invitrogen, Carlsbad, CA) and pentafluorophenyl (4-hydroxy-3-methoxyphenyl)acetate (4 mg, 

0.01 mmol) in CH2Cl2 (1 mL) was treated with triethylamine (1 drop) and stirred for 2 h at the 

room temperature. The reaction mixture was concentrated in vacuo and the residue was purified 

by preparative TLC (silica gel) using CH2Cl2:MeOH (5:1) as eluant to afford CHK-884 as a 

purple solid (4 mg, 67%). 1H NMR (CDCl3, 500 MHz) δ6.65-8.1 (m, 15 H, Ar), 6.56 (bt, 1 H, 

NH), 5.47 (bt, 1 H, NH), 4.55 (s, 2 H, OCH2CONH), 3.87 (s, 3 H, OCH3), 3.45 (s, 2 H, 

OCCH2Ar),  3.33 (dd, 2 H, CH2NH), 3.18 (dd, 2 H, CH2NH),  1.54 (m, 2 H, CH2),  1.45 (m, 2 H, 

CH2), 1.28 (m, 2 H, CH2); MS (FAB) 695 [M+Na]+; HRMS (FAB) m/z calcd for 

C35H35BF2N4O5S [M+H]+ 673.2389, found 673.2446. 

 

Cell culture and transfection. The CHO-rTRPV1 cell line (Tet-Off system) was a generous gift 

of James E. Krause and Daniel N. Cortright (Neurogen Corp., Branford, CT). Cells were 

maintained in Ham’s F12 medium with 1 mM L-glutamine supplemented with 10 % fetal bovine 

serum (FBS), 25 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) Buffer, pH 

7.2, 250 µg/ml Geneticin (all from Invitrogen) and 1 µg/ml tetracycline (Calbiochem, La Jolla, 

CA). To induce TRPV1 expression, maintaining medium was replaced with inducing medium 

(maintaining medium without Geneticin and tetracycline). Where indicated, CHO cells used for 

confocal microscopy were cultured in F-12K medium with 2 mM L-glutamine and 10 % FBS 

and were transfected with Lipofectamine 2000 following the manufacturer’s directions using 2 

µg of a plasmid encoding rTRPV1-GFP fusion protein (Olah et al., 2001).  
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[3H]RTX Binding Assay. Binding assays were carried out in Dulbecco`s Phosphate Buffer 

Saline (DPBS) (Invitrogen) containing 0.25 mg/ml bovine serum albumin (BSA, Sigma, St 

Louis, MO). 100 µl of CHO-rTRPV1 cell pellet (which corresponds to 1/15 of the contents of a 

T75 flask of confluent, induced CHO-rTRPV1 cells) was incubated in a 350 µl final volume with 

different concentrations of the competing ligand and 100 pM [20-3H]resiniferatoxin ([3H]RTX, 

Perkin Elmer Life Sciences Inc, Boston, MA) at 37 ºC. Nonspecific binding was measured in the 

presence of 100 nM nonradioactive RTX (Alexis, San Diego, CA). After 60 min, the mixture 

was cooled on ice; nonspecific binding of [3H]RTX was reduced by addition of 200 µg per tube 

bovine glycoprotein fraction VI (AGP, ICN Pharmaceuticals, Costa Mesa, CA, USA). After 15 

minutes incubation on ice the whole mixture was transferred to 1.5 ml plastic, capped centrifuge 

tubes and centrifuged in a Beckman Allegra 21R benchtop centrifuge (15 min, 12200 rpm, 4 ºC). 

To determine the concentration of free [3H]RTX, 200 µl aliquots of supernatant were transferred 

to scintillation vials. Membrane bound [3H]RTX was determined from the pellets. Ki values were 

calculated using Microcal™ Origin software (Microcal Software Inc, Northampton, MA). 

