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Abstract

Transient receptor potential vanilloid (TRPV) channels are polymodal detectors of multiple 

environmental factors, including temperature, pH, and pressure. Inflammatory mediators enhance 

TRPV function through multiple signaling pathways. The lipoxygenase and epoxygenase products 

of arachidonic acid (AA) metabolism have been shown to directly activate TRPV1 and TRPV4, 

respectively. TRPV3 is a thermosensitive channel with an intermediate temperature threshold of 

31–39°C. We have previously shown that TRPV3 is activated by 2-aminoethoxydiphenyl borate 

(2APB). Here we show that AA and other unsaturated fatty acids directly potentiate 2APB-

induced responses of TRPV3 expressed in HEK293 cells, Xenopus oocytes, and mouse 

keratinocytes. The AA-induced potentiation is observed in intracellular Ca2+ measurement, whole-

cell and two-electrode voltage clamp studies, as well as single channel recordings of excised 

inside-out and outside-out patches. The fatty acid-induced potentiation is not blocked by inhibitors 

of protein kinase C and thus differs from that induced by the kinase. The potentiation does not 

require AA metabolism but is rather mimicked by non-metabolizable analogs of AA. These results 

suggest a novel mechanism regulating the TRPV3 response to inflammation, which differs from 

TRPV1 and TRPV4, and involves a direct action of free fatty acids on the channel.

Transient receptor potential (TRP) channels have emerged as cellular sensors of physical 

and chemical changes inside and outside cells (Clapham, 2003). Six TRP channels have 

been shown to be involved in temperature sensing in sensory neurons and skin. TRPA1 and 

TRPM8 are involved in detecting cool to cold temperatures while TRPV1, V2, V3, V4 are 

responsible for sensing warm to noxious heat. In addition to thermosensation, these channels 

also respond to inflammatory mediators, implicating their involvement in inflammatory pain 

and tissue injury-induced thermal hyperalgesia. For example, TRPV1 is activated by 

bradykinin, nerve growth factor, and ATP through signaling pathways mediated by 

activation of their respective receptors (Cesare et al., 1999; Chuang et al., 2001; Tominaga 

© 2006 WILEY-LISS, INC.
*Correspondence to: Jackie D. Wood, Department of Physiology and Cell Biology, The Ohio State University, 304 Hamilton Hall, 
1645 Neil Ave, Columbus, OH 43210., wood.13@osu.edu. **Correspondence to: Michael X. Zhu, Center for Molecular Neurobiology, 
The Ohio State University, 168 Rightmire Hall, 1060 Carmack Road, Columbus, OH 43210., zhu.55@osu.edu.
Hong-Zhen Hu, Rui Xiao, and Chunbo Wang have contributed equally to this work.

HHS Public Access
Author manuscript
J Cell Physiol. Author manuscript; available in PMC 2015 June 06.

Published in final edited form as:

J Cell Physiol. 2006 July ; 208(1): 201–212. doi:10.1002/jcp.20648.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



et al., 2001) and by tissue acidosis as a consequence of inflammation and malignant tumor 

growth (Reeh and Kress, 2001). Hypotonicity-induced activation of TRPV4 in primary 

afferent nociceptive nerve fibers is enhanced by prostaglandin E2 (Alessandri-Haber et al., 

2003). TRPA1 is activated by bradykinin through activation of phospholipase C (Bandell et 

al., 2004). In the inflamed tissues, arachidonic acid (AA) is either released from the 

infiltrating lymphocytes or produced within the sensory fibers or skin cells following the 

activation of receptors by other inflammatory mediators. While the lipoxygenase products of 

AA directly activate TRPV1 (Hwang et al., 2000; Shin et al., 2002), the epoxygenase 

products are responsible for the stimulatory effect of AA on TRPV4 (Watanabe et al., 2003).

TRPV3 may be involved in the sensation of warm to noxious heat. The reported temperature 

threshold values for TRPV3 ranged from 31 to 39°C (Peier et al., 2002; Smith et al., 2002; 

Xu et al., 2002) and the channel was continuously activated up to 50°C (Xu et al., 2002). 

Expression of TRPV3 protein has been shown in mouse skin keratinocytes (Chung et al., 

2003, 2004a) and in sensory neurons of human dorsal root ganglia (Smith et al., 2002). 

Knockout of TRPV3 gene from mice led to impaired responses to innocuous and noxious 

heat, which are believed to be due to a defect in thermasensation in the skin cells (Moqrich 

et al., 2005). Recently, we, and others, showed that TRPV3 channels are activated by 2-

aminoethoxydiphenyl borate (2APB) (Hu et al., 2004; Chung et al., 2004b). With the use of 

2APB, TRPV3-mediated heat-sensitive currents were detected in primary keratinocytes 

isolated from TRPV4−/− mice (Chung et al., 2004b). Because of the sequence homology and 

functional similarities between TRPV3 and other heat-sensitive channels, it has been 

speculated that TRPV3 also plays a role in thermal hypersensitivity induced by tissue injury 

and inflammation (Smith et al., 2002). Here we show that TRPV3 channel function is 

greatly enhanced by AA via a mechanism that does not require the oxidation of the fatty 

acid and the effect can be mimicked by other unsaturated fatty acids, including non-

metabolizable analogues of AA. The potentiation by fatty acids is not mediated through 

protein kinase C (PKC) even though activation of PKC also causes an increase of TRPV3 

activity. Parts of the results have appeared in an abstract form (Hu et al., 2005).

MATERIALS AND METHODS

DNA constructs, cells, and transfections

cDNA for murine TRPV1, TRPV2, and TRPV3 were obtained and placed in the pAGA3 or 

pIRES2EGFP vector as previously described (Hu et al., 2004). HEK293 cells were grown at 

37°C, 5% CO2 in Dulbecco’s minimal essential medium containing 4.5 mg/ml glucose, 10% 

heat-inactivated fetal bovine serum, 50 units/ml penicillin, and 50 μg/ml streptomycin. For 

intra-cellular Ca2+ measurements and electrophysiological studies, cells were seeded in 35-

mm culture dishes and transfected with the desired DNA in the pIRES2EGFP vector using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the protocol provided by the 

manufacturer.

