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 Nitric oxide (NO) is an unstable signalling molecule synthesized  de novo  mainly from  L -arginine 

by NO synthase (NOS) enzymes. Nitrite reduction can also produce NO, predominantly within 

body fl uids (for example, saliva, sweat and blood plasma) and under extreme hypoxic and 

acidic conditions. It remains unknown if intracellular canonical signalling pathways regulate 

nitrite-dependent NO production. Here we examine NO production in the skin, a hypoxic tissue 

enriched in nitrites wherein NO has important roles in wound healing and other biological 

processes. We show that activation of TRPV3, a heat-activated transient receptor potential ion 

channel expressed in keratinocytes, induces NO production via a nitrite-dependent pathway. 

TRPV3 and nitrite are involved in keratinocyte migration  in vitro  and in wound healing and 

thermosensory behaviours  in vivo . Our study demonstrates that activation of an ion channel 

can induce NOS-independent NO production in keratinocytes.         
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 N
itric oxide (NO) serves as a critical signalling molecule for 
many biological processes, including regulation of vascu-
lar tone, synaptic plasticity and infl ammation 1 – 3 . NO has a 

short half-life and high reactivity and is synthesized  de novo  when 
and where needed, predominantly from  l -arginine by NO syn-
thases (NOS). Although store-mediated NO production has been 
proposed 4,5 , the molecular identity of NO pools remains enig-
matic. Nitrite (NO 2  

   −     ) and nitrate (NO 3  
   −     ), oxidation products of NO 

abundant in our diet, could serve as an alternative source for NO-
 production as they are relatively more stable than NO and can be 
recycled back to NO (nitrate to nitrite, then nitrite to NO) 6,7 . Moreo-
ver, nitrite – NO pathways do not require oxygen and thus can con-
tribute to NO synthesis during hypoxia and acidosis, conditions that 
compromise NOS enzymes 6,7 . Nitrite – NO pathways are important 
in a variety of  in vivo  settings. Plasma nitrite can react with deoxy-
hemoglobin, deoxymyoglobin and xanthine oxydoreductase to form 
NO 6,8 – 11 . Acid converts salivary nitrite to NO in the stomach 12,13 . 
Ultraviolet light reduces nitrite in the skin or sweat 14,15 . Nitrite – NO 
pathways mostly occur in the extracellular milieu or are regulated 
by extracellular chemical environments. Whether nitrite – NO 
pathways are modulated by canonical signalling pathways, such as 
activation of membrane-spanning receptors, is not known. 

 In the skin, NO is produced in many cell types and has important 
roles in keratinocyte diff erentiation, infl ammation, wound healing 
and many other biological processes 16 . Skin cells experience drastic 
thermal variations compared with other tissues, and NO is produced 
in the skin upon warming 17 . Keratinocytes, prevalent cells in the skin 
epidermis, produce NO in response to various stimuli, but the under-
lying mechanisms are not well understood 16 . Keratino cytes express 
a heat-sensitive transient receptor potential (TRP) ion channel, 
TRPV3 (ref.  18),  that has a role in thermosensation 19 , hair morpho-
genesis, keratinocyte development and skin barrier formation 20 . 

 In this study, we show that TRPV3 regulates NO production in 
keratinocytes via the nitrite pathway, with physiologically relevant 
consequences  in vivo .  

 Results  
  TRPV3 induces NOS-independent NO production in keratino-
cytes   .   We tested whether activation of TRPV3 induces NO 
production in primary cultured keratinocytes using a specifi c NO-
sensitive fl uorescent dye (DAF-FM: 4-amino-5-methylamino-2 ′ ,7 ′ -
difl uorofl uorescein diacetate) 21 . A signifi cant fl uorescent increase 
indicating NO production was observed ( Fig. 1a,b ; black) upon co-
application of TRPV3 agonists camphor (1   mM,  ~ EC 20 ) and 2APB 
(2-aminoethyoxydiphenyl borate, 100    μ M, EC 100 ) 

19,22,23 . Th is cocktail 
elicited a robust and specifi c TRPV3-dependent calcium response in 
keratinocytes. We were unable to test individual chemical agonists or 
heat as specifi c TRPV3 activators on keratinocytes due to their relatively 
low effi  cacy in calcium-imaging experiments ( Supplementary Fig. 
S1a,b ). NO irreversibly modifi es DAF-FM fl uorescence 21 , and thus 
the slope of the normalized fl uorescence ( Δ ( F  /  F  0 ) /  Δ  t ,  %  / s) refl ects 
the rate of NO production (R NO ). Cocktail-induced increase in R NO  
(R NO (TRPV3)) was attenuated by a non-specifi c TRP channel blocker 
ruthenium red (RR) and in keratinocytes from  Trpv3      −     /     −      littermates 
( Fig. 1a,b ; red). Th ese results confi rm a specifi c requirement of 
TRPV3 and exclude any potential non-specifi c eff ects on DAF-FM 
by camphor and 2APB. We also calibrated R NO  to concentrations of 
an NO donor SNAP ( S -nitroso- N -acetylpenicillamine) using CHO 
(Chinese hamster ovary) cells loaded with DAF-FM. Th e levels of 
TRPV3-dependent NO production are similar to those released by 
 ~ 3    μ M SNAP, which are suffi  cient (    >    EC 100 ) to induce smooth muscle 
relaxation 24 , suggesting potential biological relevance of TRPV3-
dependent NO production ( Fig. 1c ). 

 We further confi rmed that the TRPV3-dependent signal is 
mediated by NO and not by oxidants and radicals other than 
NO 21  using a specifi c membrane-permeable NO scavenger cPTIO 

(2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxy-3-
oxide). cPTIO eff ectively attenuated R NO (TRPV3), without aff ecting 
TRPV3 functionality ( Fig. 1d ;   Supplementary Fig. S1c ). TRPV3 acti-
vation also increased cGMP, consistent with an eff ect of NO production 
( Fig. 1e ). Surprisingly,  l -NAME ( N   ω  -Nitro- l -arginine methyl ester), 
an inhibitor of all three NOS enzymes, had no eff ect on R NO (TRPV3) 
compared with its inactive isomer  d -NAME ( N   ω  -Nitro- d -arginine 
methyl ester) ( Fig. 2a ). We confi rmed this fi nding genetically by exam-
ining keratinocytes from single and combinatorial NOS-defi cient 
mice. All three NOS enzymes can be expressed in keratinocytes 16 , 
but we fi rst focused on nNOS and eNOS, two calcium-dependent 
subtypes, because calcium permeates TRPV3. nNOS is predomi-
nant in keratinocytes 16 , and eNOS compensates for the loss of nNOS 
in other tissues 25 . Keratinocytes from  nNos      −     /     −      or  nNos      −     /     −     ; eNos      −     /     −      
mice showed normal R NO (TRPV3) ( Fig. 2b,c ). Deletion of iNOS, a 
calcium-independent subtype, also had no eff ect on R NO (TRPV3) 
( Fig. 2d ). Finally, normal R NO (TRPV3) was observed in keratinocytes 
from mice lacking all three NOSs ( Fig. 2e ). Together, these results 
indicate that TRPV3 induces NOS-independent NO production.   

