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ABSTRACT 
 
Purpose. Transient receptor potential vanilloid-3 (TRPV3) is a thermo-sensitive ion channel expressed in 
skin keratinocytes and in a variety of neural cells. It is activated by warmth as well as monoterpenoids 
including camphor, menthol, dihydrocarveol and 1,8-cineol. TRPV3 is described as a putative nociceptor 
and previous studies revealed sensitization of the channel during repeated short-term stimulation with 
different agonists. Methods. TRPV3 was transiently expressed in either Xenopus oocytes or HEK293 cells. 
Whole-cell voltage-clamp techniques were used to characterize the behavior of TRPV3 when challenged 
with different agonists. Similarly, a human keratinocyte-derived cell line (HaCaT cells) was used to monitor 
the behavior of native TRPV3 when challenged with different agonists. Results. We report here that 
prolonged exposure (5-15 minutes) of monoterpenoids results in agonist-specific desensitization of TRPV3. 
Long-term exposure to camphor and 1,8-cineol elicits desensitizing currents in TRPV3 expressing oocytes, 
whereas the non-terpenoid agonist 2-APB induces sustained currents. Agonist-specific desensitization of 
endogenous TRPV3 was also found in HaCaT cells, which may be taken as a representative for the native 
system. Terpenoids have a long history of use in therapeutics, pharmaceuticals and cosmetics but knowledge 
about underpinning molecular mechanisms is incomplete. Our finding on agonist-induced desensitization of 
TRPV3 by some monoterpenoids displays a novel mechanism through which TRP channels could be 
functionally modulated. Conclusion. Desensitization of TRPV3 channels might be the molecular basis of 
action for some of the medicinal properties of camphor and 1,8-cineol. 
 
INTRODUCTION 
 
Thermo-sensitive transient receptor potential 
(Thermo-TRPs) cation channels are a subgroup of 
the transient receptor potential (TRP) superfamily 
of ion channels. They are understood to play a 
critical role in transduction of thermal and 
nociceptive information to the central nervous 
system (1). Transient receptor potential vanilloid-
3 (TRPV3) is a member of thermo-TRPs, and a 
structural homologue of transient receptor 
potential vanilloid-1 (TRPV1). It is heat-sensitive 
but capsaicin-insensitive (2). TRPV3 is 
predominantly expressed in rodent and human 
keratinocytes (3, 4). In humans it is co-expressed 
with TRPV1 in skin, tongue, dorsal root ganglion, 
trigeminal ganglion, spinal cord and brain (2, 5). 
TRPV3 is implicated in skin sensitization and 
hyperalgesia in inflamed tissues (6, 7) and shows 
increased expression in the case of peripheral 
nerve injury (8). Presumably, TRPV3 forms  
 
 

 
 
heteromultimeric complexes with TRPV1 (2) and 
TRPV2 (9). TRPV3 sensitizes to repeated stimuli 
in heterologous expression systems (HEK293 
cells) and in keratinocytes (4, 10, 11). The 
proposed mechanism underlying sensitization 
depends on Ca2+, which is believed to have 
inhibitory effects on TRPV3 (11, 12). Upon 
repeated stimulation of the channel Ca2+-induced 
inhibition is abrogated through a yet unknown 
mechanism. This dis-inhibition of Ca2+ inhibition 
results in increased amplitudes of evoked currents 
(11, 12). In contrast, Hu and colleagues (7) 
described that TRPV3 expressed heterologously 
in Xenopus oocytes does not show any 
sensitization upon repeated short-term exposure to 
the same agonist. 
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Desensitization or sensitization of 
stimulus-induced signals by ion channels and or 
receptors is a fundamental mechanism used by 
neuronal systems to adopt to chemical stimuli 
(13). For example, tryptase released from mast 
cells acts on airway smooth muscles, leading to 
homologous beta-adrenergic desensitization thus 
regulating adrenergic function in smooth muscle 
cells (14). Similarly, agonists of TRPV1 are 
known to induce lasting analgesic effects as a 
result of desensitization of these channels after 
initial activation (15, 16). One such example is 
methylsalicylate, an analgesic substance from 
natural sources. Methylsalicylate activates and 
rapidly desensitizes TRPV1 (17). TRPV1 is 
known to exhibit two types of pharmacological 
desensitization events to capsaicin in either 
neurons or in heterologous expression systems. 
These desensitization events are classified as 
acute desensitization (diminished response during 
constant capsaicin exposure) or tachyphylaxis 
(attenuated responses to successive applications 
of capsaicin) (15, 16, 18). Similarly, cannabinoids 
modulate TRPV1 activation by altering receptor 
phosphorylation via the calcium-dependent 
phosphatase calcineurin (19). As another 
example, desensitization of the Ca2+-activated 