The 308 keratinocytes were kindly provided by Dr. S. Yuspa (National Cancer Institute) and 

cultured in a 3:1 (v/v) mixture of Dulbecco’s minimal essential medium and Ham’s F-12 

medium supplemented with 10% heat-inactivated fetal bovine serum, 5 μg/ml insulin, 0.4 

μg/ml hydrocortisone, 5 μg/ml transferrin, 2 nM 3,3–5′ triiodo-L-thyroxine, 0.1 nM cholera 
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toxin, 10 ng/ml epidermal growth factor, 60 μg/ml penicillin, and 25 μg/ml gentamicin as 

described by Chung et al. (2003).

Intracellular Ca2+ measurements

Cells were seeded in wells of a 12-well plate that contained a 10-mm round coverslips 

pretreated with polyornithine (MW >30,000, 20 μg/ml, Sigma-Aldrich, St Louis, MO). After 

culturing for about 20 h, cells were washed once with an extracellular solution (ECS) 

containing (in mM) 140 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 10 glucose, and 15 Hepes, pH 

7.4 and then incubated in 500 μl ECS supplemented with 0.1% bovine serum albumin, 2 μM 

fura2/AM (TEFLabs, Austin, TX) and 0.05% Pluronic F-127 (Molecular Probes, Eugene, 

OR) at 37°C for 30 min. At the end of the incubation, cells were washed three times with 

ECS and placed in 1 ml of the same solution.

Changes in intracellular Ca2+ concentrations ([Ca2+]i) were measured at 22–24°C using a 

PTI (Photon Technology International, Lawrenceville, NJ) photometry system attached to a 

Nikon Eclipse TE200 inverted microscope with alternating excitation wavelengths of 340 

and 380 nm and the emission wavelength of 510 nm. Fluorescence intensities of a group of 

10–20 cells were read by a photomultiplier attached to the microscope. 2APB and AA were 

dissolved in DMSO and then diluted to the final concentration with ECS, and applied 

through perfusion. Bovine serum albumin was omitted from all experiments that used free 

fatty acids.

Electrophysiological studies

Whole cell recordings of transiently transfected HEK293 cells, cRNA synthesis from 

TRPV1 and TRPV3 in pAGA3 vector, and cRNA injection in Xenopus oocytes were 

performed at room temperature (22–24°C) as described previously (Hu et al., 2004). 

Solutions used for whole-cell recordings of HEK293 cells were: pipette solution (in mM): 

140 CsCl, 0.6 MgCl2, 1 or 10 BAPTA, 10 Hepes, pH 7.2; bath solution (in mM): 140 NaCl, 

5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, and 10 Hepes, pH 7.4. For inside-out patches, the 

pipette solution contained (in mM) 140 CsCl and 10 Hepes, pH 7.4 and the bath contained 

140 CsCl, 5 EGTA, 10 Hepes, pH 7.4. For outside-out patches, the pipette solution 

contained (in mM) 140 CsCl, 5 EGTA, 10 Hepes, pH 7.4 and the bath contained 140 CsCl 

and 10 Hepes, pH 7.4. The excised patches were held constantly at desired potentials while 

2APB and AA were applied to the bath through perfusion. Single channel currents were 

recorded at 5 or 10 kHz for more than 1 min under each condition.

For two-electrode voltage clamp recordings, cRNA-injected oocytes were placed in a RC-3Z 

Oocyte Recording Chamber (Warner Instruments, Hamden, CT) and perfused with a bath 

solution that contained (in mM) 100 NaCl, 2.5 KCl, 1 MgCl2, 5 Hepes, pH 7.4. The oocytes 

were impaled with two intracellular glass electrodes filled with 3 M KCl connected to an 

OC-725C Oocyte Clamp amplifier (Warner Instruments). Two methods were used to record 

TRPV-mediated currents. In the first one, voltage commands were made from the Pulse 

+Pulse Fit program (HEKA Instruments, Southboro, MA) via an ITC-18 Computer Interface 

(Instrutech Co. Port Washington, NY). Oocytes were clamped at −20 mV, stepped to −100 

mV for 20 ms, followed by a voltage ramp of 200 ms from −100 mV to +100 mV once 
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every second. Currents were recorded at the sampling rate of 1 kHz. In the second method, 

oocytes were constantly held at −40 mV using the command from the amplifier. Currents 

were simultaneously recorded using a chart recorder (Astro Med, West Warwick RI) and 

digitized at 100 Hz using a PowerLab Data Acquisition System (ADInstruments, Colorado 

Springs, CO). For both methods, drugs were diluted to the final concentration and applied 

through perfusion.

Critical micelle concentration (CMC) measurements

AA was diluted at concentrations from 1.3 μM to 9 mM in 100 μl bath solution used for 

whole cell recording of HEK293 cells or that used for two-electrode voltage-clamp 

recording of Xenopus oocytes. The diluted AA was incubated for 1 h at 24°C in the presence 

of 5 μM N-phenyl-1-naphthylamine in wells of a black-wall 96-well plate. During the 

incubation, fluorescence (ex = 346 nm, em = 420 nm) was read in a plate reader at 1 min 

intervals. 2APB was included in some samples at a final concentration of 100 μM. CMCs 

were estimated from abscissa intercepts after fitting the data points (averages of 

fluorescence intensity during the last 10 min of incubation) that are significantly higher than 

the background by least squares linear regression as described (Brito and Vaz, 1986; Chirita 

et al., 2003).

Chemicals

Rev-5901, baicalein, cinnamyl-3,4-dihydroxy-cyanocinnamate (CDC), esculetin, 17-

octadecynoic acid (17-ODYA), and SKF525A were purchased from BioMol (Plymouth 

Meeting, PA). Linoleic acid, docosahexaenoic acid, α-linolenic acid, γ-linolenic acid, 

5,8,11,14-eicosate traynoic acid (ETYA), nordihydroguaiaretic acid (NDGA), and 2APB 

were purchased from Cayman Chemical Inc. (Ann Arbor, MI). 4-[(2S)-2-[(5-isoqui-

nolinylsulfonyl)methylamino]-3-oxo-3-(4-phenyl-1-piperazi-nyl)propyl] phenyl 

isoquinolinesulfonic acid ester (KN-62) was from Tocris Cookson Inc. (Ellisville, MO). 

Ro318220 and Go6976 were purchased from EMD Bioscience (La Jolla, CA). All other 

fatty acids and chemicals were from Sigma-Aldrich.

All free fatty acids were dried under a stream of nitrogen gas and resuspended in argon-

purged DMSO at 10 or 100 mM. The stock solutions in DMSO were stored in small aliquots 

at −80°C and used only once after thawing. Working solutions of free fatty acids were used 

within 4 h after diluting into aqueous solutions. The final concentration for DMSO was less 

than 0.24% for all experiments unless otherwise indicated.