 

45Ca uptake measurement. rTRPV1 expressing CHO cells were plated in maintaining medium 

onto 24-well plates at 20-40% of confluency. The next day the medium was removed, cells were 

washed twice with DPBS and the medium was replaced with inducing medium. 45Ca uptake 

measurements were performed 48 hours after the change to inducing medium when the cells 

were almost confluent. For measurement of 45Ca uptake, plates were incubated for 5 minutes at 

37 ºC in a water bath in 400 µl Dulbecco`s Modified Eagle`s Medium (DMEM, Invitrogen) 

containing 1.8 mM CaCl2, 0.25 mg/ml BSA (unless otherwise stated), 1 µCi 45Ca2+ (ICN 

Pharmaceuticals) and the different concentrations of the compound being tested. Immediately 
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after the incubation the medium was removed quickly, the wells were washed twice with DPBS 

(Invitrogen), and then the cells were lysed by addition of 400 µl/well RIPA buffer (50 mM Tris-

Cl, pH 7.4, 150 mM NaCl, 1 % Triton X-100, 0.1 % SDS and 1 % sodium deoxycholate, all from 

Sigma) and shaken slowly for at least 1 hour. From each well 300 µl of the lysate was transferred 

to a scintillation vial and the radioactivity was determined. Each experimental condition was 

assayed in quadruplicate in each experiment and each experiment was performed at least three 

times. Data were fit to the Hill equation and Ki values were calculated using Microcal™ Origin 

software (Microcal Software Inc). For statistical analyses the embedded statistical tools in the 

Microcal™ Origin software were used. 

 

Intracellular Ca2+ imaging. TRPV1 expressing CHO cells were plated onto 25 mm round glass 

coverslips 2 days before measurement of the intracellular Ca2+ ([Ca2+]ic). The next day the 

maintaining medium was switched to inducing medium that included 1 mM sodium butyrate 

(Sigma). On the day of measurement, cells were incubated for 1.5 hr at room temperature with 

inducing medium containing 10 µM Fura-2 AM (Molecular Probes, Eugene, OR) to permit 

uptake of the Fura-2. The measurements were carried out in DPBS containing 0.25 mg/ml BSA, 

or in DPBS without Ca2+.and Mg2+ supplemented with 10 mM EDTA and 0.25 mg/ml BSA. The 

fluorescence of individual cells was measured with an InCyt Im2 fluorescence imaging system 

(Intracellular Imaging Inc., Cincinnati, OH). During measurement, cells were alternatively 

illuminated at 340 and 380 nm and the emitted light at 510 nm was collected. Data were 

analyzed and processed with Microcal™ Origin software (Microcal Software Inc).  
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Confocal Microscopy. CHO and CHO-rTRPV1 cells were plated onto Delta T dishes 

(Bioptechs, Butler, PA) two days before confocal microscopy experiments. The following day 

CHO cells were transfected with 2 µg/dish TRPV1-GFP plasmid as described earlier. Confocal 

microscopy experiments were performed the day after transfection. CHO-rTRPV1 cells were 

maintained and induced as described in the Ca2+ imaging section. On the day of the experiments, 

induced cells that were to be imaged for Golgi localization were loaded with 0.5 µM BODIPY 

FL labeled Brefeldin A dye (Molecular Probes) for 30 min. Images were acquired using a Zeiss 

LSM 510 confocal system (Carl Zeiss Inc, Thornwood, N.Y.) with an Axiovert 100 M 

microscope and a Plan Apochromat 63x/1.4 NA DIC objective.  Using a multi-track 

configuration for sequential excitation, red and green emission was collected with a LP 560 filter 

and a BP 505-530 filter respectively. For measurement of cellular uptake of CHK-884, 5 optical 

Z slices were taken every five minutes for 2.5 hours, then the fluorescence intensity of the cells 

was measured as a function of time with Zeiss LSM 510 confocal software. Data points were fit 

by Levenberg-Marquardt nonlinear regression to a two-compartment uptake model using 

Microcal™ Origin software (Microcal Software Inc). 