TRPM4 channel is reported to be mediated by 
depletion of phosphatidylinositol-4,5-
bisphosphate, which is triggered by an elevation 
in intracellular Ca2+ (20). Furthermore, 
phosphorylation-based desensitization of TRPM8 
and TRPC5 was shown to be a result of Ca2+-
evoked activation of protein kinase C. All of these 
cellular pathways share a dependency on changes 
in extra- or intracellular Ca2+-concentrations. 

Natural products like camphor, menthol, 
1,8-cineol and their structural analogues are 
commonly used as topical analgesics in medicines 
(10, 21-26) and have a broad range of application 
in therapeutics from anti-inflammatory, anti-
pruritic (27, 28) to psychoactive actions (29-31). 
Several of these natural compounds have been 
shown to activate TRPV3 (10, 26, 32). In 
addition, natural products have played a key role 
in ligand characterization of TRP ion channels in 
general (33, 34). The function of TRPV3 channels 
as a target for camphor was studied using short-
term (10-20 seconds) pulses of agonists (10). In 
the present investigation, however, we aimed to 
examine TRPV3 activity during prolonged (5-15 
minutes) incubation with monoterpenoids, and to 
moreover compared effects of structurally distinct 
groups of compounds. We observed Ca2+-
independent desensitization of TRPV3 channels 

during prolonged incubation with camphor, 1,8-
cineol, menthol, and dihydrocarveol, but not with 
the synthetic agonist 2-APB. Our findings present 
a mechanism of desensitization for TRPV3, which 
is agonist- and time-dependent, but independent 
of extracellular Ca2+. These differences are likely 
the result of different binding domains and 
activation mechanisms for different classes of 
TRPV3 ligands. 
 
MATERIALS AND METHODS 
 
Expression vectors for TRP channels  
 
The mouse TRPV3 was a generous gift from D. 
Julius (UCSF, CA, USA). For efficient expression 
in Xenopus oocytes, cDNA was subcloned by a 
PCR-based standard method into the oocyte 
expression vector pSGEM (35). 
 
Synthesis and injection of TRP cRNA 
 
The generation of cRNA was performed by 
standard methods as described elsewhere (21). In 
brief, plasmids containing cloned cDNA were 
linearized downstream of the end of the cDNA. 
Capped RNA was synthesized in the presence of 
capping analogue m7G(5´)ppp(5´)G using the 
AmpliCap-T7 MessageMaker Kit (Epicentre, 
Madison, WI). cRNA was ethanol-precipitated 
and re-dissolved in RNase-free water to give a 
final concentration of 1 µg/µl. Ovarian lobes were 
obtained from mature female Xenopus laevis 
frogs. The frog was anaesthetized by immersion 
in 0.15 % 3-aminobenzoic acid ethyl ester and a 
partial ovarectomy was performed to isolate 
oocytes. Oocytes were rinsed in Ca2+-free 
modified Barth’s solution (88 mM NaCl, 1 mM 
KCl, 2.4 mM NaHCO3, 5 mM Tris-HCl, 0.82 mM 
MgSO4, and 100 U/ml penicillin, 50 µg/ml 
streptomycin at pH 7.4). After treatment of the 
ovarian tissue with collagenase [Type I (Sigma, 
St. Louis, MO), 4 mg/ml in Ca2+-free Barth’s 
solution] for two hours at room temperature, the 
oocytes were incubated overnight in fresh Barth’s 
solution (15°C). After 24 h, mature healthy 
oocytes (stage V to VI) were selected for 
cytoplasmic injection of cRNA (about 50 nano-
liter per oocyte; approximate cRNA concentration 
1 µg/µl) with a sharp pipette using a pulsed 
injector driven by air pressure (npi PDES 04T, 
Tamm, Germany). Afterwards, injected oocytes 
were placed in ND-96 solution (96 mM NaCl, 2 
mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM 
HEPES, 100 units/ml penicillin G, 50 µg/ml 
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streptomycin sulphate and 25 μg/ml amphotericin 
B; pH 7.4) and incubated at 16-18°C. Oocytes 
were tested for functional expression of TRP 
channels after 3 to 5 days (at room temperature ~ 
23°C). 
 