Data analyses

Statistical analyses were performed by Student’s t test using Microcal Origin. Summary data 

are expressed as means ± SEM.
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RESULTS

AA enhanced 2APB-evoked Ca2+ signal in mouse keratinocytes and HEK293 cells that 
expressed TRPV3

The expression and function of native TRPV3 channels in mouse keratinocytes have been 

reported (Chung et al., 2003, 2004a,b; Moqrich et al., 2005). It appeared that heating alone 

could not reliably activate the native channels but with the use of 2APB, the channel activity 

was consistently detected in these cells. In fura2-loaded mouse 308 keratinocytes, 300 μM 

2APB elicited a small increase in [Ca2+]i at 22°C (Fig. 1A). Since the 308 cells express both 

TRPV3 and TRPV4 (Chung et al., 2003) and TRPV4 can be activated by AA through its 

epoxygenase products (Watanabe et al., 2003), we treated the cells with 10 or 30 μM AA. 

AA alone caused a small rise in [Ca2+]i in the keratinocytes; however, a much stronger 

increase in [Ca2+]i was detected when 2APB was added in the presence of AA and the 

increase was dependent on the dosage and duration (not shown) of the AA exposure (Fig. 

1A).

Since only TRPV3 but not TRPV4 can be activated by 2APB (Hu et al., 2004; Chung et al., 

2004b), the potentiation of the 2APB-elicited response by AA could either result from a 

synergistic activation of both TRPV3 and TRPV4 or from the effect of AA on TRPV3 

channels. To determine if AA could act at TRPV3 without the presence of TRPV4, we 

repeated this experiment in HEK293 cells that expressed cloned murine TRPV3 channels. 

These cells do not endogenously express TRPV3 or TRPV4. The response to 2APB (100 

μM) in the TRPV3-expressing HEK293 cells was potentiated by the pretreatment with AA 

to a similar degree as that in keratinocytes (Fig. 1B). At the dosage and duration (20 sec 

total) of the AA treatment, the [Ca2+]i increase elicited by the fatty acid alone was small, 

highly variable, and not correlated with its concentration (Fig. 1C), although longer (60 sec) 

incubation with 10–30 μM AA indeed induced more robust Ca2+ signal, perhaps through the 

endogenous AA-regulated channels (Mignen and Shuttleworth, 2001; Wu et al., 2002). 

However, the AA-induced endogenous response occurred more slowly than the 2APB-

evoked activation of TRPV3 so that at the peak of the 2APB response, the contribution from 

the AA-regulated channels is negligible. Nonetheless, the slow decay at 30 μM AA in Figure 

1B could be attributed to the endogenous channels.

AA-induced potentiation of TRPV3 currents in HEK293 cells

To confirm the potentiating action of AA on 2APB-evoked activation of TRPV3 channels, 

we studied the whole cells currents in TRPV3-transfected HEK293 cells. Exposure to 10 μM 

AA caused about threefold increase in 2APB-evoked currents at both the positive and 

negative membrane potentials with the potentiation at −100 mV being slightly larger than at 

+100 mV (Fig. 2A,B). In addition to TRPV3, 2APB also activates TRPV1 and TRPV2 (Hu 

et al., 2004; Chung et al., 2005). However, different from TRPV3, AA did not significantly 

increase the 2APB-evoked currents in cells that expressed TRPV1 or TRPV2 (Fig. 2C–F). It 

should be noted that although TRPV1 is activated by the lipoxygenase products of AA, most 

cells do not express enough lipoxygenases to sufficiently convert exogenously applied AA 

for activating TRPV1 unless exogenous 12-lipoxygenase is overexpressed (Shin et al., 
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2002). Thus, among the three 2APB sensitive TRPV channels, only TRPV3 is potentiated 

by exogenously applied AA.

Ruthenium red (RR, 10 μM), a common TRPV channel blocker, suppressed the inward but 

increased the outward current activated by 2APB plus AA (Fig. 3A–D). The degree of 

inhibition at −100 mV and that of increase at +100 mV are not different from the changes 

caused by RR in cells stimulated with 2APB only (Fig. 3C,D). This peculiar behavior of RR 

has been shown for TRPV3 currents (Hu et al., 2004; Chung et al., 2004b, 2005). Moreover, 

increasing BAPTA concentration in the pipette solution from 1 to 10 mM did not prevent the 

AA-induced potentiation, indicating that changes in [Ca2+]i are not required for this 

modulation.

The AA-induced potentiation of TRPV3 currents was also observed when cells were 

continuously stimulated with 2APB (Fig. 3E,F). The degree of potentiation was dependent 

on AA concentrations and approached the maximum at ~100 μM. The EC50 values of AA 

were estimated to be 21.9 ± 4.5 μM (Hill coefficient, nh = 1.2 ± 0.5) at 100 mV and 22.6 ± 

2.5 μM (nh = 1.5 ± 0.3) at −100 mV (Fig. 3G). At high AA concentrations (30 and 100 μM) 

the inward currents increased more strongly than the outward ones, giving rise to less 

rectifying current-voltage (I–V) curves, consistent with the observation that strongly 

activated TRPV3 currents had a linear I–V relationship (Chung et al., 2005). Notably, the 

potentiation obtained with this protocol is less than when cells were preincubated with AA 

and stimulated with 2APB afterwards, indicative of a relatively slow action of the fatty acid. 

This could result in a higher estimate of the EC50 values. Furthermore, at high 

concentrations, AA may form micelles that could cause membrane disruption and thus a 

non-specific leak. However, this does not seem to be the case as preincubation with 100 μM 

AA for 30 sec did not cause any obvious current in TRPV3-expressing cells, but it strongly 

increased the currents evoked by 2APB (Fig. 3H). The critical micelle concentration (CMC) 

for AA varies from 30 to 236 μM in the literature (Attwell et al., 1993; Wilson and Binder, 

1997; Chirita et al., 2003). These differences are likely due to the fact that CMCs are highly 

dependent on salt concentrations, temperature, pH, and other factors employed for different 

experiments. To examine whether micelle formation could contribute to the increased 

current at high AA concentrations, we have measured the CMC of AA in the same bath 

solution we used for whole-cell experiments of HEK293 cells and obtained a value of 173 ± 

24 μM (n = 6), which is higher than the highest AA concentration (100μM) we have used. 