 

Determination of log P. The octanol/water partition coefficients for 5-Iodo-RTX and olvanil 

were determined using the LogKow software package (Syracuse Research Corporation, North 

Syracuse, N.Y.), which is based on the algorithm of Meylan and Howard (Meylan and Howard, 

1995). The log P of CHK-884 was determined by calculating the relative contribution of the 

tetravalent boron atom in BODIPY FL which had previously been empirically calculated by the 

shake-flask method and incorporating this value into the calculations as described previously 

(Braun et al., 2005a). 
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Results 

 We wished to investigate the kinetics of uptake and localization of a vanilloid ligand for 

comparison with the kinetics of response to the ligand as determined by calcium entry and 

intracellular calcium levels. We therefore synthesized a fluorescent ligand CHK-884 (N-

(BODIPY® TR cadaverine)-2-(4-hydroxy-3-methoxyphenyl)acetamide or N-{5-[({4-[4,4-

difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-yl]phenoxy}acetyl)amino]pentylamino}-

2-(4-hydroxy-3-methoxyphenyl)acetamide), a vanilloid which incorporates a BODIPY TR group 

in the vanilloid “C-region” (Figure 1).  This fluorescent capsaicin analog, which we designed 

based on its fluorescent characteristics and its synthetic accessibility, was correspondingly not 

optimal in its C-region for TRPV1 interaction and proved to be a relatively weak TRPV1 ligand.  

As evaluated by competition with [3H]RTX for binding to rTRPV1, its Ki was 6400 ± 230 nM 

(mean ± standard error of the mean (SEM), n = 3 experiments) (Figure 2A).  Moreover, at a 30 

µM ligand concentration, the maximum concentration evaluated because of concerns about 

solubility, CHK-884 inhibited only 70% of the [3H]RTX binding.  For comparison, the Ki for 

capsaicin under these assay conditions was 1800 ± 300 nM, indicating that CHK-884 was 3.6-

fold less potent than capsaicin in the rTRPV1 binding assay. 

 Uptake of 45Ca2+ provides a functional assay for ligand potency, and vanilloid structure 

activity relations with this assay often show significant differences from those determined by 

inhibition of [3H]RTX binding (Acs et al., 1996).  Using a 5 min incubation time, the half 

maximally-effective concentration (EC50) for CHK-884 was 2800 ± 130 nM (mean ± SEM, n = 9 

experiments) (Fig. 2B). At longer incubation times of 15 and 30 minutes, the EC50 values were 

modestly more potent (1200 ± 120 nM and 1000 ± 140 nM, respectively, mean ± SEM, n = 9 

experiments, p < 0.001 relative to 5 min incubation) (Fig 2C). For comparison, the EC50 of 
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capsaicin under these assay conditions were 126 ± 21 nM and 124 ± 11 for 30 min (mean ± 

SEM, n = 3 experiments); CHK-884 was thus 22-fold less potent than capsaicin in this functional 

assay.  For some vanilloids, BSA has been reported to influence apparent activity (Szallasi et al., 

1992).  Over the concentration range of 0.05 to 0.25 mg/ml, BSA did not affect the measured 

potency of CHK-884 (data not shown). 

 Uptake of CHK-884 into cells was visualized using confocal microscopy, with the total 

fluorescent signal in individual cells determined as a function of time.  In contrast to the very 

rapid uptake of capsaicin, as indicated by calcium response (Jung et al, 1999), CHK-884 

penetrated only slowly.  At 250 nM CHK-884, the half-time for uptake was 1800 ± 240 sec, 

indicating that 6160 ± 310 sec (mean ± SEM, n = 3 experiments) was required to reach 95% 

saturation under these conditions (Figure 3).  Two factors may have contributed to this slow rate 

of penetration, its large molecular size and its relatively low lipophilicity relative to that of 

capsaicin, as reflected by log P values of 1.38 for CHK-884 versus 4.00 for capsaicin. 

 Confocal microscopy also allowed the intracellular localization of CHK-884 to be 

determined as a function of time.  We further compared the localization of CHK-884 with that of 

TRPV1 and with membrane markers. For comparison of the localization of CHK-884 with that 

of TRPV1, we transfected CHO cells with a plasmid encoding green fluorescent protein tagged 

rat vanilloid receptor (rTRPV1-GFP). On the day following transfection, cells were treated with 

250 nM CHK-884 and visualized. For comparison of the localization of CHK-884 with that of 

membrane markers, cells were loaded with 0.5 µM BODIPY FL labeled Brefeldin A dye, which 

marks both the endoplasmic reticulum and Golgi apparatus (Deng et al., 1995). 