  TRPV3-mediated NO production requires nitrite and low pH   . 
  We tested whether TRPV3-induced NO production involved nitrite 
pathways 6,7 , because human skin is enriched in nitrites 15  and mod-
estly hypoxic 26 . Two major nitrite sources are dietary intake (in 
forms of nitrate or nitrite) and endogenously produced oxidation 
products of NO itself  6,7  ( Fig. 3a ). Nitrite and nitrate are lost from 
the body at a signifi cant rate through urine, saliva and sweat, and 
thus they have relatively short  in vivo  half-lives 7 . Indeed,  in vivo  
nitrite / nitrate levels can be readily depleted in mice by controlling 
dietary nitrite / nitrate and NOS activity 27 , enabling us to exam-
ine the requirement of nitrites using keratinocytes from nitrite-
deprived mice. Keratinocytes from nitrite-deprived mice showed a 
marked reduction in R NO (TRPV3), whereas those from  l -NAME-
administered mice showed normal R NO (TRPV3) ( Fig. 3b ). TRPV3 
channel activity itself was not compromised, only downstream 
NO formation in nitrite-deprived keratinocytes ( Supplementary 
Fig. S2a ). Th e attenuation of NO production by nitrite deprivation 
was not as severe as observed for RR treatment or in  Trpv3      −     /     −      mice 
( Fig. 1a,b ), presumably due to residual nitrites in the media or 
other wise incomplete nitrite-depletion. 

 Interestingly, whereas primary keratinocytes produce NO upon 
TRPV3 activation, CHO cells expressing mouse TRPV3 (CHO mTRPV3 ) 
do not show a signifi cant increase in R NO (TRPV3) ( Fig. 3c ). We 
hypothesized that the lack of NO production in the heterologous 
system was due to low levels of nitrites. Strikingly, aft er culturing 
CHO mTRPV3  in media supplemented with sodium nitrite (NaNO 2 ) at 
100    μ M or above, a robust increase in R NO (TRPV3) was observed 
( Fig. 3c ). Th e required extracellular nitrite concentration for 
CHO mTRPV3  is several folds higher than that in the skin (15    μ M) 15  and 
may be due to more effi  cient nitrite-uptake / storage in keratinocytes. 
Nitrite specifi cally enhances TRPV3-mediated NO production, 
since culturing CHO mTRPV3  in NaNO 2 -supplemented media had no 
eff ect on TRPV3 functionality ( Supplementary Fig. S2b     ). 

 A few potential pathways are known to reduce nitrites 6,7 . Deox-
yhaemoglobin or deoxymyoglobin are unlikely to be involved 
as they are not present in keratinocytes. Nitrite-reduction via 
xanthine oxidoreductase and aldehyde oxydase 1 is a possibil-
ity 28 ; however, these genes are not expressed in keratinocytes at 
signifi cant  levels, and inhibitors of these enzymes 28  did not block 
R NO (TRPV3)  ( Supplementary Fig. S2c ). Proton-mediated nitrite-
reduction has been postulated, and we tested whether increas-
ing pH would block NO production. Remarkably, extracellular 
ammonium  chloride (NH 4 Cl acts as an intracellular base 29 ) or 
basic buff er (pH8.0 increases intracellular pH within minutes) each 
attenuated R NO (TRPV3) without aff ecting TRPV3 functionality 
( Fig. 3d,e ;  Supplementary Fig. S2d,e )    . 
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 We asked whether acidifi cation was suffi  cient for NO produc-
tion, utilizing buff er solutions containing high potassium and the 
protonophore nigericin (K     +     N buff er) buff ered to various pH levels 
to rapidly set the intracellular pH to the extracellular pH 29 . Con-
sistent with our hypothesis, R NO  increased as pH was lowered in 
the absence of TRPV3 agonists ( Fig. 3f ). It is unlikely that this 
result is due to a direct eff ect of pH on DAF-FM, because DAF-FM 
fl uorescence decreases at low (    <    5.0) pH levels 21 . 

 S-nitrosothiols are involved in NOS-independent NO produc-
tion 4,15 ; their levels are high in the skin and are potentially aff ected 
by nitrite levels. Th us, their involvement cannot be excluded. How-
ever, TRPV3-induced NO production is modulated by intracellular 
pH, consistent with acid-induced nitrite-reduction ( Fig. 3d – f ), and 
our data collectively argue that TRPV3-dependent NO production 
occurs via nitrite-reduction ( Fig. 3g,h ). 

 We also examined whether TRP channels closely related to 
TRPV3 induce nitrite-reduction. CHO TRPV1  and CHO TRPV4  cul-
tured in NaNO 2 -supplemented DMEM showed small but signifi -
cant increases in R NO  ( Supplementary Fig. S3a,b ). Activation of 
TRPV4, expressed in keratinocytes 30 , could induce NO production, 
but at a much lower level than TRPV3 activation ( Supplementary 
Fig. S3c,d ). Th erefore, nitrite-reduction may occur downstream of 
other TRP channels, but the level of NO production in our assay is 
minor compared with that by TRPV3.   

  TRPV3 activation induces only modest acidifi cation   .   We next 
determined whether TRPV3 induces intracellular acidifi cation 
using pHluorin, a pH-sensitive GFP variant with pKa    =    7.1 (ref.   31). 
We attached a myristoylation signal at the N-terminus of pHluorin 
(mpHluorin) to read out intracellular pH in the proximity of the 
plasma membrane. As mpHluorin-expressing cells showed a base-
line decrease in fl uorescence owing to photobleaching, normalized 
slope [ Δ ( F  /  F  p ) /  Δ  t ,  %  / s] was used as an indicator of intracellular pH 
(Methods). Th e normalized slope was fi rst calibrated against cellular 
pH using CHO mpHluorin  and K     +     N buff er ( Fig. 4a ). 

 Primary cultured keratinocytes electroporated with mpHluorin 
showed a steeper negative normalized slope (that is, acidifi cation) 
upon TRPV3 activation, and this acidifi cation was absent in kerati-
nocytes from  Trpv3      −     /     −      mice ( Fig. 4b ). CHO TRPV3;mpHluorin  also showed 
an increased negative slope upon TRPV3 activation ( Fig. 4c ). It is 
unclear whether intracellular pH recovered to the baseline level aft er 
agonist washout due to photobleaching. Finally, TRPV3-dependent 
acidifi cation was observed in HEK293T (human embryonic kidney) 
cells transfected with TRPV3 and mpHluorin, as assayed by fl uoro-
metric imaging plate reader (FLIPR) ( Fig. 4d ). Similar results were 
obtained with normal pHluorin ( Supplementary Fig. S4 ), suggesting 
that TRPV3-mediated acidifi cation occurs throughout the cytosol. 
Ionomycin, which increases intracellular calcium levels, induced no 
change in mpHluorin intensity ( Fig. 4d ), arguing that intracellular 
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       Figure 1    |         TRPV3 induces NO production in keratinocytes. ( a ) Representative changes in normalized fl uorescence of NO-sensitive dye DAF-FM 