Addition of 100μM 2APB to the bath solution did not change the CMC value (182 ± 20 μM, 

n = 6), indicating that 2APB does not promote micelle formation of the fatty acid. Therefore, 

it is unlikely that micelle formation contributes to the potentiating effect of AA on TRPV3.

In excised inside-out patches, single channel currents were activated by 5 or 10 μM 2APB 

from cells that expressed TRPV3 but not control untransfected cells. Addition of 10 μM AA 

increased the open probability (NPo) 9.1 ± 3.9 fold (n = 7) (Fig. 4A,D). Similarly, in 

outside-out patches, the 2APB-evoked TRPV3 single channel activity was also potentiated 

by 10 μM AA with an average increase of NPo of 4.8 ± 1.0 fold (n = 4) (Fig. 4B,C,E).

A similar potentiating effect was obtained with the use of phorbol-12-myristate-13-acetate 

(PMA), indicating that TRPV3 activity is also enhanced by PKC phosphorylation (Fig. 5A). 
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As expected, the PMA-induced potentiation was blocked by pretreatment of the TRPV3-

expressing cells with PKC inhibitors Ro318220 (1 μM) and Go6976 (0.3 μM) (Fig. 5B,C). 

However, even though unsaturated fatty acids are known to activate PKC (Murakami and 

Routtenberg, 1985; Seifert et al., 1988), the potentiating effect of AA on TRPV3 activity is 

not dependent on PKC because Ro318220 (1 μM) failed to block the action of AA (Fig. 2B).

AA-induced potentiation of TRPV3 currents in Xenopus oocytes

The Xenopus oocyte system provides an alternative method to study ectopically expressed 

channels and to verify whether the regulation is dependent on host cell types. Compared to 

the conventional whole-cell recording technique for mammalian cells, the two-electrode 

voltage clamp method used to record the channel current in oocytes is less invasive and is 

not accompanied with the dilution of cellular contents. For TRPV3, the oocyte system has 

an additional advantage in that it allows repetitive stimulation of the channel under Ca2+-

free and nominally Ca2+-free conditions for a long time (>2 h) without any apparent 

sensitization or desensitization. Sensitization to repetitive stimulation has been known to be 

a unique property of TRPV3 in mammalian systems (Xu et al., 2002; Chung et al., 2004a,b, 

2005) and could contribute to the increase in response to 2APB in the experiments described 

above. In Xenopus oocytes injected with cRNA for TRPV3, 100 μM 2APB evoked an 

outwardly rectifying current that reversed at 0 mV (Fig. 6A). Addition of 10 μM AA greatly 

potentiated the 2APB-evoked current. At the peak of the potentiation, the I–V relationship 

became linear (Fig. 6A, right). This linear I–V relationship is also observed in Ca2+-free 

bath solutions for TRPV3 expressed in HEK293 cells when the channel is maximally 

activated (HH and MXZ, unpublished observations). The washout of the AA effect from the 

oocytes was slow. After 7 min, more than 80% of the potentiation was removed (Fig. 6A). 

However, complete washout usually took more than 20 min (not shown). The AA-induced 

potentiation was also observed during continuous recordings with cells held constantly at 

−40 mV. In average, 10 μM AA increased the current evoked by 300 μM 2APB 10.7 ± 1.6 

fold (n = 60).

Again, the AA-induced potentiation of the response to 2APB was specific to TRPV3. A 

similar treatment with AA did not increase the response to 2APB in oocytes injected with 

TRPV1 cRNA (Fig. 6C,D). As a control, anandamide (AEA) was used to activate TRPV1. 

When applied individually, both 2APB (100μM) and AEA (10μM) weakly activated 

TRPV1. When the two drugs were applied together, the response was more than additive, 

indicative of synergy between these drugs (Fig. 6C,D). By contrast, AEA only slightly 

increased the 2APB-evoked current in TRPV3-expressing cells (Fig. 6B,D), which could be 

due to a partial conversion of AEA to AA (Watanabe et al., 2003). Similarly, N-

arachidonoyl dopamine, another endogenous TRPV1 agonist and an AA derivative, also 

failed to potentiate the 2APB response of TRPV3, while it activated TRPV1 under the same 

condition (not shown). These results indicate that the free carboxylate head group of AA is 

critical for the potentiating effect on TRPV3.

A dose-dependence analysis showed that the potentiation of the 2APB-elicited TRPV3 

current can be detected with as low as 1 μM AA and approaches the maximum at ~100 μM 

(Fig. 7A,B). The EC50 values of AA were estimated to be 7.1 ± 0.6 μM (Hill coefficient, nh 
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= 1.2 ± 0.1) at 100 mV and 8.5 ± 0.5 μM (nh = 1.4 ± 0.1) at −100 mV. Note the CMC of AA 

in the oocyte bath solution (nominally Ca2+ free) was determined to be 112 ± 15 μM (n = 3).

To better understand the effect of AA on 2APB-evoked TRPV3 function, we established the 

dose response curves for 2APB in the absence and presence of 10 μM AA. As shown in 

Figure 7C,D, both the sensitivity and the maximal response of TRPV3 to 2APB were 

increased by the pretreatment of AA. At −40 mV, the EC50 values of 2APB were 1060 ± 42 

μM, (nh = 1.7 ± 0.2, n = 6) without AA and 348 ± 37 μM (nh = 1.2 ± 0.1, n = 5) with AA. 

Note, about 10-fold higher EC50 values have been found for capsaicin for the activation of 

TRPV1 in oocytes than in mammalian cells (McIntyre et al., 2001; Wang et al., 2004). 

Therefore, the EC50 value of 2APB for the activation of TRPV3 in oocytes is also expected 

to be higher than in mammalian cells (Chung et al., 2004b; Hu et al., 2004).

The potentiating effect of AA on TRPV3 is not dependent on its metabolism

Just as in HEK293 cells, the potentiating effect of AA on TRPV3 expressed in oocytes was 

not affected by the PKC inhibitors, Ro318220 (1 μM) and Go6976 (0.3 μM). KN-62, an 

inhibitor of calmodulin-dependent kinases, also failed to affect the action of AA (Fig. 8A,B), 

ruling out the possibility that AA enhanced the channel activity through Ca2+ mobilization 

and in turn the activation of calmodulin-dependent kinases. Furthermore, preincubation of 

the oocytes with 10 μM U73122, a blocker of phospholipase C, for 15 min, had no effect on 

the potentiation by AA (Fig. 8B), indicating that activation of the phospholipase C cascade 

is not required.