 First, the figures clearly illustrate the slow rate of uptake of the CHK-884, as discussed 

above (Figure 4).  Secondly, it is striking that the fluorescent capsaicin analog localized almost 
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exclusively to internal membranes rather than to the plasma membrane, both in control CHO 

cells (Figure 4B) and in those transfected with rTRPV1-GFP (Figure 4A).  This pattern reflects 

the relative predominance of the internal membranes and is similar to that observed previously 

for phorbol esters (Braun et al., 2005a).  It likewise mirrors approximately the distribution of 

rTRPV1-GFP, of which very little is evident at the plasma membrane although clearly some 

must be present there based on the 45Ca2+ measurements (Figure 4A).  Finally, the different 

patterns of distribution of CHK-884 over time in control cells and in cells expressing rTRPV1 

should be noted.  As we described previously (Olah et al., 2001), the influx of calcium triggered 

by the vanilloid in the presence of rTRPV1 induces re-arrangement of the intracellular 

membranes and of the associated rTRPV1.  Because of the great excess of CHK-884 relative to 

rTRPV1, the contribution to the apparent localization of CHK-884 of that CHK-884 complexed 

to receptor would be negligible. 

 The slow rate of entry of CHK-884 into the cells suggested that CHK-884 should 

progressively activate TRPV1 with time, to the extent that this activation was not 

counterbalanced by TRPV1 desensitization.  We therefore examined the influence of CHK-884 

treatment on intracellular calcium concentration ([Ca2+]ic) as a function of time.  rTRPV1-CHO 

cells were incubated for 1.5 hr with 10 µM Fura-2 AM in inducing medium to load the cells with 

the calcium indicator dye.  Changes in intracellular calcium levels were then monitored in terms 

of the ratio of the fluorescent signal upon illumination at 340 nm and 380 nm using the InCyt 

calcium imaging system.  In each experiment, cells were monitored for a minimum of 90 sec to 

establish the baseline signal for [Ca2+]ic in DPBS with Ca2+, Mg2+ and 0.25 mg/ml BSA.  The 

indicated concentration of CHK-884 was then added and the signal for [Ca2+]ic was monitored 

for a further 60-70 minutes. Separate wells of cells were used with each concentration of CHK-
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884.  Dose-response curves (Fig. 5B) were constructed from the data points read at 3600 s at 

each different CHK-884 concentration for 40-49 individual rTRPV1-CHO cells within the 

microscope field (Fig. 5A). 300 nM capsaicin was used as a positive control. The EC50 of CHK-

884 under these conditions was 37 ± 3 nM (mean ± SEM, n = 3 experiments).  For comparison, 

the EC50 of CHK-884 determined at 5 min after addition of compound was 120 ± 10 nM (mean ± 

SEM, n = 3 experiments).  Under the same assay conditions, the EC50 for capsaicin was 86.9 ± 

7.7 nM at 60 min and 86.6 ± 3.7 nM (mean ± SEM, n = 3 experiments) at 5 min.  The calcium 

imaging thus reveals that CHK-884 was more potent (3.2-fold) when assayed at 60 min than at 5 

min.  Although this difference is less than would have been predicted (7-fold) simply from the 

slow rate of penetration of CHK-884, of course desensitization of the TRPV1 response with time 

would tend to counterbalance the apparent increase in potency with time as a result of the slow 

penetration.   

To get a preliminary measure of whether this explanation was plausible, we treated the 

cells for 30 or 60 min with CHK-884 (20 or 30 nM), and then challenged with 15 or 30 nM 

capsaicin.  The response was monitored by calcium imaging.  The treatment with CHK-884 

reduced the response to capsaicin relative to that seen in cells not first exposed to the CHK-884 

(data not shown, single experiments under each set of conditions).  Likewise, we confirmed in 

triplicate experiments that pretreatment (for 60 min) with capsaicin reduced the extent of 

stimulation of the uptake of 45Ca2+ upon rechallenge with capsaicin (data not shown). 

It is noteworthy that the potency of CHK-884 was appreciably greater as measured by 

calcium imaging than by 45Ca2+ uptake (120 versus 2800 nM, both at 5 min), whereas there was 

only a small difference for capsaicin (86 nM versus 126 nM).  We do not know the basis for this 

difference, but we can exclude the possibility that the calcium imaging response we observe is 
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dominated by release from intracellular stores.  In the absence of external calcium, the response 

to thapsigargin or vanilloids that we observe in our cells is much smaller than the response to 

vanilloids observed under our usual assay conditions.  Finally, it is noteworthy that, as measured 

by calcium imaging at 60 min, CHK-884 was only 2-fold less potent than capsaicin. 