Electrophysiological recordings in oocytes  
 
Two-electrode voltage-clamp recordings were 
used to obtain current responses to applied 
substances. Drugs were diluted to the final 
concentration in Ca2+-free (100 mM NaCl, 2.5 
mM KCl, 10 mM HEPES, 200 µM flufenamic 
acid 10 mM EGTA: pH 7.4) standard 
extracellular solution (SES). Agonists were 
applied by means of a multibarrel single tip 
superfusion device or by manual application. 
Stimulus duration was usually 10-20 sec and 5, 10 
or 15 minutes for desensitization experiments. 
Electrodes were pulled from borosilicate glass 
using a Kopf vertical pipette puller and backfilled 
with 3 M KCl. Oocytes were constantly held at -
60 mV using a command from the amplifier and 
evoked current signals were acquired using the 
PCLAMP software (Axon Instruments, 
Sunnyvale, CA) and recorded with a two-
electrode voltage-clamp amplifier (TURBO TEC-
03, npi, Tamm, Germany). 
 
Cell culture and transfection of HEK293 cells  
 
TRPV3 cloned into pCDNA3.1 vector was used 
to transfect HEK293 cells. HEK293 cells were 
maintained at standard conditions in a minimum 
essential medium supplemented with 10% fetal 
bovine serum, 100 units/ml penicillin and 
streptomycin, and 2 mM                L-glutamine. 
Semi confluent cells were transfected in 35 mm 
dishes (Becton Dickinson, Heidelberg, Germany) 
using the Ca2+-phosphate-precipitation technique 
as described previously (36). Measurements were 

performed 24-48 hours after transfection. 
 
Electrophysiology in HEK293 cells  
 
Recordings were performed using the whole-cell 
mode of the patch-clamp technique. Cells were 
maintained in an extracellular recording solution 
containing 140 mM NaCl, 5 mM KCl, 1 mM 
MgCl2, 10 mM HEPES, 5 mM EGTA, pH 7.4. 
Patch electrodes were pulled from borosilicate 
glass (1.2 mm O.D. x 1.17 mm I.D., Harvard 
apparatus, Edenbridge, Kent, UK) and fire 
polished to 4-6 MΩ tip resistance using a 
horizontal pipette puller (Zeitz Instr., Munich, 

Germany). The pipette solution contained 140 
mM KCl, 1 mM MgCl2, 0.1 mM CaCl2, 5 mM 
EGTA, 10 mM HEPES, pH 7.3 for recordings. 
 
Cell culture and calcium imaging studies in 
HaCaT cells 
 
Cell culture methods: HaCaT cells were cultured 
at 37°C (5%CO2 and 95% humidified air) in 
Dulbecco’s Modified Eagle Medium (DMEM) 
containing 10% FBS and 1% penicillin/ 
streptomycin. Cells were grown to a confluency 
of no more than 70% and splitted using 
Trypsin/EDTA. 
 
Detection of TRPV3 in HaCaT cells: As 
previously reported, TRPV3 immunoreactivity is 
present in HaCaT cells (37). We confirmed the 
expression of TRPV3 in HaCaT cells at mRNA 
level by RT-PCR and PCR product was verified 
by sequencing. Cells were trypsinized as 
described above and harvested by centrifugation. 
Total RNA was isolated using the RNAeasy Mini 
Kit (QIAgen) according to the manufacturer’s 
instruction. cDNA synthesis was performed with 
1 µg of total RNA using the iSCRIPT cDNA-
Synthesis Kit (BIORAD) according to the 
supplier’s protocol. For PCR amplification, the 
cDNA was subjected to a standard PCR reaction 
involving hTRPV3 specific intron-spanning 
primers (hTRPV3_fw: ctgggcgaacatgctctact; and 
hTRPV3_rw: ttcagacacccactgagcac), followed by 
analysis of the PCR product by agarose gel 
electrophoresis (1%). To estimate the right 
product size (856 bp) a 1 kb size standard marker 
(Fermentas) was used. 
 