In order to know whether AA acts on TRPV3 directly or through its oxidized products, as in 

the case of TRPV1 and TRPV4, we applied metabolic blockers of AA, including 

cyclooxygenase inhibitor piroxicam (60 μM), lipoxygenase inhibitors NDGA (10 μM), 

5,8,11-eicosa-triynoic acid (ETI, 10 μM), Rev-5901 (10 μM), baicalein (10 μM), CDC (10 

μM), and esculetin (10 μM), and epoxygenase inhibitors 17-ODYA (10 μM), miconazole (10 

μM), and SKF525A (10 μM), as well as the non-metabolizable AA analogue ETYA (1–100 

μM). None of these drugs blocked the potentiating effect of AA (Fig. 8C,D), indicating that 

oxidation of AA is not required for the modulation of TRPV3 function. On the other hand, 

when applied without AA, while most drugs had no significant effect on the 2APB-elicited 

TRPV3 current, some (CDC, ETI, ETYA, and NDGA) also enhanced the channel activity 

by themselves (Fig. 8E,F). ETYA and ETI are triple-bond analogous of AA and another 

polyunsaturated fatty acid, 5,8,11-eicosatrienoic acid (20:3 n9, mead acid), respectively 

(Fig. 8G). The fact that these non-metabolizable fatty acids also potentiated the TRPV3 

activity further supports the idea that the channel is regulated directly by free fatty acids but 

not their oxidation products.

A dose response analysis of ETYA on the potentiation of 2APB-evoked TRPV3 current at 

−40 mV indicates that the non-metabolizable fatty acid has a slightly lower affinity as 

compared to AA (EC50 = 21 ± 4 μM, n = 6), and its efficacy is three times lower than that of 

AA at the concentration (100 μM) that gave the maximal potentiation. The average TRPV3 

current evoked by 300 μM 2APB at −40 mV increased from −1.4 ± 0.3 μA (n = 13) to −45 ± 

9 μA with 100 μM AA (n = 7) and −11 ± 1 μA with 100 μM ETYA (n = 6). This difference 

is statistically significant (P = 0.006, by unpaired t test).
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The 2APB-evoked TRPV3 response is enhanced by other unsaturated fatty acids

Next, we tested a number of fatty acids for their effects on TRPV3 activity. These included a 

saturated fatty acid, palmitic acid (16:0), trans unsaturated fatty acids, elaidic (trans 18:1 

n9) and linoelaidic (all trans 18:2 n6) acids, and many cis unsaturated fatty acids of the Δ9, 

ω-3, and ω-6 desaturase families. At 10 μM, none of the fatty acids directly activated 

TRPV3. Except for palmitic and elaidic acids (n = 11 for each), all other fatty acids 

potentiated the TRPV3 current evoked by 300 μM 2APB (Fig. 9A). Palmitic acid also failed 

to enhance the TRPV3 activity at up to 500 μM (n = 3, data not shown), suggesting that only 

unsaturated fatty acids are able to potentiate TRPV3 channel function. Noticeably for 

unsaturated fatty acids, those with the double bonds starting at the fifth position from the 

carboxylated head group, 5,8,11-eicosatrienoic acid (20:3 n9), 5,8,11,14-eicosatetraenoic 

acid (AA, 20:4 n6), and 5,8,11,14,17-eicosapentaenoic acid (20:5 n3) (see structures in Fig. 

9B), had the strongest effect on the potentiation of the 2APB response (~10-fold at −40 

mV). The two linolenic acids (18:3 n3 and 18:3 n6) and ω-3 AA (20:4 n3) had intermediate 

effect (~5- to 7-fold) while the rest of them showed a more moderate effect with 2- to 3-fold 

increase of the 2APB-induced response. Interestingly, the potency order does not correlate 

with the number of double bonds but rather to their positions. At least for those with a 

moderate effect, the configuration of the unsaturated bonds did not matter. For example, 10 

μM linoelaidic (all trans 18:2 n6) and linoleic (all cis 18:2 n6) acids (Fig. 9A) as well as ETI 

and ETYA (Fig. 8F) all caused about 2–3 fold increase of the 2APB response. The 

monounsaturated fatty acids appeared to be exempted from this rule since only oleic (cis 

18:1 n9) but not elaidic (trans 18:1 n9) acid or 17-ODYA enhanced the 2APB-evoked 

TRPV3 current.

DISCUSSION

Thermosensitive channels are not only important for temperature sensing but also involved 

in inflammatory pain and tissue injury-induced thermal hyperalgesia. It has become clear 

that temperature is only one of the factors that regulate the heat-activated TRPV channels. A 

growing number of natural and synthetic compounds as well as endogenous ligands have 

been identified for TRPV1 and, to a lesser extent, for TRPV2–4 (Caterina et al., 1997; 

Hwang et al., 2000; Smart et al., 2000; Huang et al., 2002; Watanabe et al., 2002, 2003; Chu 

et al., 2003; Hu et al., 2004; Chung et al., 2004b, 2005). In addition, both TRPV2 and 

TRPV4 are activated by hypotonicity-induced cell swelling (Liedtke et al., 2000; Strotmann 

et al., 2000; Nilius et al., 2001; Muraki et al., 2003), showing that these channels are 

polymodal detectors of noxious or innocuous heat, pressure, and various chemical stimuli.

The effects of inflammatory mediators on TRPV1 have been extensively studied. First, 

TRPV1 is activated by protons (Tominaga et al., 1998), implicating its role in tissue acidosis 

associated with inflammation. Second, bradykinin, ATP, prostaglandins, glutamate, and 

nerve growth factor activate or potentiate the activity of TRPV1 indirectly by triggering cell 

signaling events through their respective receptors (Chuang et al., 2001; Tominaga et al., 

2001; Hu et al., 2002). Several protein kinase A- and PKC-dependent phosphorylation sites 

have been shown to be involved in the receptor-induced modulation of TRPV1 activity 

(Bhave et al., 2002, 2003; Numazaki et al., 2002). In addition, the breakdown of 
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phosphatidylinositol 4,5-bisphosphate appears to be critical for the enhancement of TRPV1 

activity elicited by the stimulation of phospholipase C (Chuang et al., 2001; Prescott and 

Julius, 2003). Furthermore, the release of AA following receptor activation could also 

contribute to the sensitization of TRPV1 during inflammation. Several lipoxygenase 

products of AA could stimulate TRPV1 at room temperatures (Hwang et al., 2000). 