 The InCyt imaging system permits analysis not only of the aggregate signal from the 

imaged cells but also tracking of the signal of the different individual cells. We have described 

elsewhere (Toth et al., 2005) that the pattern of response of individual cells depends on the 

specific ligand as well as on its concentration.  Thus, increasing doses of capsaicin cause a rapid 

response in virtually all of the cells but with a graded magnitude of the response depending on 

the concentration of the capsaicin.  For RTX, on the other hand, the typical pattern is for 

individual cells to respond at variable times but with a full response in each responding cell; as 

the concentration of RTX is increased, the average latency time before response decreases.  In 

the case of CHK-884, we observe a different pattern.  Here, we observe that at lower 

concentrations of CHK-884 (3 and 30 nM) the intracellular Ca2+ concentration in individual cells 

slowly increased (Fig. 5C-D). At higher concentrations (100 nM, Fig. 5E and 300 nM, Fig. 5F), 

increasing numbers of cells responded within the first 500 sec, reaching a plateau level of 

[Ca2+]ic. 

Olvanil  

 The measured slow uptake of CHK-884 motivated us to look at several other vanilloid 

ligands that are also candidates for showing slow uptake, although it was not possible to measure 

their uptake directly.  The first compound was olvanil, which has been described as a potent non-

pungent agonist of TRPV1. Olvanil has a calculated log P of 8.00, and we know that phorbol 

esters with a log P in this range enter cells slowly (Braun et al., 2005a) and only slowly induce 
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responses of their intracellular target, protein kinase C (Braun et al., 2005b; Wang et al., 2000).  

In our standard 45Ca2+ uptake assay with a 5 min incubation time, the EC50 for olvanil was 115 ± 

32 nM; the EC50 for 45Ca2+ uptake determined with a 30 min assay was only slightly lower, 81 ± 

12 nM (mean ± SEM, n = 3 experiments).  By calcium imaging, evaluated at 60 min, the EC50 of 

olvanil was 4.3 ± 0.6 nM (mean ± SEM, 3 experiments); at 5 min it was 29.5 ± 9.4 nM (mean ± 

SEM, n = 3 experiments) (Figure 6A,B).  Olvanil thus appeared 7-fold more potent at the longer 

assay time by calcium imaging.  Relative to the 45Ca2+ uptake assay, the calcium imaging yielded 

greater potency both at early and late times, as seen for CHK-884. 

 Examination of the patterns of calcium influx into the cells revealed that the amplitude of 

response and the number of responding cells showed marked concentration dependence.  At 2.5 

nM olvanil, some of the cells showed slowly increasing [Ca2+]ic , in others the [Ca2+]ic  rapidly 

increased but with different times of onset of response and then remained constant (Fig  6C).  At 

increasing olvanil concentrations (Fig. 6D-F), the predominant response was a rapid increase in 

[Ca2+]ic  in individual cells with variable time of onset, where the delay before onset decreased as 

the concentration of olvanil increased.  This latter pattern is similar to that which we described 

for RTX. 

5-Iodo-RTX 

 Olvanil is an example of a highly lipophilic agonist.  We selected 5-Iodo-RTX as an 

example of a lipophilic antagonist.  Its calculated log P is 8.03, similar to that of olvanil, and its 

structural similarity to the phorbol esters and related ligands of protein kinase C, for which we 

had previously shown slow uptake and onset of action, suggested that 5-Iodo-RTX would 

likewise show appreciable time dependence.  The Ki of 5-Iodo-RTX for inhibition of [3H]RTX 

binding was 0.61 ± 0.08 nM (mean ± SEM, n = 3 experiments).  To determine its Ki for 
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inhibition of 45Ca2+ uptake, 5-Iodo-RTX was incubated with rTRPV1-CHO cells for 0, 60, 120 

minutes at 37 ºC before addition of 50 nM capsaicin as agonist.  The time of incubation with the 

5-Iodo-RTX had a dramatic effect on its measured potency as an antagonist (Figure 7A). 