( F  /  F  0 ,  % ; left) and averaged NO production rate (R NO , represented by the rate of fl uorescence-increase determined from a line-fi t of the  F  /  F  0  trace during 

stimulus;  Δ ( F  /  F  0 ) /  Δ  t ,  %  / s; right) of wild-type keratinocytes incubated with either a nonspecifi c TRP channel blocker ruthenium red (RR; 30    μ M, red,  n     =    6 

experiments in bar graph) or vehicle (0.3 %  DMSO, black,  n     =    7) for 3   min before and throughout addition of TRPV3 agonists (1   mM camphor and 100    μ M 

2APB, horizontal bar). ( b ) Representative changes in  F  /  F  0  (left) and averaged R NO  (right) of  Trpv3      +     /     +      (black,  n     =    5) or  Trpv3      −     /     −      (red,  n     =    7) keratinocytes in 

response to TRPV3 agonists (horizontal bar). ( c ) Calibration of the R NO ; averaged R NO  in CHO cells in response to various concentrations of a NO donor 

SNAP ( n     =    3 per point). ( d ) R NO  in wild-type keratinocytes treated with a NO scavenger cPTIO (0.5   mM; clear,  n     =    5) or vehicle (0.5 %  water; fi lled,  n     =    5) 

in response to TRPV3 agonists. Keratinocytes were incubated with cPTIO or vehicle for 30   min before and throughout application of TRPV3 agonists. 

( e ) cGMP levels in primary keratinocytes treated with vehicle (left,  n     =    5) or TRPV3 agonists (right,  n     =    12). Data are represented as mean    ±    s.e.m.  *  P     <    0.05, 

 *  *  P     <    0.01,  *  *  *  P     <    0.001, unpaired two-tailed  t -test.  
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acidifi cation is not a general consequence of increased intracellular 
calcium levels. 

 Comparisons with calibration curves reveal TRPV3-activation 
causes relatively minor acidifi cation (from pH 7.0 to pH 6.9). How-
ever, pH6.9 alone is insuffi  cient to induce NO production at levels 
observed aft er TRPV3 activation (compare  Fig. 3f with 3d,e ). Th is 
suggests that TRPV3-mediated cellular acidifi cation accounts for 
only a part of the NO production mechanism; alternatively, TRPV3 
activation could cause signifi cant spatially restricted acidifi cation to 
drive NO production. Regardless, we show that low pH contributes 
to R NO (TRPV3). 

 TRPV3 activation could induce cellular acidifi cation through 
direct or indirect mechanisms. If indirect, this process would require 
presumably ubiquitous factors, as we observe acidifi cation in three 
diff erent cell types. Cellular acidifi cation is likely due to infl ux of 
extracellular protons, as negative resting membrane potential is 
required for acidifi cation ( Supplementary Fig. S5 ). We examined 
whether TRPV3 conducts protons because closely related TRPV1 
is permeable to protons 32 . Using the whole-cell voltage clamp con-
fi guration, we recorded from CHO TRPV3  in the presence of TRPV3 
agonists with NMDG     +      and protons as the only extracellular and 
intracellular cations. NMDG     +      is a large cation to which TRPV3 is 
less permeable than Na     +      (ref.   33), and was used to maintain cellular 
electroneutrality while improving our ability to detect small proton-
mediated currents. We failed to detect a current that was dependent 
on the electrochemical gradient for protons. However, given the rel-
atively minor acidifi cation induced by TRPV3 activation, we cannot 
rule out that proton conductance below the level of detection by our 
electrophysiological recordings could induce nitrite-reduction.   

  TRPV3-mediated thermosensory behaviour requires nitrite   . 
  Although skin cells routinely experience temperatures that activate 
TRPV3, the role of TRPV3 in the skin remains largely unknown. 
We have previously reported that  Trpv3      −     /     −      mice (in the mixed 
background of C57BL / 6J and R1 ES cell derived 129X1 / SvJ and 
129S1 / Sv-    +      p      +      Try-c   Kitl   Sl-J   /     +    ) show a specifi c defi cit in heat sensa-
tion as assayed by a hot plate (noxious heat) and temperature choice 
test (innocuous heat) 19 . We have since backcrossed  Trpv3      −     /     −      mice 
to both pure C57BL / 6J and 129S1 / SvImJ backgrounds. Interest-
ingly, C57BL / 6J  Trpv3      −     /     −      mice did not show any detectable defi cit 
in heat sensation ( Supplementary Fig. S6 ). However,  Trpv3      −     /     −      mice 
exhi bited thermosensory defi cits in the 129S1 / SvImJ background, 
and one of these phenotypes was observed only in females ( Figs 5 
and 6 ). We thus focused on mice in the 129S1 / SvImJ background. 

 As TRPV3-dependent behavioural assays are based on tempera-
ture sensitivity, we fi rst confi rmed that heat can induce NO pro-
duction in cultured cells using FLIPR and the temperature-control 
device 34 . Upon heating, a robust increase in DAF-FM fl uorescence was 
observed in TRPV3-expressing HEK293T cells cultured in NaNO 2 -
supplemented DMEM ( Supplementary Fig. S7 ), suggesting that NO 
production is independent of the mode of TRPV3 activation. 

 We asked whether nitrite-deprived wild-type and  Trpv3      −     /     −      mice 
behaved similarly. For nitrite deprivation, mice were treated with 
nitrite / nitrate /  l -arginine-free feed and  l -NAME in the drinking 
water (NN-free diet,  Fig. 5a ). Because the NN-free diet caused 
some weight loss, a control group was given the same feed but sup-
plemented with NaNO 2  without  l -NAME in the drinking water, 
providing both nitrite sources (control diet,  Fig. 5a ). Mice on the 
NN-free and the control diet showed comparable reductions in 
body weight ( Supplementary Fig. S8a ), allowing further experi-
mentation. We fi rst examined noxious thermosensory behaviour 
(hot plate assay) in which both  Trpv3      −     /     −      males and females show 
longer withdrawal latencies compared with wild-type litterma-
tes ( Fig. 5b ). Interestingly, wild-type mice on the NN-free diet 
(wildtype NN-free ) showed longer withdrawal latencies compared 
with wildtype control , similar to the phenotype of  Trpv3      −     /     −      mice 
( Fig. 5c ). Importantly,  Trpv3      −     /     −      mice were not further impaired 
by the NN-free diet ( Fig. 5d ).  l -NAME alone had no eff ect on hot 
plate latency, confi rming nitrites, but not NOS enzymes, cause the 
change in thermo sensory behaviour ( Supplementary Fig. S8b ). 
Th ese results are consistent with nitrites and TRPV3 acting in the 
same pathway and argue against the possibility that nitrite depriva-
tion infl uences thermosensory behaviour TRPV3-independently. 
Th e NN-free diet did not aff ect mechanical sensitivity, implying 
that nitrite depri vation does not cause global defi cits in somato-
sensation ( Supple mentary Fig. S8c ). 