Interestingly, this effect was not mimicked by exogenous application of AA unless 12-

lipoxygenase was overexpressed (Shin et al., 2002). Consistent with this, our data also show 

that AA has no significant effect on TRPV1 expressed in Xenopus oocytes and HEK293 

cells.

Here, we show that at least two components of the inflammatory response are capable of 

increasing TRPV3 channel function. First, TRPV3 activity is enhanced by a short treatment 

with PMA, suggesting that phosphorylation by PKC is involved in the regulation of this 

channel. Second, the activity was potentiated by unsaturated fatty acids, among which AA is 

one of the most potent. However, the effect of AA is not dependent on the protein kinases as 

it is not affected by kinase inhibitors. We show here that AA also potentiates the 2APB-

elicited [Ca2+]i rise in mouse keratinocytes, which express functional TRPV3 endogenously 

(Chung et al., 2003, 2004a,b; Moqrich et al., 2005), indicating that just like the 

heterologously expressed channels, native TRPV3 channels are positively regulated by free 

unsaturated fatty acids. This enhancement of TRPV3 function by PKC and fatty acids may 

be involved in inflammatory responses other than inflammation-induced thermal 

hyperalgesia, which, however, was reportedly unaffected in TRPV3 knockout mice (Moqrich 

et al., 2005).

The physiological and pathophysiological relevance of fatty acid-induced potentiation of 

TRPV3 function depends on the overall concentration of total unsaturated fatty acids. On 

appearance, the AA concentration required for the maximal potentiation of TRPV3 activity 

may be very high. However, such a high level activation of TRPV3 may never be necessary 

in vivo as the degree of AA potentiation is so strong that 1 μM AA is sufficient to cause 

significant increase in channel activity. In addition, the potentiation is further increased by 

longer incubations with the fatty acid. The broad effective range of AA concentration, on the 

other hand, may be important for TRPV3 to work as a polymodal sensor in skin cells and, 

perhaps, sensory nerve terminals in pathological conditions, under which the fatty acid 

concentrations vary widely due to infiltration and breakdown of lymphocytes. For example, 

in the most severe case of involved psoriasis, which is an auto-immune disease affecting 

skin, the AA concentration in epidermis is about 100 μM. In uninvolved psoriasis, AA 

concentration would also reach as high as 13 μM (Hammarstrom et al., 1975; Brash, 2001). 

Under less severe conditions, the concentration for all free unsaturated fatty acids together is 

likely to be sufficient to cause potentiation of TRPV3, which may be activated by heat or an 

endogenous ligand(s) whose action is mimicked by 2APB. Thus, the regulation of TRPV3 

by unsaturated fatty acids is of close relevance to human health. Not surprisingly, several 

other ion channels, for example, the two-pore domain K+ channels, are regulated by AA at a 

similar concentration range (Fink et al., 1998; Patel et al., 1998) and the effect of fatty acids 

on these channels does not saturate at 100 μM (Patel et al., 2001).
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Unlike the action of AA on TRPV1 and TRPV4, the potentiation of TRPV3 function by AA 

does not require metabolization of the fatty acid. The finding that nearly all unsaturated fatty 

acids, including monounsaturated cis and polyunsaturated trans and triple-bond fatty acids, 

as well as certain lipoxygenase inhibitors (CDC and NDGA), are able to enhance TRPV3 

channel activity suggests a more direct action by the fatty acids. This potentiation profile is 

remarkably similar to the agonist profile reported for Drosophila TRP and TRPL, which are 

also thought to be directly activated by the fatty acids (Chyb et al., 1999). The resistance to 

kinase and phospholipase C blockers and intracellular Ca2+ chelating by BAPTA, as well as 

the recapitulation of AA-induced enhancement in excised membrane patches, supports the 

idea that further metabolism and/or signal transduction are not required for the potentiating 

effect of AA on TRPV3. Metabolic stress has also been shown to activate Drosophila TRP 

and TRPL (Agam et al., 2000). This activation could occur through an inhibition of 

diacylglycerol kinase, providing more substrates for the generation of free unsaturated fatty 

acids (Hardie et al., 2003). The fact that AA also increased the 2APB-evoked TRPV3 

activity in excised inside-out patches would appear to exclude any involvement of metabolic 

inhibition in the fatty acid-induced potentiation. Since 1-oleoyl-2-acetyl-sn-glycerol (up to 

100 μM) neither activated nor potentiated the activity of TRPV3 (data not shown), a direct 

action of diacylglycerols on the TRPV3 channel is unlikely.

The mechanism of potentiation of TRPV3 activity by unsaturated fatty acids remains to be 

resolved. Fatty acids modulate ion channels either by interacting with channel protein or by 

partitioning into lipid bilayer (Patel et al., 2001). The non-specific detergent effect of fatty 

acids on membrane may be ruled out by the lack of function of palmitic and elaidic acids. 

Because of the potentiating effect of linoelaidic acid, it also seems that the potentiation does 

not result from an increase in membrane fluidity, which occurs with cis but not trans 

isomers of unsaturated fatty acids (Chyb et al., 1999). Membrane bending has been 

implicated in the activation of some mechanosensitive channels that are also activated by 

unsaturated fatty acids (Kung, 2005). Whether this explains the fatty acid-induced 

potentiation of TRPV3 is debatable since the mechanosensitive TRPV2 (Muraki et al., 2003) 

is not potentiated under the same conditions. Furthermore, the strength of the potentiation is 

not dependent on the length of the fatty acid chain or the number of unsaturated bonds. 

Among the fatty acids that potentiate TRPV3, the most potent ones, 20:3 n9, 20:4 n6; 20:5 

n3, all contain double bonds that start at the fifth position from the carboxylated head group, 

indicative of the involvement of a common structural motif that binds, maybe, directly to 

channel protein. Thus, our data are consistent with a direct effect of unsaturated fatty acids 

on TRPV3 channel, although an action through changes in membrane properties cannot be 

completely ruled out at the present time.

The mechanism by which CDC and NDGA enhance 2APB-evoked activation of TRPV3 is 

unclear. These inhibitors are not structurally similar to AA (Fig. 8G). Their effect could be 

indirect through inhibition of lipoxidation of endogenous fatty acids like in the case of their 

activation of Drosophila TRP and TRPL channels (Chyb et al., 1999). This interpretation is 

questionable given that other lipoxygenase inhibitors, Rev-5901, baicalein, and esculetin, 

did not have a similar potentiating effect. However, it is possible that only those 

lipoxygenases, for example, 15-lipoxygenase, that are sensitive to CDC and NDGA are 
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actively involved in AA metabolism under resting conditions in Xenopus oocytes and as 

such, only their inhibition results in accumulation of significant amount of free unsaturated 

fatty acids.