Without I-RTX pre-incubation the apparent Ki was 1.42 ± 0.27 nM, while after 1 hour pre-

incubation it was dropped to 21.83 ± 1.54 pM and after 2 hour pre-incubation it furthermore 

decreased to 3.85 ± 1.35 pM (Figure 7B). We conclude that 5-Iodo-RTX is a considerably more 

potent antagonist than has been recognized, provided that the incubation time is sufficiently long.  

The results emphasize once again that slow penetration may have an important influence on the 

measured potencies of vanilloids. 
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Discussion 

 We have demonstrated in this report that the BODIPY TR labeled fluorescent capsaicin 

analog (CHK-884) only penetrated cells slowly, with a t1/2 of 30 ± 4 min measured for uptake of 

the fluorescent ligand.  This slow rate of penetration was accompanied by an increase in potency 

(3.2-fold) when assayed by calcium imaging at 60 min as compared to 5 min.  While this 

increase was approximately one half of what would have been predicted from the slow rate of 

penetration of CHK-884, it will  reflect the changes in calcium handling in response to calcium 

influx, including the effect of desensitization.  We confirmed, for example, that treatment with a 

limiting amount of CHK-884 reduced the response as determined by calcium imaging to 

subsequent challenge by a limiting amount of capsaicin.  We likewise confirmed that capsaicin 

pretreatment caused partial desensitization to subsequent challenge with capsaicin as determined 

by 45Ca2+ uptake. 

 Whereas CHK-884 may have penetrated the cells slowly due to its relatively bulky size 

and/or its relative hydrophilicity, olvanil might be expected to penetrate slowly on account of its 

substantial hydrophobicity.  The EC50 of olvanil by calcium imaging was 4.3 ± 0.6 nM for a 60 

min incubation, which compares with an EC50 of 29.5 ± 9.4 nM measured at 5 min.  These 

results suggest that short incubation times may significantly underestimate potency for some 

ligands. 

 A range of potencies have been reported for olvanil in various systems expressing 

rTRPV1, with measurements of changes in intracellular calcium.  Jerman et al. 2000 reported a 

pEC50 for olvanil of 7.16 (EC50 = 69 nM).  Phillips et al., 2004, gave a value of pEC50 = 6.71 

(195 nM).  Jerman et al., 2002, reported a pEC50 of 8.37 (4.3 nM).  Jerman et al., 2000, stated 

that the kinetics for the increase in intracellular calcium in response to olvanil was similar to that 
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of capsaicin (peak at 30 sec).  However, these measurements were made at a 100 nM olvanil 

concentration, whereas the slow rate of penetration in our studies was only evident when limiting 

concentrations were used. 

 Olvanil is an archetype of a non pungent vanilloid agonist (Brand et al., 1987).  Although 

the basis for its lack of pungency has not been resolved, olvanil was shown to activate TRPV1 

more slowly than did capsaicin (Liu et al., 1997) and this slower activation was suggested to 

account for the reduced pungency (Liu et al., 1997).  Likewise, it has been suggested that a slow 

rate of penetration, either at the cellular or tissue level, may contribute to this pharmacological 

profile (Wrigglesworth et al., 1996; Iida et al., 2003).  It is thus particularly important that 

agonist assays be carried out with a sufficiently long observation time to capture the actual 

potency of such compounds. 

 A problem in the evaluation of agonists using a fixed incubation time is that response 

may be obscured by desensitization subsequent to the initial influx of calcium.  For full 

antagonists, allowing sufficient time for penetration before challenge with an agonist should not 

be a problem. In practice, however, the existence of partial antagonists / partial agonists, 

sometimes with quite limited agonism, provides a complication (Wang et al., 2003). 

 5-Iodo-RTX is of interest as the most potent TRPV1 antagonist described so far.  It is 

also a strong candidate for a compound that might penetrate slowly.  Its predicted log P value is 

8.03. We know that fluorescent phorbol esters with such a hydrophobicity penetrate slowly 

(Braun et al., 2005a) and that non-fluorescent phorbol esters with similar lipophilicity activate 

protein kinase C slowly (Braun et al., 2005b) and cause slow membrane translocation of protein 

kinase C (a measure of its interaction) (Wang et al., 2000).  Furthermore, [3H]RTX has slow 
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kinetics of binding and release (Acs et al., 1994), suggesting that 5-Iodo-RTX might behave 

similarly even after it has penetrated. 