 Th ermosensation is primarily encoded by a subset of sensory 
neurons of dorsal root ganglia (DRG) 35 . TRPV1, expressed in a 
subset of DRG, has a direct and prominent role in noxious heat 
sensation 36 . We tested whether the TRPV3- and nitrite-dependent 
hot plate phenotype is dependent on the presence of functional 
TRPV1. Because  Trpv1  and  Trpv3  are less than 10   kb apart and 
mice lacking both TRPV1 and TRPV3 are not currently available, 
we utilized a specifi c TRPV1 antagonist AMG517 (ref.   37) to block 
TRPV1  in vivo . We did not observe a TRPV3- and nitrite-depend-
ent phenotype in the hot plate assays aft er AMG517 administration; 
 Trpv3      +     /     +      and  Trpv3      −     /     −      littermates ( Fig. 5e ), and wildtype NN-free  and 
wildtype control  ( Fig. 5f ) showed comparable hot plate latencies. Th ese 
results suggest that TRPV1 potentially acts in the same pathway 
as TRPV3 and nitrites to regulate heat nociception, although the 
possibility of two independent parallel pathways cannot be excluded. 
Interestingly, we have previously shown that TRPV1 is activated 
by NO  in vivo  38 . 

 We also investigated whether the defi cit in innocuous warm 
sensory behavior observed in  Trpv3      −     /     −      mice was dependent on 
nitrites. Multiple two-temperature choice assays in 129S1 / SvImJ 
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     Figure 2    |         TRPV3-mediated NO production is NOS-independent. 
R NO  in primary keratinocytes in response to TRPV3 agonists (1   mM 

camphor and 100    μ M 2APB). ( a )  Wild-type  keratinocytes treated with 

a pan-NOS inhibitor  L -NAME (1   mM; fi lled,  n     =    5) or its inactive isomer 

 D -NAME (1   mM; fi lled,  n     =    5) for 30   min before and throughout application 

of TRPV3 agonists. ( b ) Keratinocytes from  nNOS      +     /     +      (fi lled,  n     =    9) and 

 nNOS      −     /     −      (clear,  n     =    9) mice. ( c ) Keratinocytes of indicated genotypes; 

numbers of experiments are (left to right)  n     =    3, 4, 5, 6. ( d ) Keratinocytes 

from  iNOS      +     /     +      (fi lled,  n     =    8) and  iNOS      −     /     −      (clear,  n     =    13) mice. ( e ) Keratinocytes 

of indicated genotypes; numbers of experiments are (left to right)  n     =    5, 

2, 2, 2 ( e ,  i , and  n  represent  eNos ,  iNos , and  nNos , respectively). Data are 

represented as mean    ±    s.e.m.  
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mice  identifi ed the strongest TRPV3-dependent phenotypes at 
32 versus 36    ° C and 34 versus 38    ° C. Wild-type females and males 
spent more time on the cooler sides; however,  Trpv3      −     /     −      females, but 
not  Trpv3      −     /     −      males, showed a profound phenotype in these choice 
assays, gravitating towards the warmer side ( Fig. 6a – d ). Interest-
ingly, similar to  Trpv3      −     /     −      females, female wildtype NN-free  showed a 
shift  in preference towards the warmer side when compared with 
female wildtype control  ( Fig. 6e ). Importantly, the NN-free diet had 
no eff ect on thermal preference of  Trpv3      −     /     −      females ( Fig. 6f ), and 
 l -NAME alone did not aff ect thermal preference of  wild-type  
females ( Supplementary Fig. S8d ). Th ese results suggest that TRPV3 
and nitrites act in the same pathway to regulate inno cuous thermo-
sensory behaviour. Male wildtype NN    −    free  showed no change in 
thermal preference  ( Supplementary Fig. S8e ), consistent with the 
sex-specifi c phenotype of  Trpv3      −     /     −      mice in this assay. 

 We further tested whether innocuous thermosensory behavi-
ours also involve TRPV1. AMG517 administration had no eff ect on 
thermal preference of  Trpv3      +     /     +      and  Trpv3      −     /     −      females ( Fig. 6g ). 
TRPA1, another NO-activated ion channel expressed in DRG 39 , 
and TRPV1 are redundantly required for exogenous NO-mediated 
nociception 38 . We thus tested whether TRPV3-mediated innocuous 
warm sensation is dependent on both TRPV1 and TRPA1, utilizing 
AMG517 and a TRPA1 antagonist HC030031 (ref.  40) . Although 
HC030031 alone had no eff ect on thermosensory behaviours,  Trpv3      +     /     +      
and  Trpv3      −     /     −      females administered with both antagonists showed a 
defi cit in thermal preference comparable to  Trpv3      −     /     −      females with-
out antagonists ( Fig. 6h,i ). Th ese results suggest that both TRPV1 

and TRPA1 might act in the same pathway as TRPV3 and nitrites 
to regulate warm thermosensation. How TRPV1 and TRPA1 are 
diff eren tially involved in the TRPV3- and nitrite-dependent heat-
transduction (noxious versus innocuous) is unknown. Direct 
TRPV1 activation by noxious heat (threshold is  ~ 42 ° C) possibly 
contributes to its predominant role in noxious heat sensation. 

 Given the strain- and sex-dependent requirement of TRPV3 and 
nitrites for thermosensory behaviour  in vivo , we tested whether 
R NO (TRPV3) in cultures was dependent on these factors as well. 
However, we observed comparable R NO (TRPV3) in keratinocytes 
from both the C57BL / 6J and 129S1 / SvImJ backgrounds, and from 
both sexes ( Supplementary Fig. S9 ). Th is suggests that unknown 
modifi ers of TRPV3-phenotypes are likely to act downstream of 
NO production. 

 Th e NN-free diet potentially has a signifi cant eff ect on the 
vascular system, indirectly aff ecting thermosensation. However, 
the complete agreement in thermosensory phenotypes between 
 Trpv3      −     /     −      and nitrite-deprived mice, and the lack of any change in 
thermosensory behaviours by  l -NAME alone argue against the 
modulation of the vascular system as a major determinant of the 
change in thermosensory behaviour.   

  Skin anatomy in adult  Trpv3      −     /     −      and nitrite-deprived mice   . 
  A recent study reported that  Trpv3      −     /     −      mice (both constitutive 
and conditionally ablated in the skin) show defi cits in keratino-
cyte diff erentiation and epidermal barrier formation in neonates, 
and wavy hair in the adult 20 . In contrast, another study reported 
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            Figure 3    |         Nitrite and intracellular acidifi cation are required for TRPV3-mediated NO production. ( a ) The NOS- and nitrite (NO 2  
    −     )-dependent pathways 

for NO production (nitrate (NO 3  
    −     )). Modifi ed from Suscheck  et al.  7  ( b ) R NO  during application of TRPV3 agonists (1   mM camphor and 100    μ M 2APB) in 

keratinocytes from wild-type mice given  L -NAME (1   g per l in drinking water) and nitrite / nitrate /  L -arginine-free feed for 5 days (clear,  n     =    10) and mice 

given  L -NAME and normal feed for 5 days (fi lled,  n     =    13). ( c ) R NO  in CHO cells co-transfected with mTRPV3 and mCherry-reporter in response to camphor 

(5   mM). Cells were cultured overnight in either DMEM (the leftmost column without NaNO 2  addition shows the basal rate) or DMEM supplemented with 

various indicated concentrations of NaNO 2  ( n     =    4 – 12 per point). ( d ,  e ) R NO  in wild-type keratinocytes treated with extracellular salines for 3   min before and 

throughout application of TRPV3 agonists (1   mM camphor and 100    μ M 2APB). In ( d ), control saline (fi lled,  n     =    5) contained (in mM): 126 NaCl, 5 KCl, 