The current study suggests that distinct molecular mechanisms are involved in the regulation 

of TRPV channels by polyunsaturated fatty acids such as AA. An intriguing possibility is for 

TRPV channels to serve as sensors of AA metabolism. AA, in its fatty acid form, enhances 

the activity of TRPV3; its epoxygenase products stimulate TRPV4 (Watanabe et al., 2003); 

its lipoxygenase products activate TRPV1 directly (Hwang et al., 2000), while its 

cyclooxygenase products (prostaglandins) prolong TRPV1 activity indirectly through 

receptor-induced protein kinase A activation and phosphorylation of the channel protein 

(Bhave et al., 2002). Interestingly, it was recently demonstrated that a subset of 20-carbon 

polyunsaturated fatty acids are critically important for sustaining TRPV-mediated Ca2+ 

signaling in sensory neurons of C. elegans as well as the olfactory and nociceptive behaviors 

of the nematode that depend on TRPV signaling (Kahn-Kirby et al., 2004). Thus, 

modulation of TRPV channels by polyunsaturated fatty acids had occurred early during 

evolution. Another interesting finding is that the concentrations of the three polyunsaturated 

fatty acids (20:3 n9, 20:4 n6; 20:5 n3) that are most potent for enhancing TRPV3 activity 

were specifically decreased in the plasma from patients with chronic renal failure and a 

history of pruritus symptoms (Peck et al., 1996). Although how pruritus or itching is linked 

to plasma fatty acid regulation and TRPV3 function is unknown, these data highlight the 

uniqueness of these three polyunsaturated fatty acids in itch sensation, during which the 

downregulation of the fatty acid concentrations could help maintain a lower activity of 

TRPV3.

In summary, we have demonstrated that TRPV3 activity is positively modulated by PKC 

and free unsaturated fatty acids. Activation of PKC in skin cells and sensory neurons is an 

important event downstream from receptor activation by a variety of inflammatory 

mediators and concentrations of free unsaturated fatty acids are elevated in inflammatory 

states. Our data suggest that TRPV3 might have involvement similar or complementary to 

that of TRPV1 in the production of the sensory hypersensitivity characteristic of 

inflammatory responses to tissue injury, infectious agents and of inflammatory diseases of 

intrinsic origin.
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Abbreviations

2APB 2-aminoethoxydiphenyl borate

AEA anandamide
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AA arachidonic acid

[Ca2+]i intracellular Ca2+ concentrations

CDC cinnamyl-3,4-dihydroxy-cyanocinnamate

CMC critical micelle concentration

ECS extracellular solution

ETI 5,8,11-eicosatriynoic acid

ETYA 5,8,11,14-eicosatetraynoic acid

I–V current–voltage

nh Hill coefficient

NDGA nordihydroguaiaretic acid

NPo open probability

17-ODYA 17-octade-cynoic acid

PKC protein kinase C

PMA phorbol-12-myristate-13-acetate

RR ruthenium red

TRP transient receptor potential

TRPV vanilloid subfamily of TRP
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Fig. 1. 

Potentiation of TRPV3 function by AA in mouse keratinocytes and TRPV3-transfected 

HEK293 cells. Keratinocytes (A) or HEK293 cells expressing TRPV3 (B and C) were 

loaded with fura2 and monitored using Ca2+ photometry at 22–24°C as described in 

Materials and Methods. 2APB (300 μM for (A) and 100 μM for (B) and (C) and AA (10 or 

30 μM as indicated) were applied through perfusion for 10 and 20 sec, respectively. Left, 

representative traces; right, summaries of relative responses for the number of 

measurements indicated in parentheses. *P <0.05, †P <0.005, **P <0.001, different from 

control response to 2APB.
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Fig. 2. 

AA potentiates 2APB-evoked currents in HEK293 cells expressing TRPV3 but not those 

expressing TRPV1 or TRPV2. A: TRPV3-transfected HEK293 cells were stimulated with 

2APB multiple times to establish a basal response level to 2APB. Then AA was applied 

continuously while 2APB was added as indicated. Cells were held at 0 mV in whole-cell 

mode and currents were recorded using voltage ramps from −100 to +100 mV at 2 Hz. 

BAPTA was 1 mM in the pipette for all experiments. Upper, membrane currents at +100 

(filled circles) and −100 mV (open circles). Note: different scales are used. Lower, I–V 

curves obtained by the voltage ramps at the indicated time points. B: Summary of relative 

responses to 100 μM 2APB with or without AA treatment. Cells were pretreated (filled bars) 

or not (open bars) with 1 μM Ro318220 for >20 min. C: Similar experiment as in (A) except 

that the cell was transfected with cDNA for TRPV2 and that the concentration of 2APB was 

1 mM. D: Summary of relative responses for TRPV2-transfected cells n = 4. E: Similar 

experiment as in (A) except that the cell was transfected with cDNA for TRPV1. Note: 

desensitization occurred for TRPV1 during repetitive stimulation. F: Summary of relative 

responses for TRPV1-transfected cells n = 6.
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Fig. 3. 

Properties of AA-potentiated TRPV3 currents. A–D, effects of 10 μM ruthenium red (RR) 

on the currents evoked by AA and 2APB in TRPV3-transfected cells. Shown are 

representative traces for membrane currents (A) at +100 (filled circles) and −100 mV (open 

circles) and I–V curves (B) during the application of AA (a), AA +2APB (b), and AA 

+2APB +RR (c). Dashed line (A) indicates zero current. Different scales are used to enlarge 

the current at negative potentials. (C, D) Summaries of fold increase at +100 mV (C) and % 

inhibition at −100 mV (D) induced by 10 μM RR for TRPV3 currents evoked by 2APB 

alone (open bars, n = 6) or 2APB +AA (filled bars, n = 8). E–G: Dose-dependence of AA-

induced potentiation of 2APB-evoked TRPV3 currents. E: Membrane currents at +100 and 

−100 mV during continued application of 2APB and AA was added with increasing 

concentrations as indicated. F: I–V curves obtained at AA concentrations as indicated (in 

μM). G: Dose-response curves obtained after subtraction of the initial response to 2APB 

alone. Shown are normalized responses at +100 (filled circles) and −100 mV (open circles) 

from four cells. Curves are fits to the Hill equation. H: Membrane currents before and 

during preincubation with 100 μM AA for 30 sec and subsequent addition of 2APB in a 

TRPV3-transfected cell. I–V curves are shown to the right for time points as indicated. 