Single cell calcium imaging: HaCaT cells grown 
in 35 mm dishes were incubated for 30 min at 
37°C with loading buffer containing Ringer 
solution (140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 
1 mM MgCl, 10 mM HEPES; pH 7.3) and 3 µM 
Fura-2-AM (Molecular Probes). Calcium imaging 
was performed using the multiway wavelength 
illumination system POLYCHROME II (T.I.L.L 
Photonics GmbH, Planegg, Germany) for 
excitation. Changes in cytosolic Ca2+-
concentrations were analyzed using a PCO 
interline chip camera. Acquisition and calculation 
of fluorescence signals obtained from excitation 
of the Fura-2 dye at 340 and 380 nm was done 
using the T.I.L.L-Vision-software. For 
stimulation experiments camphor and 2-APB 
were diluted in Ringer solution to a final 
concentration of 6 mM. Cells were subjected to 
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short-term (10 seconds) and long-term stimulation 
(3-4 minutes) at the indicated time points. For 
data analysis relative amplitudes of related 
stimulus-induced Ca2+-signals post long-term 
stimulation were averaged and compared to the 
maximal amplitudes obtained with initial short-
term exposure of the same agonist (set as 100% in 
Figure 5 c and e). 
 
Reagents 
 
All cell culture reagents were obtained from 
GIBCO/Invitrogen (Karlsruhe, Germany). 
Chemicals for intracellular and extracellular 
solutions in patch clamp measurements were 
obtained from Sigma Aldrich, including the 
following compounds; 1,8-cineole, 2-
aminoethoxydiphenyl borate (2-APB), camphor 
and dihydrocarveol. (1R,2S,5R)-(-)-2-Isopropyl-
5-methylcyclohexanol (referred in the text as 
menthol) was obtained from Symrise 
(Holzminden, Germany). 
 
Data Analysis  
 
All data were analysed for statistical significance 
by using student’s paired-t test (Microsoft Excel). 
Statistical probability (p) is expressed as *p < 
0.05, **p < 0.01 and ***p < 0.001 to indicate 
various levels of statistical significance. Data are 
expressed as mean ± S.E.M. of 6 to 14 
independent measurements of responses under 
similar experimental conditions unless otherwise 
indicated. 
 
RESULTS 
 
Desensitization of TRPV3 by monoterpenoids 
 
To investigate the long-term effects of agonists 
like camphor, 1,8-cineol, 2-APB, dihydrocarveol 
and menthol on TRPV3 activity, we performed 
two-electrode voltage-clamp measurements in 
Xenopus oocytes expressing TRPV3 while 
recording in Ca2+-free SES buffered with 10 mM 
EGTA. For control experiments TRPV3 cRNA 
injected oocytes were exposed to either 1 mM 2-
APB or 10 mM camphor. Both compounds 
elicited robust currents which were blocked by 
ruthenium red (RR) a general blocker of TRPV 
channels (Figure 1a). The corresponding mock-
injected (either the empty vector or normal saline) 
oocytes did not respond to 2-APB or camphor 

challenge (Figure 1b). For potential 
desensitization experiments, a short-term 
exposure (10-20 seconds) to the agonist was 
carried out to record the response of TRPV3 
channels. Acute desensitization was examined by 
10-minute incubation with the same or different 
agonists followed by 3-5 minutes washout with 
Ca2+-free SES. To monitor tachyphylaxis a second 
short-term stimulus with the desired agonist was 
applied. TRPV3 expressing Xenopus oocytes 
showed strong inward currents at a holding 
potential of -60 mV when challenged with 3 mM 
2-APB [EC50 ~500 µM in oocytes (26)]. Currents 
quickly reached steady state and did not 
significantly change (20±6% increase; p<0.42; 
n=6) in continuous presence of 3 mM 2-APB over 
a period of 10 minutes. Steady state currents 
reversed back to baseline after washout with Ca2+-
free SES. A following short-term application of 2-
APB evoked currents of significantly higher 
magnitude compared to the initial short-term 
response (Figure 2a,d). In addition, long-term 
incubation with 2-APB also significantly 
increased the second camphor response (77±12%, 
p=0.0002, n=6, Figure 2a). 