1 MgCl 2 , 2 CaCl 2 , 10 HEPES (pH7.4), and NH 4 Cl saline (clear,  n     =    4): 50 NH 4 Cl, 76 NaCl, 5 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES (pH7.4). In ( e ), standard Hanks 

with 10   mM HEPES (pH7.0; fi lled,  n     =    3) was adjusted to pH8.0 (clear,  n     =    5) with NaOH. ( f ) R NO  of wild-type keratinocytes in response to intracellular 

pH changes using K     +     N buffer ( n     =    2 – 4 per point). K     +     N buffer contained (in mM): 5 NaCl, 126 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES, with 10    μ M protonophore 

nigericin (pH7.4). TRPV3 agonists were not applied. ( g ) Chemical reactions for proton-mediated nitrite-reduction proposed by Benjamin  et al.  12  ( h ) A 

model for the potential mechanism of TRPV3-dependent NO production. Bars represent mean    ±    s.e.m.  *  P     <    0.05,  *  *  P     <    0.01,  *  *  *  P     <    0.001, unpaired two-

tailed  t -test except for ( c ), and one-way ANOVA with Dunnett ’ s test in ( c ).  
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normal epidermal barrier formation in the same transgenic  Trpv3      −     /     −      
mice in our study 41 . Th e apparently confl icting results could be due 
to unknown diff erences between the two independently generated 
 Trpv3      −     /     −      strains including, but not limited to background eff ects, 
and / or slightly diff erent assays. In our own previous work, we did 
observe atypical hair formation in  Trpv3      −     /     −      mice 19 , but had not 
explored aspects of keratinocyte diff erentiation and epidermal 
barrier formation. Clearly, anatomical defi cits in the skin could 
profoundly aff ect thermosensory behaviour. However, as the ana-
tomical defi cits at the molecular level were described in neonates, 
we checked whether such defi cits persisted in adulthood and meas-
ured thickness of keratin-10 (K10) staining, a major phenotype 
in neonatal (P4)  Trpv3      −     /     −      skin 20 . Comparable K10-thickness was 
observed in adult  Trpv3      +     /     +      and  Trpv3      −     /     −      mice, or in wildtype control  
and wildtype NN-free  ( Fig. 7 ). It is possible that the anatomical defi -
cits observed during neonatal life are compensated in adults, or the 
K10-thickness defi cit could be dependent on genetic background. 
Although subtle hair morphological defi cits do exist in  Trpv3  

alleles 19,20 , it is unlikely that this causes the strain- and sex-specifi c 
behavioural phenotypes to heat. Regardless, our intention is not 
to argue for or against a direct role of TRPV3 in thermosensation 
but to point out that behavioural phenotypes of  Trpv3      −     /     −      mice are 
dependent on nitrites.   

  Nitrite contributes to cell migration and wound healing   .   NO is 
known to have other roles in the skin 16 , and we explored whether 
TRPV3 is involved in such NO-mediated processes. We focused 
on wound healing because the contribution of NO (predomi-
nantly NOS-dependent) to this process is reported; however, the 
role of keratinocytes in NO production is largely unknown 42 . We 
fi rst assayed scratch-induced migration of primary keratinocytes 
( Fig. 8a ). Carvacrol, a non-specifi c TRPV3 agonist, aff ects corneal 
cell migration 43 , suggesting a potential role of TRPV3. Interestingly, 
keratinocyte migration was compromised by cPTIO and RR, but 
not by  l -NAME ( Fig. 8b ).  Trpv3      −     /     −      keratinocytes also showed a 
defi cit in this assay; moreover, cPTIO or RR had no further eff ect 

–30

–20

–10

0

Ionomycin

 

8

6

4

2

0

ΔF
/F

0 
(%

)
F

lu
or

es
ce

nt
 c

ou
nt

 (
a.

u.
)

Ca2+

pH

N
or

m
al

iz
ed

 s
lo

pe
(Δ
(F

/F
p)

/Δ
t)

 (
%

/s
)

120

100

80

60

40

0 2 4 6

Time (min)

–2

–1

0

 

8.07.57.06.56.0
pH 120

100

80

60

40

0 2 4 6

Time (min)

F
/F

p 
(%

)

–0.1

0

–0.2

Trpv3+/+ Trpv3–/–

**

N
or

m
al

iz
ed

 s
lo

pe
(Δ
(F

/F
p)

/Δ
t)

 (
%

/s
)

F
/F

p 
(%

)

 mTRPV3
 mpHluorin mpHluorin

**

0

–0.1

–0.2

–0.3

N
or

m
al

iz
ed

 s
lo

pe
(Δ
(F

/F
p)

/Δ
t)

 (
%

/s
)

10
0 1 10

[Camphor] (mM)

      Figure 4    |         TRPV3 activation induces modest intracellular acidifi cation. ( a ) Calibration of the normalized slope to known changes in intracellular pH, 

using CHO cells transfected with mpHluorin and K     +     N buffers at the indicated pH (at least  n     =    3 per point). To calculate the normalized slope, mpHluorin 

fl uorescence values of individual cells were fi rst normalized to the level just prior to agonist application ( F  /  F  p ,  % ). The slope of  F  /  F  p  under basal conditions 

(representing the photobleaching rate) is subtracted from the slope during stimuli (representing the summed rates of photobleaching and intracellular 

pH changes) to have the normalized slope ( Δ ( F  /  F  p ) /  Δ  t ) ( %  / s). ( b ) Representative changes of normalized mpHluorin intensity ( F  /  F  p ; left) and averages of 

normalized slope (right) in  Trpv3      +     /     +      (black,  n     =    8 for bar graph) and  Trpv3      −     /     −      (red,  n     =    5) keratinocytes electroporated with mpHluorin-encoding plasmid 

upon application of TRPV3 agonists (horizontal bar). ( c ) Representative changes of normalized mpHluorin intensity ( F  /  F  p ; left) and averages of normalized 

slope (right) in CHO cells transiently transfected with mTRPV3 and mpHluorin (black,  n     =    7) or mpHluorin only (red,  n     =    5) in response to camphor 

(3   mM; horizontal bar). ( d ) A FLIPR assay showing arbitrary fl uorescence counts of Fluo-3 loaded cells (calcium indicator, top) and normalized changes in 

mpHluorin intensity (pH indicator, bottom,  % ) of HEK293T cells transiently transfected with mTRPV3 and mpHluorin (black) or mpHluorin only (red) in 

response to camphor at various concentrations (left) and calcium ionophore ionomycin (3    μ M, right). As photobleaching was not observed in FLIPR, the 

change in mpHluorin intensity ( Δ  F  /  F  0 ,  % ) was plotted. Data are represented as mean    ±    s.e.m.  *  *  P     <    0.01, unpaired two-tailed  t -test.  
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over the defi cit observed in the  Trpv3      −     /     −      keratinocytes ( Fig. 8b ). No 
diff erence in cell proliferation was observed between  Trpv3      +     /     −      and 
 Trpv3      −     /     −      keratinocytes ( Fig. 8c ). Collectively, TRPV3 and NOS-
independent NO contribute to keratinocyte migration. 

