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Selective suppression of hyperactive 
sensory neurons is an attractive strat-

egy for managing pathological pain. 
Blocking Na+ channels to eliminate 
action potentials and desensitizing trans-
duction channels can both reduce sensory 
neuron excitability. The novel synthetic 
vanilloid ligand cap-ET preserves agonist 
activation of intracellular Ca2+ signals 
and large organic cation transport but 
loses effective electric current induc-
tion. Cap-ET can therefore be used to 
deliver the membrane impermeable Na+ 
channel blocker QX-314 to substantially 
inhibit voltage-activated Na+ currents. 
We explored, besides facilitating entry 
of organic cationic therapeutics, whether 
cap-ET can also produce receptor desen-
sitization similar to the natural agonist 
capsaicin. Using the YO-PRO-1 based 
fluorescent dye uptake assay, we found 
that cap-ET effectively triggered Ca2+ 
dependent desensitization of TRPV1 
when the receptor was pre-sensitized 
with the surrogate oxidative chemical 
phenylarsine oxide (PAO), suggesting an 
alternative use of permanently charged 
cationic capsaicinoids in differential neu-
ronal silencing.

Introduction

Drug-receptor activation typically elicits 
multiple downstream cellular events, while 
a partial agonist generally evokes reduced 
biological responses in all pathways. 
Partial agonists are useful for therapeutic 
inhibition without full ablation of recep-
tor signaling. Biased agonism has become 
more recognized among new drugs. 
Biased agonists exhibit huge discrepancy 
in coupling efficiencies of distinct cellular 

Induction of TRPV1 desensitization by a biased receptor agonist

Elaine E. Wang,1,† Hui Li,1,† Shu Wang,1,† Alexander Y. Chuang2 and Huai-hu Chuang1,*
1Department of Biomedical Science; Cornell University; Ithaca, NY USA; 2Lowell High School; San Francisco, CA USA
†These authors contributed equally to this work.

pathways compared with full agonists. 
Even if they interact with the same ligand-
binding domain, biased agonists can trig-
ger such different conformational changes 
that only a subset of downstream signaling 
pathways are activated.1-4

Permanently charged cationic capsa-
icinoids are biased agonists in that they 
activate effective cellular Ca2+ signals 
and extracellular large cation transport, 
but poorly stimulate the electric currents 
mediated by TRPV1. We demonstrated 
that cap-ET, the most effective charged 
capsaicinoid tested so far, is potentially 
useful for preferential cytoplasmic deliv-
ery of the membrane impermeable Na+ 
channel blocker QX-314 into sensitized 
neurons to suppress their electric excitabil-
ity.5 Another potential use of these cationic 
capsaicinoids is to desensitize TRPV1, 
thereby reducing the ability of this chan-
nel to transduce noxious signals.6-9

Results and Discussion

Capsaicin is well known to cause TRPV1 
desensitization and suppress sensory neu-
ron excitability in an extracellular-calcium 
dependent manner.10-13 We extended the 
fluorescent dye (YO-PRO-1) transport 
assay to evaluate whether charged cap-
saicinoids can be also useful for desensi-
tization of TRPV1, and their efficacy in 
desensitizing the receptor compared to 
other TRPV1 partial agonists such as the 
endogenous lipid anandamide or the syn-
thetic aminophenol AM404.14-16 In cal-
cium imaging experiments, anandamide 
and AM404 are partial agonists displaying 
reduced efficacies compared to capsaicin 
or charged capsaicinoids (Fig.  1A). The 
reduction of agonist-induced YO-PRO-1 
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of Ca2+ alone for 1 h did not affect the 
ability of capsaicin to induce YO-PRO-1 
entry; mean fluorescence values for cells 
incubated in a nominally Ca2+ free solu-
tion with or without 1 μM capsaicin were 
similar (2,390 ± 250 and 2,990 ± 220 
respectively, n = 4 wells). Co-application 
of capsaicin with PAO reversed the inhibi-
tion introduced by capsaicin and calcium 
pretreatment (Fig. 2B), consistent with our 
earlier report that oxidative modification 
of TRPV1 channels is sufficient to over-
ride the calcium induced receptor desen-
sitization initiated by agonist binding to 
TRPV1.17 However, after we incubated 
the cells in 10 μM anandamide or AM404 
in the presence of 1 mM extracellular 
calcium, we observed only a small reduc-
tion of TRPV1-dependent YO-PRO-1 
entry (Fig. 3A and p = 0.1 for AEA, 0.01 
for AM404, unpaired t-test). This result 
indicates that anandamide and AM404, 