 Wahl et al., 2001, initially reported that 5-Iodo-RTX reversibly bound to TRPV1 with a 

Ki of 5.8 nM, but with slow association and dissociation times.  It inhibited currents in rTRPV1-

injected oocytes when co-applied with capsaicin with an IC50 of 3.8 nM, but the inhibition was 

neither reversible nor competitive over the time scale of these experiments.  Similarly, using co-

application of 5-Iodo-RTX and capsaicin and current measurements by patch clamping, 

Seabrook et al., 2002 reported an IC50 of 0.7 nM.  By extending the pre-incubation time to 2 hr 

to permit both penetration and TRPV1 equilibration at the very low levels of ligand which 

proved to be active, we found that 5-Iodo-RTX, already an impressive antagonist based on the 

initial reports, appeared even more impressive, with 1-2 orders of magnitude greater potency.   

It should be emphasized that the pharmacology of 5-iodo-RTX is highly complex.  One 

recent example is the report by Shimizu, et al., 2005 that 5-Iodo-RTX behaved as a partial 

agonist at high concentrations whereas it acted as a full antagonist at lower concentrations 

(behavior that we have not observed in our control agonist or antagonist 45Ca2+ uptake 

experiments with rat TRPV1 expressing CHO cells).  Despite such mechanistic complications, 

the conclusion remains that short incubation times greatly underestimate the potency of 5-Iodo-

RTX evaluated at longer times. 

 Resiniferatoxin has provided a challenge to the medicinal chemists, as it demonstrated 

that it was possible for an agonist to be 3-4 orders of magnitude more potent than capsaicin.  5-

Iodo-RTX likewise demonstrates that it is possible with antagonists to achieve extreme potency, 

orders of magnitude more potent than, for example, BCTC (Valenzano et al., 2003). 
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 The past few years have seen dramatic progress in the advancement of TRPV1 as a 

therapeutic target, with the development of potent agonists and with the identification of an 

impressive array of potent, structurally distinct antagonists.  As development of these initial 

leads moves forward, the complexity of TRPV1 potentially provides opportunities beyond 

further enhanced potency or bioavailability.  One such potential opportunity is the complex 

cellular localization of TRPV1, coupled with barriers to access and time dependent regulation.  

We demonstrate here directly that the vanilloid CHK-884 only slowly enters cells and 

demonstrate for two other vanilloids of biological interest that their behavior is significantly 

different if assessed over longer time intervals.  The recognition of slow onset of action is not 

new.  We previously had demonstrated the consequences of high lipophilicity for kinetics of 

inhibition of [3H]RTX binding  (Szallasi et al., 1991) and demonstrated in that study that the loss 

of  pungency of capsaicin analogs of increasing lipophilicity did not reflect a loss of intrinsic 

receptor potency.  The dissociation between pungency and intrinsic potency of O-ethylamine 

substituted vanilloids has likewise been suggested to reflect its rate of membrane penetration 

(Wrigglesworth et al., 1996).   Nonetheless, screening for structural leads often relies on short-

term incubations.  Better understanding of which conditions for cellular screening have the most 

predictive power for the more involved animal testing might be desirable. 
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Figure legends 

 

Figure 1. Structure of vanilloids. 

 

Figure 2. Pharmacological properties of CHK-884. 

A, inhibition of binding of [3H]RTX by CHK-884. Binding of 100 pM [3H]RTX to membranes 

of CHO cells expressing rTRPV1 was inhibited with increasing concentrations of CHK-884 as 

described in methods. Results are of a representative experiment.  Two additional experiments 

yielded similar results. (Error bars are smaller than symbols.)  B, shows a representative result of 

induction of 45Ca2+ uptake as a function of CHK-884 concentration.  Incubation was for 5 (▲), 

15 (●), or 30 (■) min at 37 ºC.  Results are expressed as the % of 45Ca2+ uptake induced by 300 

nM capsaicin. Two additional experiments yielded similar results. (Error bars are smaller than 

symbols.) C, EC50 values for induction of 45Ca2+ uptake as a function of incubation time. Results 

are the mean and SEM of 9 independent experiments (*** p<0.001). 