 Keratinocyte migration is one crucial step in epithelialization 
during wound healing  in vivo  44 .  Trpv3      −     /     −      mice did not show a delay 
in wound closure in the dorsal skin full-thickness wound model 
( Supplementary Fig. S10a ). Th is result supports that the skin of 
 Trpv3      −     /     −      mice is globally normal, and can respond relatively nor-
mally to insult ( Fig. 7 ). Because NOS-dependent NO has a promi-
nent role in wound healing 42 , we postulated that the loss of TRPV3-
mediated NO is masked by NOS-dependent pathways. We thus 
performed a full-thickness wound healing assay in mice adminis-
tered with  l -NAME. Interestingly,  l -NAME-treated  Trpv3      −     /     −      mice 
showed slower wound recovery on day 3, and comparable recovery 
aft er day 6, compared with  l -NAME-treated  Trpv3      +     /     +      littermates 

( Fig. 8d;   Supplementary Fig. S10b ). Moreover, wildtype NN    −    free  
showed a similar defi cit on day 3 compared with wildtype control  
( Fig. 8e ). Importantly, wound closure in  Trpv3      −     /     −      mice was unaf-
fected by the NN-free diet on day 3 ( Fig. 8f ). Note that slight expan-
sion of wound sizes during the fi rst few days (negative values of  %  
closure in  Fig. 8d – f ) is not unusual 45 . Taken together, these results 
suggest that TRPV3 and nitrite-dependent NO partly contribute to 
wound healing  in vivo , especially during early stages.    

 Discussion 
 Growing evidence suggests that nitrite and nitrate, previously 
considered as unnecessary end products of NO or undesirable 
food adducts, should be viewed as important precursors for NO. 
Nitrite- and NOS-dependent NO-producing pathways oft en func-
tion redundantly. Furthermore, NOS-derived NO is also a source of 
nitrite. It has been diffi  cult to assign roles for the nitrite-dependent 
pathway  in vivo  owing to a lack of specifi c inhibitors of the nitrite-
dependent NO production and partial dependency of the nitrite 
pathway on NOS-dependent NO. Th us, physiological relevance of 
nitrite-dependent NO has been demonstrated mostly using exog-
enously applied nitrites 46 . Although it is reported that the levels 
in NO-related signalling molecules are modulated by reduction 
in endogenous nitrites 47 , direct evidence that nitrite deprivation 
attenuates NO production is lacking and its physiological con-
sequences are unknown. Here we show that endogenous levels of 
nitrites are involved in TRPV3-dependent NO production in kerati-
nocytes. Remarkably, similar thermosensory phenotypes observed 
in  Trpv3      −     /     −      and nitrite-deprived mice suggest  in vivo  relevance of 
this pathway. Although some of the observed phenotypes are rela-
tively subtle, there is very strong agreement that nitrite deprivation 
causes the same phenotype as  Trpv3      −     /     −      mice. Importantly, nitrite 
defi ciency is ineff ective in  Trpv3      −     /     −      mice, emphasizing the require-
ment of nitrites for TRPV3-signalling. 

 A subset of DRG neurons innervates peripheral tissues to sense 
environmental temperature shift s. Many thermoTRPs, including 
TRPV1, TRPM8 and TRPA1, are expressed in DRGs at high levels 
and required for thermosensation 35 . TRPV3 is expressed in kerati-
nocytes and not in DRGs in mice; nevertheless,  Trpv3      −     /     −      mice show 
thermosensory behavioural defi cits 18,19 . Direct synaptic or other-
wise fast signalling between keratinocytes and DRG nerve endings 
has not been demonstrated. Th erefore, it is unclear if the thermo-
sensory behavioural phenotype in  Trpv3      −     /     −      mice is due to defi cits 
in acute thermal transduction. Alternatively, TRPV3 could indi-
rectly aff ect thermosensory behaviour. For example, TRPV3 could 
be required for normal keratinocyte development or could aff ect 
thermosensory behaviour by modulating vasodilation. Here we link 
nitrite-dependent NO to the previously described thermosensory 
behavioural defi cit of  Trpv3      −     /     −      mice. Th is raises the intriguing pos-
sibility that NO is a direct signalling molecule between keratino cytes 
and sensory neurons. NO produced  de novo  upon heat exposure 
could acutely excite or modulate sensory neurons. Even low-level 
NO produced by basal TRPV3 activity (skin temperature being near 
the TRPV3 threshold) may infl uence the excitability of heat-sensi-
tive neurons. Potential molecular targets for TRPV3-dependent NO 
are TRPV1 and TRPA1 ion channels expressed in sensory neurons 
and activated by NO  in vivo  38 . Indeed, our results suggest TRPV1 
and TRPA1 might act in the same pathway as TRPV3 and nitrites in 
thermosensory behaviours ( Figs 5 and 6 ). It is challenging to deter-
mine local concentrations of NO released from keratinocytes  in vivo  
and whether these levels of NO are suffi  cient to activate or mod-
ulate thermoTRPs at nerve endings. TRPV1 and TRPA1 are also 
potentially expressed in keratinocytes 48,49 , and might be involved 
in TRPV3 / NO signalling within keratinocytes. Th e strain- and 
sex-dependent requirement of nitrites and TRPV3 for thermo-
sensory behaviour argues for a partly redundant role of TRPV3 and 
nitrite-dependent NO in thermosensation. 
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          Figure 5    |         Nitrite and TRPV3 are required for normal nociceptive 
thermosensory behaviours. ( a ) Description of the NN-free and control 

diets. ( b  –  f ) Hot plate assay testing responses of littermates (both males 

and females in the 129S1 / SvImJ background) to noxious heat (top: 52    ° C, 

bottom: 55    ° C). Genotypes are represented in colour (black; wild type, red: 

 Trpv3      −     /     −     ) and diets are in fi ll (control or normal) or clear (NN-free) bars. 

Numbers of mice tested are as follows (left to right):  n     =    38, 31 ( b ; mice 

on normal diet),  n     =    30, 29 ( c ; wild-type mice on control or NN-free diet), 

 n     =    22, 20 ( d ;  Trpv3      −     /     −      mice on control or NN-free diet),  n     =    19, 21 

( e ; mice on normal diet administered with TRPV1 antagonist AMG517 

(3   mg per kg, i.p.)), and  n     =    10, 10 ( f ; wild-type mice on control or NN-free 

diet administered with AMG517). AMG517 was administered daily for 

3 consecutive days prior to behavioural assays, ensuring that the transient 

hyperthermia caused by the TRPV1 antagonist is tolerated. Data are 

represented as mean    ±    s.e.m.  *  P     <    0.05,  *  *  P     <    0.01, unpaired two-tailed 

 t -test.  
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 As mentioned above, NO signalling could also indirectly aff ect 
thermosensory behaviours.  In vivo  nitrite-depletion, carried out 
within a few days in adult mice, results in a similar phenotype to 
 Trpv3      −     /     −      mice, arguing against developmental defi cits being respon-
sible for the phenotype. However, as NO is a potent vasodilator, the 
nitrite-dependent NO could indirectly aff ect thermosensory behav-
iour by modulating the vascular system in adult mice. Our results 
do not answer whether TRPV3 has a direct or indirect role in ther-
motransduction. Regardless, we linked the phenotype observed in 
 Trpv3      −     /     −      mice with nitrite levels, implicating a physiological role of 
the TRPV3-dependent NO in thermosensation. 