Next, we asked whether the response to 2-
APB is affected by preceding long-term 
incubation (10 min) with monoterpenoids like 
camphor (10 mM), 1,8-cineol (10 mM), menthol 
(10 mM) or dihydrocarveol (10 mM), 
respectively. Camphor is typically used in topical 
applications at concentrations about 10–15% 
(~300 - 600 mM). Previous studies (10) employed 
10 mM camphor as standard reference dose for 
TRPV3 activation in HEK293 cells. It is 
important to note that higher concentrations of 
camphor are difficult to dissolve in aqueous 
solutions. In oocytes an EC50 of 6 mM was 
established (26). Thus, we used 10 mM as 
standard dose to study the effects of 
monoterpenoids on TRPV3 during long-term 
application. Using a similar protocol as mentioned 
above, elicited currents induced by short-term 
application of 3 mM 2-APB were measured 
before and after long-term incubation with 
monoterpenoids. 2-APB evoked significantly 
larger TRPV3 mediated currents when previously 
incubated with camphor (36±4%; Figure 2b, d, f), 
menthol (38±5%; Figure 2d, Figure 3a, c), 
dihydrocarveol (35±2%; Figure 2d, Figure 3 b & 
d) or 1,8-cineol (31.4±6%; Figure 2c & d), 
respectively. 
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Figure 1. (a) Representative trace showing recombinant TRPV3 responses in oocytes to standard agonists 
and block by RR (ruthenium red). (b) Representative trace of mock injected oocytes. 
 
 
In contrast to 2-APB, a second short-term 
reapplication of camphor after prolonged 
incubation with 10 mM camphor resulted in a 
drastic reduction (96.8±2% decrease; p<0.0008; 
n=6) of the response (Figure 2b, e & f), 
demonstrating tachyphylaxis to the camphor 
response. In addition, acute desensitization to 
camphor could be observed during long-term 
application of the substance (Figure 2b, e & f). 
Similar effects were observed for other 
monoterpenoids. A second short-term application 
resulted in reduced currents after long-term 
application of the desired monoterpenoid 
compared to the initial short-term response (10 
mM 1,8-cineol: 63±4% decrease, p< 0.001, n=6; 
Figure 2c & e; 10 mM dihydrocarveol: 80±6% 
decrease, n=7, p<0.00005; Figure 3 b & d and 10 
mM menthol: 65±6% decrease, n=6, p<0.0004; 
Fig 3a & c). Acute desensitization was also 
observed for the bicyclic monoterpenoid 1,8-
cineol (Figure 2c), but is less pronounced for 
menthol (Figure 3 a & c) or appears only after 15-
minutes incubation for the monocyclic 
monoterpenoid dihydrocarveol (Figure 3 b & d). 
To analyze the recovery time of TRPV3 from 
camphor-induced desensitization, prolonged 
washout (~ 40 minutes) with Ca2+-free SES was 
carried out with intermittent application of 2-
APB. TRPV3 responses to camphor virtually 
returned to initial magnitudes after about 40-
minutes washout with Ca2+-free SES (Figure 2f). 
 
 

TRPV3 desensitization in HEK293 cells 
 
To further test whether the observed 
desensitization is independent of the expression 
system, we expressed TRPV3 in HEK293 cells. 
Whole cell currents were measured using the 
patch-clamp technique. Camphor and 2-APB 
challenges were presented to HEK293 cells 
expressing TRPV3. Consistent with the results 
obtained in Xenopus oocytes, acute 
desensitization was observed in the presence of 
camphor, whereas 2-APB elicited a sustained 
response over a period of 5 min (Figure 4, n=3). 
At lower doses of camphor (6 mM) the onset of 
desensitization in HEK293 cells was not as 
pronounced (data not shown) as it was with 10 
mM camphor. 
 