 

Figure 3.  Uptake of CHK-884 as a function of time. 

rTRPV1-CHO cells were treated with 250 nM CHK-884 and uptake visualized and quantitated 

by confocal microscopy as described in methods.  Representative result is from a single 

experiment.  Two additional experiments with at least five cells each yielded similar results. 

 

Figure 4. Intracellular localization of CHK-884. 

A, CHO cells were transfected with 2 µg rTRPV1-GFP plasmid. On the following day confocal 

images were taken at 1 minute intervals of the rTRPV1-GFP expressing CHO cells (green) in the 
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presence of 250 nM CHK-884 (red) (A). The images shown are representative of triplicate 

experiments conducted. (Bar corresponds to 5 µm.) B, rTRPV1-CHO cells were loaded with 0.5 

µM BODIPY FL labeled Brefeldin A dye (green) for 30 minutes, and then cells were treated 

with 250 nM CHK-884 (red) and visualized by confocal microscopy. (Bar corresponds to 5 µm.)  

The images shown are representative of triplicate experiments conducted. 

 

Figure 5. Increase in [Ca2+]ic of rTRPV1-CHO cells in response to CHK-884. 

rTRPV1-CHO cells were loaded with 10 µM Fura-2 AM for 1.5 hour prior to intracellular Ca2+ 

imaging. In every experiment, the resting [Ca2+]ic of 40-49 induced CHO-rTRPV1 cells was 

measured for 90 s, then CHK-884 at the indicated concentration was applied.  Separate 

coverslips of cells were used for each time course at each CHK-884 concentration. As control 

300 nM capsaicin (CAP) was used. A, Time courses for the pooled data from the individual cells 

treated with the indicated concentrations of CHK-884. Data are from a single experiment.  Two 

additional experiments yielded similar results. B, Dose-response curves for the increase in 

[Ca2+]ic as a function of CHK-884 concentration, evaluated at 300 (■) and  3600 s (▲).  Data 

points were determined on Figure 5A, two additional experiments yielded similar results. C-F, 

For illustrative purposes, the responses of approximately six individual cells to treatment with 3 

nM (C), 30 nM (D) 100 nM (E) and 300 nM (F) CHK-884 are shown.  Data are from a single 

experiment.  Two additional experiments yielded similar results. 

 

Figure 6. Increase in [Ca2+]ic of rTRPV1-CHO cells in response to olvanil. 

rTRPV1-CHO cells were loaded with 10 µM Fura-2 AM for 1.5 hour prior to intracellular Ca2+ 

imaging. In every experiment, the resting [Ca2+]ic of 40-49 induced CHO-rTRPV1 cells was 
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measured for 90 s, then olvanil (OL) at the indicated concentration was applied.  Separate 

coverslips of cells were used for each time course at each olvanil concentration. As control 300 

nM capsaicin (CAP) was used. A, Time courses for the pooled data from the individual cells 

treated with the indicated concentrations of olvanil. Data are from a single experiment.  Two 

additional experiments yielded similar results. B, Dose-response curves for the increase in 

[Ca2+]ic as a function of olvanil concentration, evaluated at 300 (●) and  3600 s (▲).  Data points 

were determined in Figure 6A. C-F, The responses of approximately six individual cells to 

treatment with 2.5 nM (C), 5 nM (D) 50 nM (E) and 500 nM (F) olvanil are shown.  Data are 

from a single experiment. Two additional experiments yielded similar results. 

 

Figure 7. Effect  of pre-incubation time with I-RTX on TRPV1 antagonism. 

rTRPV1-CHO cells were pre-incubated with different I-RTX concentrations for 0 (▲), 60 (●), 

and 120 (■) minutes at 37 ºC, then antagonism of 45Ca2+-uptake was determined using 50 nM 

capsaicin as agonist. A, Inhibition curves.  Data points represent the mean + SEM of four 

determinations in a single experiment; the inhibition curves were fitted to the Hill equation. Two 

additional experiments yielded similar results.  B, the mean apparent Ki values as a function of 

pre-incubation time (n = 3 experiments). 
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