 TRPV3 seems to have diverse roles in the skin. In addition to 
thermosensation 19 , TRPV3 has been studied in hair morpho logy, 
keratinocyte diff erentiation and epidermal barrier function 20 . 
Indeed, previous studies proposed that prostaglandin E2 (PGE 2 ), 
ATP, interleukin-1 α  (IL-1 α ), and transforming growth factor  α  
(TGF α ) potentially act downstream of TRPV3 (refs   20,50 – 52). 
However, evidence for a direct link between those molecules 

and endogenous TRPV3 function  in vivo  is lacking. For exam-
ple, TRPV3-mediated PGE 2  production was observed in TRPV3-
overexpressing but not in  wild-type  keratinocytes 50 . Consequently, 
TRPV3-overexpressing transgenic but not wild-type mice showed 
PGE 2 -dependent heat sensitivity 50 . Meanwhile, the role of ATP in 
TRPV3- dependent signalling  in vivo  has not been demonstrated 51 . 
TRPV3- dependent TGF α  secretion is implicated in normal hair 
morphology and skin anatomy, but a direct  in vivo  link has not 
been demonstrated 20 . Th e role of TRPV3-dependent IL-1 α  release 
remains unknown 52 . Regardless, it is likely that TRPV3 activation in 
keratinocytes causes secretion of a cocktail of signalling factors that 
act in concert on keratinocytes themselves, other neighbouring cell 
types, and nerve endings to aff ect thermosensation as well as other 
biological processes. 

 We investigated whether the TRPV3 – nitrite pathway is involved 
in wound healing, a process involving NO in the skin 42 , and observed 
eff ects only when the NOS pathway is blocked ( Fig. 8 ). Th is sug-
gests that, unlike thermosensory behaviours, the NOS-dependent 
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      Figure 6    |         Nitrite and TRPV3 are required for normal innocuous thermosensory behaviours. Thermal choice assay testing the preference between 

two innocuous warm temperatures (indicated at the left of each panel: either 32 versus 36    ° C or 34 versus 38    ° C) of littermates in the 129S1 / SvImJ 

background. Preference index over an hour in 30   min intervals is shown. Genotypes are represented in colour (black; wild-type, red:  Trpv3      −     /     −     ) and diets are 

in fi ll (control or normal) or clear (NN-free) squares. ( a ,  b )  Trpv3      +     /     +      (black,  n     =    20) and  Trpv3      −     /     −      males (red,  n     =    17) on normal diet in 32 versus 36    ° C 

( a ) or in 34 versus 38    ° C ( b ) choice assay. ( c ,  d )  Trpv3      +     /     +      (black,  n     =    31) and  Trpv3      −     /     −      females (red,  n     =    21) on normal diet in 32 versus 36    ° C ( c ) or in 

34 versus 38    ° C ( d ) choice assay. ( e ) Wild-type females on either the control (fi lled,  n     =    16) or NN-free (clear,  n     =    18) diet. ( f )  Trpv3      −     /     −      females on either 

the control (fi lled,  n     =    14) or NN-free (clear,  n     =    12) diet. ( g ) Wild-type (black,  n     =    26) and  Trpv3      −     /     −      (red,  n     =    21) females on normal diet administered 

with TRPV1 antagonist AMG517 (3   mg per kg i.p. for 3 consecutive days). ( h ) Wild-type (black,  n     =    19) and  Trpv3      −     /     −      (red,  n     =    17) females on normal 

diet administered with TRPA1 antagonist HC030031 (150   mg per kg i.p.). ( i ) Wild-type (black,  n     =    26) and  Trpv3      −     /     −      (red,  n     =    21) females on normal diet 

administered with both TRPV1 and TRPA1 antagonists. Data are represented as mean    ±    s.e.m.  *  P     <    0.05,  *  *  P     <    0.01, unpaired two-tailed  t -test.  
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NO compensates for the TRPV3 – nitrite pathway in wound healing. 
iNOS, a transcriptionally regulated subtype, accounts for most of the 
NO production during wound healing 42 . Th e TRPV3 – nitrite – NO 
pathway might have a more prominent role before transcriptional 
upregulation of iNOS. Indeed, both  Trpv3      −     /     −      and nitrite-deprived 
mice showed a delayed wound closure only at early stages. We also 
show that  in vitro , TRPV3-mediated and NOS-independent NO 
has a role in keratinocyte migration. Although NO has been shown 
to indirectly modulate endothelial cell migration during wound 
healing 42 , the role of NO in keratinocyte migration has not been 
reported previously. Whether keratinocyte migration contributes 
to the wound healing process has not been defi nitively established. 
What TRPV3-activating signals are involved in wound healing and 
keratinocyte migration? Skin temperature is near the threshold of 
TRPV3 activation under physiological conditions, and basal TRPV3 
activity might contribute to keratinocyte migration. Infl ammation 
during the wound healing process causes an increase in local tem-
perature 53  and secretion of infl ammatory mediators 54  that  potentially 

 modulate TRPV3 activity directly or indirectly via activating G-
 protein-coupled-receptors and receptor tyrosine kinases within 
keratinocytes 20,52 . Finally, tissue acidosis during infl ammation could 
also potentially enhance TRPV3-mediated NO production. 

 Our study suggests wider functions of nitrite-dependent NO, pre-
viously described mainly in extracellular milieu or under hypoxic /
 acidic conditions 6 . In the skin, biological processes involving NO 
include infl ammation, melanogenesis, hair development and heat-
induced vasodilation 16 . Although NOS-dependent NO has been 
demonstrated to contribute to these processes 16 , nitrite-dependent 
NO could also participate, especially in severely hypoxic areas of the 
skin such as hair follicles and sebaceous glands 26 . Nitrite-dependent 
NO could also have a role downstream of other receptors. Indeed, 
TRPV1 and TRPV4 could function in a similar way to TRPV3. 
TRPV4 is implicated in warm thermosensation 55 . TRPV1 is involved 
in NO release in urothelial cells via an unknown mechanism 56 . 
A more recent study reported a role of TRPV1 in arterial endo thelial 
cells in regulating NO production, although the NOS-dependent 
pathway is implicated 57 . TRPV1 is also involved in synaptic plastic-
ity through unknown mechanisms and this regulation may employ 
NO 58 – 60     . Finally, it is likely that ion channel families and receptors 
beyond TRPs can also regulate NOS-independent NO release.   

 Methods  
  Primary keratinocyte culture   .   Primary culture of newborn mouse keratinocytes 
(P0-P2) was performed according to our previous protocol 19 . Briefl y, dorsal skin 
was removed and placed in 2.5 %  dispase solution for 6 – 18   h at 4    ° C. Epidermal 
layer of the skin was peeled off  and gently shaken in a conical tube containing 
keratinocyte media (CnT-02 CELLnTEC). Cells were fully dissociated with a cell 
scraper, and centrifuged (5   min, 1,000   r.p.m., RT) with BSA column. Th e pellet 
was resuspended and plated on  collagen IV  ( Trevigen )-coated glass coverslips and 
cultured for 2 – 3 days in keratinocyte media at 37    ° C with 5 %  CO 2 . 