TRPV3 desensitization in HaCaT cells 
 
To investigate whether endogenous TRPV3 
channels show desensitization upon long-term 
exposure to camphor, we performed experiments 
with the keratinocytes-derived HaCaT cell line. 
The expression of TRPV3 in HaCaT cells was 
confirmed at mRNA level by RT-PCR (Figure 5a) 
and by sequence analysis of the PCR-product. 
The reactivity of keratinocytes to camphor and 2-
APB was previously described as a change of 
intracellular calcium levels (3). We focused on 
camphor as a representative prototypical 
monoterpenoid inducing desensitization and 
compared its effects to 2-APB. 
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Figure 2. Desensitization of TRPV3 by camphor & 1,8-cineole. (a) 2-APB, (b) camphor and (c) 1,8-cineol 
were applied for 10-20 sec (short term) or 10 minutes (long-term). The bar diagram (d) shows quantified 
data for the relation of the 1st and 2nd short-term exposure of the respective agonists after long-term 
exposure to 2-APB or monoterpenoids. Data are expressed as mean ± SEM (n=6). (e) quantification of 
desensitization events observed with camphor and 1,8-cineole. (f) original trace showing desensitization to 
camphor and then recovery of TRPV3 after long-term washout with Ca2+-free SES. 
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Figure 3. Desensitization of TRPV3 by monocyclic monoterpenoids. Menthol (a) and DHC (b) were applied 
for 10-20 s (short term) or 5, 10 and 15 minutes (long-term) exposure to explore possible agonist and time-
dependent acute desensitization or tachyphylaxis. The bar diagrams (c & d) show the relationship of the 1st 
and 2nd short-term exposure of menthol (a) or DHC (b) after long-term exposure. Data is expressed as mean 
± SEM (n=6). 
 
Initially, HaCaT cells were analyzed with respect 
to repetitive stimulation by either 6 mM camphor 
or 300 µM 2-APB applied for 10 seconds (short-
term application) with 40-50 seconds inter-
stimulus intervals as indicated (Figure 5). In both 
cases the same cells responded repeatedly to 
either substance. However, in the case of 2-APB 

the amplitudes of successive Ca2+-signals did not 
vary significantly (p>0.19; n= 44 cells) whereas 
the camphor-induced Ca2+-signal reached its 
maximum amplitude after the second to third 
application (sensitization effect, see Figure 5 b & 
d).  
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Figure 4. Representative tracing showing TRPV3 mediated currents in HEK293 cells as evoked by standard 
agonists. (a) 2-APB induced non-desensitizing TRPV3 mediated currents (b) whereas camphor induced 
desensitization of TRPV3 mediated currents . Experiments were performed at -60 mV holding potential 
under calcium free extracellular environments. 
 
 

 
 