Similar results were obtained from two more cells. BAPTA was 10 mM in the pipette 

solution for all experiments.
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Fig. 4. 

Potentiation by AA of single channel activity in patches excised from HEK293 cells 

expressing TRPV3. A: Activity in an inside-out patch held at −100 mV. 2APB and AA were 

added as indicated. Shown are NPo in 2-sec bins (upper), raw current trace (middle), and in 

an expanded time scale (lower). B: Activity in an outside-out patch held at −50 mV. 2APB 

and AA were added as indicated. Note: this patch was stimulated twice with the same 

protocol. The two breaks between traces were 11 and 3 sec. Shown are NPo in 2-sec bins 

(upper) and raw current traces (lower). C: Expanded current traces at the time points 

indicated in (B). (D and E): Changes in average NPo in individual patches of inside-out (D) 

and outside-out (E) before (−AA) and after (+AA) the addition of AA.
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Fig. 5. 

Potentiation of 2APB-evoked TRPV3 currents by PMA in HEK293 cells. A: Similar 

experiment as in Figure 2A except the TRPV3-expressing cell was treated with 0.1 μM 

PMA for 40 sec as indicated. B: Similar to (A) except the cell was pretreated with 1 μM 

Ro318220 for 30 min. C: Summary of relative responses to 100 μM 2APB with or without 

PMA treatment. Cells were untreated (open bars) or pretreated with 1 μM Ro318220 (filled 

bars) or 0.3 μM Go6976 (gray bars) for >20 min. *P <0.05, significantly different from 

untreated cells by unpaired t test. BAPTA was 1 mM in the pipette solution.
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Fig. 6. 

Potentiation of 2APB-evoked TRPV3 currents by AA in Xenopus oocytes. A: Consecutive 

responses of an oocyte that expressed TRPV3 to 3 min stimulations with 100 μM 2APB 

(open bars). AA (10 μM, black bar) was included for 1 min during the second stimulation. 

The oocyte was held at −20 mV and currents were recorded using voltage ramps from −100 

to 100 mV at 1 Hz. Left, membrane currents at +100 (filled circles) and −100 mV (open 

circles). Right, I–V curves obtained by the voltage ramps at the indicated time points. B: 

Similar to (A) for a different oocyte, except 2APB (100 μM) was applied for 1.5 min and 10 

μM AA or 10 μM AEA (gray bars) was applied for 30 sec. Note: the period of AA 

application was shorter than in (A) and the potentiation was truncated before it reached 

peak. Therefore, the I–V curve did not become completely linear. C: Similar to (B) but the 

oocyte expressed TRPV1. AA and AEA, both at 10 μM, were applied for 30 and 15 sec, 

respectively. D: Summary of responses relative to 100 μM 2APB alone at +100 (left) and 

−100 mV (right) for oocytes that expressed TRPV1 (white bars, n = 5) and TRPV3 (gray 

bars, n = 7). Recording conditions were the same as in (B) and (C).
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Fig. 7. 

Concentration dependence of 2APB-evoked TRPV3 currents and its potentiation by AA in 

Xenopus oocytes. A: Representative traces showing the dose-dependent potentiation by AA 

of the response to 100 μM 2APB in an occyte that expressed TRPV3. B: Dose response 

curves were obtained as in Figure 3G. Shown are normalized responses from numbers of 

cells indicated in parentheses. C: Dose response relationships for 2APB without (upper) or 

with (lower) the pretreatment of 10 μM AA in the same oocyte that expressed TRPV3. The 

oocyte was held at −40 mV and current continuously recorded at 100 Hz. D: Dose response 

curves for 2APB-induced activation of TRPV3 at −40 mV in the absence (filled circles) or 

presence (open circles) of 10 μM AA. Data are fitted with Hill equation. For (C) and (D), the 

highest DMSO concentration used was 2.4% (for 10 mM 2APB). However, even at 10%, 

DMSO did not activate any current in the presence and absence of 10 μM AA and it did not 

increase the current activated by 300 μM 2APB in TRPV3-expression oocytes.
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Fig. 8. 

Effects of kinase and AA metabolic blockers on 2APB-elicited TRPV3 current in Xenopus 

oocytes. A: A representative trace showing that KN-62 did not affect the potentiation effect 

of AA in oocytes that expressed TRPV3. Cells were held at −40 mV and treated with 300 

μM 2APB with or without preincubation with 10 μM AA in the absence or presence of the 

inhibitor as indicated. B: Relative potentiation of the response to 300 μM 2APB by 10 μM 

AA without (open bar) or with (gray bars) the pretreatment with kinase inhibitors, KN-62 (3 

μM), Go6979 (0.3 μM), and Ro318220 (1 μM) or the phospholipase C inhibitor, U73122 (10 

μM), for >15 min. Shown are responses normalized to the value obtained with 2APB plus 

AA only. (C and D): Similar to (A) and (B) but AA metabolic blockers were used as 

indicated. All inhibitors were tested at 10 μM except for piroxicam, which was 60 μM. E: 

Representative traces showing the direct effects of some AA metabolic inhibitors on the 

2APB-evoked TRPV3 current. Esc, SKF, 17-OD, and Mico denote esculetin, SKF525A, 17-

ODYA, and miconazole, respectively. Cells were held at −40 mV and stimulated with 300 

μM 2APB with or without pretreatment of 10 μM AA metabolic blockers. F: Summary of 

responses normalized to that obtained with 2APB alone. *P <0.01 different from 1. G: 

Structures of CDC, NDGA, ETI, and ETYA.

HU et al. Page 24

J Cell Physiol. Author manuscript; available in PMC 2015 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 9. 

Effect of different free fatty acids on 2APB-evoked TRPV3 current in Xenopus oocytes. A: 

Oocytes expressing TRPV3 were held at −40 mV and stimulated with 300 μM 2APB 

without or with the pretreatment of 10 μM different free fatty acid as indicated. Shown are 

current amplitudes normalized to that obtained with 2APB plus 10 μM AA. Dashed line 

shows the response level to 2APB alone, based on the average increase induced by 10 μM 

AA for 300 μM 2APB at −40 mV. B: Structures of selected free polyunsaturated fatty acids.
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