compared these partial agonists with cap-
saicin in inducing TRPV1 desensitization 
following prolonged agonist treatment. In 
the presence of 1 mM extracellular cal-
cium, capsaicin (1 μM) pretreatment for 
1 h led to pronounced inhibition of subse-
quent TRPV1-mediated YO-PRO-1 entry 
for all concentrations (1, 3 and 10 μM) of 
capsaicin tested (Fig. 2A). This inhibition 
is due to TRPV1 desensitization. Removal 

transport was also noted for anan-
damide and AM404 (Fig. 1B and C). 
Anandamide and AM404 are, therefore, 
low efficacy partial agonists for all three 
receptor functions downstream of ligand-
induced TRPV1 pore opening.

Given that the ligand induced channel 
desensitization requires Ca2+ entry to raise 
the intracellular Ca2+ level and stimulate the 
subsequent Ca2+ dependent pathways, we 

Figure 1. Anandamide (AEA) and AM404 are 
partial agonists of TRPV1 in Ca2+ imaging and 
YO-PRO-1 transport assays. (A) Ratiometric 
Fura-2 fluorescent signals normalized to 
maximal F340/F380 ratio elicited by 50 μM 
capsaicin. Each data point represents the 
mean value ± standard error from three 
independent wells. (B) Representative traces 
of anandamide-induced YO-PRO-1 cellular 
fluorescence at various agonist concentra-
tions (n = 4 independent wells for each 
concentration). (C) The dose response curves 
of AEA and AM404 induced YO-PRO-1 entry, 
normalized to maximal fluorescence evoked 
by 50 μM capsaicin.

Figure 2. Desensitization of TRPV1 reduced the subsequent capsaicin-mediated YO-PRO-1 entry. (A) TRPV1 exposed to 1 μM capsaicin for 1 h became 
desensitized, provided that 1 mM extracellular Ca2+ was supplied during the pre-incubation phase (n = 4 wells for each treatment). (B) In a nominally 
Ca2+ free solution, addition of 10 μM PAO (filled triangles) reversed TRPV1 desensitization induced by one hour pretreatment with 1 μM capsaicin plus 
1 mM extracellular Ca2+ (n = 4 for each treatment). 1 μM capsaicin was applied extracellularly in a nominally calcium free solution during the YO-PRO-1 
entry phase for all three treatments (normalized to total cellular fluorescence after fixation).
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receptor desensitization (Fig.  3B). PAO 
induced receptor sensitization was shown 
to enhance receptor activity in general. It 
was, nevertheless, noted that PAO sensi-
tized capsaicin receptors still showed recep-
tor desensitization, albeit at a much slower 
rate.17 These new results indicate that the 
new capsaicinoid cap-ET is capable of 
inducing TRPV1 desensitization, par-
ticularly under the condition when pro-
inflammatory agents sensitize the receptor. 
Cap-ET like capsaicinoids thus can poten-
tially reset the excitability of neurons 
bearing hyperactive TRPV1 by differen-
tially desensitizing the receptors based on 
their initial activity level. The preferential 
desensitization of the hyperactive TRPV1 
compared to the non-sensitized receptors 
by cap-ET suggests an additional use of 
cap-ET in clinical management of pain: 
a low dose of cap-ET may be given to 
patients and desensitize the TRPV1 recep-
tor according to relative channel activity.