Figure 5. Effects of 2-APB and camphor on HaCaT cells TRPV3. 
(a) RT-PCR detection of TRPV3 mRNA in HaCaT cells. The PCR product was analyzed by agarose gel 
electrophoresis (lane 1: 1kb size marker and lane 2 hTRPV3). Representative ratiofluorimetric recordings of 
stimulation experiments of Fura-2 loaded HaCat cells with either 300 µM 2-APB (b) or 6 mM camphor (d) 
are shown respectively. Changes of cytosolic Ca2+-levels in response to stimulation are depicted as the 
fluorescence ratio (f340/f380nm) and displayed as a function of time. HaCaT cells were first stimulated for 10–
15 seconds (short-term) followed by long-term exposition (3-4 min) to either substance at the indicated time-
points (bars above). After washout of the stimuli for 90 sec with Ringer solution subsequent short-term 
stimulations were performed as indicated. Figure 5 c & e are data quantification for tachyphylaxis after long-
term application of  either 2-APB or camphor. The mean amplitudes of each stimulation post long-term 
exposition (application 2-4; grey bars) were normalized to the maximal amplitude obtained by pooling 
together the maximum signal-amplitudes observed before long-term incubation with agonists (set as 100%; 
black bar). For camphor experiments p< 0.0001, n= 33 cells and for 2-APB p>0.19, n= 44 cells. Data pooled 
from experiments performed on different days. Error bars are representing SD. 
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To analyze the effect of long-term exposure, we 
first performed single stimulations until the 
maximum amplitude had reached and then 
applied the respective substance for 3-4 minutes. 
In the case of 2-APB Ca2+-signals stay high 
during long-term application (Figure 5b), while 
camphor responses decline in continuous presence 
of the agonist (Figure 5d). Contrary to     2-APB, 
reapplication of camphor subsequent to a 
washout-interval of 90 sec post long-term 
stimulation resulted in a drastically lower Ca2+-
signal (~10% of the initial signal was observed; 
p< 0.0001: n= 33 cells) as compared to the 
maximum amplitude obtained at the beginning of 
the experiment (Figure 5d). These findings are in 
concert with our results from heterologous 
systems and hence support the observation of 
desensitization of TRPV3 induced by specific 
bicyclic monoterpenoids. 
 
DISCUSSION 
 
TRP channels are turning out to be important 
potential targets for novel analgesics (38-40). In 
addition to that, the analgesic properties of many 
natural products have been attributed to the 
modulation of TRP channel activity. TRPV3 has 
structurally non-related agonists like 
monoterpenoids and 2-APB. Thus, we 
investigated possible differences in the activation 
mechanisms of TRPV3 by these two diverse 
classes of ligands. 

TRPV3 and TRPV1 exhibit structural 
homologies and are often co-expressed in a 
variety of cells (2, 4, 5, 41-43). Initial findings on 
TRPV3 reported that it exhibits strong 
sensitization upon repetitive short-term exposure 
to heat, 2-APB (4, 5, 44, 45) as well as to 
camphor (10), which is consistent with our results 
obtained for short-term application of camphor in 
HaCaT cells. In the case of terpenoids, 
sensitization of TRPV3 is surprising, since 
camphor has been used over centuries as an 
analgesic, anti-pruritic and soothing substance 
both in Eastern and Western medicine. In the 
present investigation we addressed this question 
by a specially adopted agonist incubation protocol 
that fits to the time course of long-term topical 
applications. Instead of exposing TRPV3 to 
camphor or 2-APB for 10 or 20 seconds we 
applied either substance alone up to 15 minutes 
and re-exposed the channels to camphor or 2-APB 
challenge after washout. 

Our data substantiates the observation 
that camphor and 1,8-cineol stimulation leads to 

desensitization of TRPV3 channels after 
preceding long-term application. Beside acute 
desensitization, we observed a reduction in 
current amplitude upon second short-term 
application, typically referred to as tachyphylaxis. 
A similar finding was observed for 1,8-cineol, 
whereas menthol and DHC only induced strong 
tachyphylaxis and very little acute desensitization 
during long-term application (see Figure 3). 2-
APB, however, did neither induce acute 
desensitization nor tachyphylaxis arguing for the 
existence of an agonist specific mechanism of 
TRPV3 channels activation. 2-APB and bicyclic 
monoterpenoids such as camphor or 1,8 cineol 
may indeed activate TRPV3 through different 
mechanisms, since point mutations at positions 
H426 and R696 render the channel insensitive to 
2-APB, but not to camphor (46). Further on, 
citral, a bioactive component of lemongrass, has 
been reported to both activate and subsequently 
render TRPV3 channels strongly inactive (47), 
and this inhibition occurred much faster in the 
absence of intracellular calcium. Calcium is a 
known modulator of TRP channels activity and 
was shown to directly gate TRPA1 (48, 49), 
TRPM4 and TRPM5 (50) and has inhibitory 
effects on TRPV3 (12). A supra-threshold rise in 
intracellular calcium concentrations (as a result of 
calcium influx) is believed to be necessary to 
produce any tangible degree of acute 
desensitization or tachyphylaxis of TRP cation 
channels (15, 51-53). Citral and now the class of 
bicyclic monoterpenoids including camphor and 
1,8 cineol apparently share a commonness in that 
Ca2+ is not essential for agonist-induced 
desensitization of TRPV3. This argues not only 
for an agonist-specific and time-dependent but 
also a Ca2+-independent mechanism of camphor-
induced desensitization of TRPV3 channels. 

HaCaT cells showed also desensitized 
calcium responses to camphor but not to 2-APB. 
Although TRPV1 is reported to respond to both 
camphor and 2-APB, functionality of TRPV1 
channels in the HaCat cell line remains 
controversial (54, 55). 2-APB does further 
activate TRPV2 channels, however the human 
orthologue is apparently insensitive to 2-APB 
(56). We therefore conclude that 2-APB and 
camphor likely activates TRPV3 channels and not 
TRPV1 and TRPV2 in HaCat cells. In general, 
this part of the study clearly indicates that TRPV3 
desensitization is significantly manifested by 
camphor, which is a contrast to that of 2-APB. 

We also assumed that different sets of 
agonists bind to different agonist binding sites or 
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domains on TRPV3, thereby allosterically 
interacting to control the maximal response of 
TRPV3. Thus we generated mutant TRPV3 
channel (data not shown in this paper) which 
specifically shows differential responses to 
camphor and 2-APB. This mutant is totally non-
responsive to camphor but sensitivity to 2-APB 
and DHC is intact. This site-specific interaction 
may be involved in desensitization seen with 
some (camphor or 1,8-cineol) but not with other 
substances (e.g., 2-APB). However, the exact 
contribution of this point mutation in 
desensitization of TRPV3 needs further 
investigation. Additional evidence that camphor 
and 2-APB act by two different mechanisms is the 
facts that after prolonged camphor-treatment 
camphor responses are drastically reduced while 
2-APB responses sensitized (see Figure 2). Thus, 
TRPV3 receptor is both sensitized (by one 
agonist) and desensitized (by another) at the same 
time depending on the type of agonist used. 

As camphor and 1,8-cineol (25) are 
known analgesics and share similarities in their 
chemical structures, it is not surprising that both 
substances have the same molecular target for 
their analgesic effect. Desensitization events by 
menthol and dihydrocarveol reflect the 
differences in pharmacological effects within the 
monoterpenoids. While the bicyclic 
monoterpenoids (camphor or 1,8-cineol) induce 
both acute desensitization and tachyphylaxis, 
monocyclic monoterpenoids (dihydrocarveol or 
menthol) preferentially induce only 
tachyphylaxis. Based on the distinct 
desensitization profiles, TRPV3 agonists can be 
classified into three classes. The first category 
consists of non-desensitizing or 2-APB-like 
agonists; the second or acute desensitizing class is 
represented by camphor and 1,8-cineol; and the 
third category represented by marked 
tachyphylaxis, includes menthol and 
dihydrocarveol. While the molecular basis of 
theses differences remain unknown, the finding 
itself points to important biophysical and 
pharmacological aspects of TRPV3 activity, 
which is modulated by different classes of 
chemical ligands. 

Structural rearrangements of ion channels 
as a result of persistent agonist stimulation are 
emerging as a new regulatory mechanism that 
controls channel gating and ion conductance. 
Chung and colleagues (11) have demonstrated 
that TRPV3 shows time-dependent changes in its 
conduction. A recent study involving TRPV1 (57) 
provides similar evidence for intrinsic structural 

rearrangements as a result of prolonged treatment 
with different agonists. It is tempting to speculate 
whether desensitization of TRPV3 by long-term 
exposition of monoterpenoids is caused by similar 
pattern of structural rearrangements. However, the 
molecular dynamics of such rearrangements are 
not known even for TRPV1. 
 
CONCLUSION 
 
Monoterpenoids strongly activate and 
differentially desensitize TRPV3 ion channel. The 
desensitization of TRPV3 mediated currents is 
agonist-specific and time-dependent but 
independent of extracellular calcium or of the 
expression system. Our findings on 
monoterpenoid-induced desensitization of TRPV3 
points towards a unique mechanism through 
which TRP channels could be functionally 
modulated by long-term application of specific 
agonists. 
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