Materials and Methods

Cell culture. HEK (human embryonic 
kidney) 293 cells stably expressing rat 
TRPV1 were grown in DMEM with 10% 
newborn calf serum and antibiotics and 
cultured in a 5% CO

2
 aerated incubator 

at 37°C. Cells were trypsinized and plated 
on 96-well plates or matrix-coated cov-
erslips for Ca2+ imaging and fluorescent 
plate-reader assays.

Ca2+ imaging. HEK293 cells were 
loaded with 5 μM Fura-2 AM and 0.01% 
pluronic acid in Ca2+ imaging buffer for 
3 h. The imaging solution contained 
8.5 mM HEPES, 140 mM NaCl, 3.4 mM 
KCl, 1.7 mM MgCl

2
 and 1 mM CaCl

2
, 

pH to 7.4 with NaOH. 2x solution con-
taining different concentrations of anan-
damide and AM404 was pipetted into 
individual wells for agonist delivery. The 
images were acquired every 5 seconds. 
The plots display mean ± SEM values of 
F340/F380 ratios (150 ms exposure time 
for each wavelength) from imaged fields. 
Each data point represented the mean of 
peak values from three independent wells.

YO-PRO-1 plate-reader assays. Stably 
transfected HEK293 cells expressing 
TRPV1 receptors were seeded in a 96-well 
plate. When cells were confluent, they were 
assayed in the same solution used for Ca2+ 

Figure 3. The biased agonist cap-ET under the PAO-sensitized condition effectively introduced 
Ca2+-dependent receptor desensitization. (A) AEA and AM404 induced less Ca2+-dependent de-
sensitization of TRPV1 compared to capsaicin (n = 4 for each treatment). (B) Sensitization of TRPV1 
by 10 μM PAO sufficiently increased the efficacy of 10 μM cap-ET for induction of Ca2+-dependent 
channel desensitization (*p < 5 x 10-4, unpaired t-test, n = 4 for each treatment).

being low efficacy partial agonists, are also 
inefficient in their ability to induce TRPV1 
desensitization. Given that 10 μM cap-ET 
could evoke a calcium response compa-
rable to that induced by 10 μM AM404, 
we asked what would be the efficacy of 
cap-ET, a biased agonist with reduced 
potency, for induction of TRPV1 desen-
sitization. TRPV1 cells were treated with 
10 μM cap-ET with or without the sensi-
tizing oxidative chemical PAO for 1 h and 
capsaicin-induced YO-PRO-1 entry was 
assessed. 10 μM cap-ET incubation for 

1 h in a nominally Ca2+ free solution did 
not interfere with the subsequent capsaicin 
induced cytoplasmic YO-PRO-1 accu-
mulation (normalized fluorescence value 
= 0.54 ± 0.01, n = 4 wells). Interestingly, 
without PAO pre-sensitization, incuba-
tion with cap-ET in the presence of extra-
cellular calcium did not desensitize the 
subsequent TRPV1 activation either. In 
contrast, when the cells were sensitized 
by the oxidative chemical PAO, 10 μM 
cap-ET plus 1 mM calcium pretreatment 
for 1 h was sufficient to induce substantial 
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imaging, except that extracellular Ca2+ 
was omitted. Various pharmacological 
treatments were given for 1 h as indicated 
in the text. Final YO-PRO-1 (Invitrogen) 
concentration was 5 μM for plate read-
ing. Fluorescence intensity (485-nm 
excitation, 516-nm emission) was moni-
tored by a Multi-detection Microplate 
Reader (BioTek). To normalize maximum 
TRPV1-mediated uptake for cell counts 
in each well, we fixed cells by adding 1% 
paraformaldehyde at the end of experi-
ments. Total fluorescence from each well 
was then counted by adding 10% deter-
gent (digitonin solution, MP biomedicals) 
with 5 μM YO-PRO-1. Traces were dis-
played as mean ± SEM fluorescence values 
or averaged normalized ratios to maximal 
fluorescence readings of individual wells 
from three or four independent wells.
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