 Electroporation was done using  Human Keratinocyte Nucleofector Kit  ( Lonza ) 
according to the manufacturer ’ s instruction (high effi  ciency neonatal primary 
keratinocyte program, T-018). 

 For nitrite-deprived keratinocyte culture ( Fig. 3b ), the diet of pregnant females 
was switched to the NN-free diet (see details in Nitrite deprivation below) at 
E15.5 and P1 pups from the females were used for primary keratinocyte culture. 
Keratinocytes were cultured in media containing  l -NAME (200    μ M) to block 
potential nitrite formation from NOS-dependent NO production. Nitrite levels in 
the media for keratinocytes ( CnT-02 ,  CELLnTEC ) were below the detection limit 
( ~ 2    μ M) using  Measure iT high-sensitivity nitrite assay kit  ( Invitrogen ). Control 
keratinocytes were prepared from P1 pups born by females fed with standard feed 
and  l -NAME (1   g per l) in the drinking water aft er E15.5 and cultured in media 
containing  l -NAME (200    μ M). 

 For keratinocyte migration and proliferation experiments ( Fig. 8 ), keratino-
cytes were cultured in 6-well plates for 2 – 3 days. Th e grown keratinocytes were 
then washed, trypsinized (0.25 %  trypsin) and centrifuged (5   min, 1,000   r.p.m., 
RT) through a BSA column. Th e pellet was resuspended and plated in  collagen IV  
( Trevigen )-coated 24-well plates (for migration assay, at least 5 × 10 5  cells per well) 
or 96-well plates (for proliferation assay, 1 × 10 5  cells per well). For cell migration 
assays, keratinocytes were grown at 37    ° C with 5 %  CO 2  to confl uency (typically 
takes 1 – 2 days), and further grown for one more day to ensure full-confl uent 
keratinocyte layers prior to the experiments. To obtain a large amount of keratino-
cytes in each condition,  Trpv3      +     /     −      and  Trpv3      −     /     −      keratinocytes (from breeders of 
 Trpv3      +     /     −      and  Trpv3      −     /     −      mice) were compared.   

  NO-imaging   .   Cells were loaded with  DAF-FM deacetate  ( Invitrogen , 10    μ M) for 
20   min in the imaging buff er solution. Images of DAF-FM loaded cells with the 
excitation / emission wavelengths at  ~ 488 / 520   nm were captured with an LCD cam-
era using  MetaFluor  ( Life Science Imaging ). Th e fl uorescence intensity of individual 
cells in each experiment was normalized to the baseline ( F  /  F  0 ,  % ). At least 100 
keratinocytes were averaged per experiment. Th e trace ( F  /  F  0  plotted as a function of 
time) during a stimulus was fi t to a line using  Igor Pro  ( WaveMetrics ), and the slope 
( Δ ( F  /  F  0 ) /  Δ  t ) ( %  / s) of the line is shown in bar graph as  ‘ NO production rate ’ .   

  pH-imaging   .   Myristoylated pHluorin (mpHluorin) was constructed by PCR using 
5 ′  primer containing kozak and myristoylation signal sequences (5 ′ -CGCAAGCT
TCAGGATGGGCAACTTGAAGAGTGTGGGCCAGATGAGTAAAGGAGAAG-3 ′ ) 
and 3 ′  primer (5 ′ -CGACTCGAGCTATTTGTATAGTTCATCCATGCCATG-3 ′ ). 
Normal pHluorin was constructed using 5 ′  primer (5 ′ -CGCAAGCTTGCCATGAG
TAAAGGAGAAG-3 ′ ) and the same 3 ′  primer for mpHluorin. Ecliptic pHluorin 
containing plasmid was kindly provided by Dr Anton Maximov (TSRI). PCR 
product was cloned into  pcDNA5 / FRT  ( Invitrogen ) using HindIII and XhoI 
followed by sequence verifi cation. 
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   Figure 7    |         Adult  Trpv3      −     /     −      and nitrite-deprived mice reveal normal skin 
morphology. ( a ) Representative immunostaining images for keratin10 

(K10, green) with DAPI (blue) in the dorsal skin of adult ( ~ 8 week old) 

 Trpv3      +     /     +      (left) and  Trpv3      −     /     −      (right) mice. Scale bars represent 10    μ m. 

( b ) The thickness of the K10 layer of dorsal skin obtained from adult (8 – 12 

weeks old) mice of indicated genotype, sex and diet. Numbers of animals are 

as follows: Female:  n     =    6 ( Trpv3       +     /     +      ), 6 ( Trpv3       −     /     −      ), 4 (Ctrl), and 4 (NN-free), 

male:  n     =    6 ( Trpv3       +     /     +      ), 6 ( Trpv3       −     /     −      ), 4 (Ctrl), and 4 (NN-free). All the mice 

are in the 129S1 / SvImJ background. Data are represented as mean    ±    s.e.m.  
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 Images of cells expressing mpHluorin with the excitation / emission wavelengths 
at  ~ 488 / 520   nm were captured with an LCD camera using MetaFluor. Th e fl uores-
cence intensity of individual cells in each experiment was normalized to the inten-
sity just prior to a stimulus ( F  /  F  p ,  % ). At least 20 transfected cells were averaged 
per experiment. Th e traces ( F  /  F  p  plotted as a function of time) prior to and during 
a stimulus were fi t to lines using  Igor Pro  ( WaveMetrics ). Th e slopes of the fi t lines 
represent the rate of photobleaching and summed rates of intracellular pH change 
and photobleaching, respectively. Th e diff erence between the two slopes ((the slope 
of  ‘ during ’ )-(the slope of  ‘ prior to ’ )) represents the rate of intracellular pH change 
and is shown in data as  ‘ Normalized slope ’  ( Δ ( F  /  F  p ) /  Δ  t ) ( %  / s).   

  Keratinocyte migration assay   .   Fully confl uent primary keratinocytes on a 
24-well plate were scratched using pipette tips, washed, and changed to pre-
warmed keratinocyte media (control), supplemented with 500    μ M  l -NAME 

( l -NAME), 100    μ M cPTIO (cPTIO), or 10    μ M RR. Th e plate was then trans-
ferred to a microscope with a temperature-controlled chamber set at 37    ° C. 
Brightfi eld images of at least 15 regions per each condition were taken every 
hour for 16   h. Areas not covered by keratinocytes were measured at 0 and 16   h 
using MetaMorph ( Life Science Imaging ) and the area covered by keratinocytes 
within 0 – 16   h was calculated and averaged for each condition ( Fig. 8a ). All the 
conditions per experiment were included on the same 24-well plate. To enable 
comparison between multiple experiments, the areas covered were normalized 
to the  Trpv3      +     /     −      control condition.   

  Cell proliferation assay   .   Cell proliferation assay was performed on primary 
keratinocytes on 96-well plate (10 5  cells per well) using MTT cell proliferation 
assay according to manufacturer ’ s instructions. Primary keratinocytes were fi rst 
cultured at 37    ° C with 5 %  CO 2  for 4   h aft er BSA column (this process let keratino-
cytes attach to the plate), then switched to keratinocyte media (control), or media 
supplemented with 500    μ M  l -NAME, 100    μ M cPTIO, or 10    μ M RR and cultured 
for 16   h before addition of MTT reagent.   

  Mice   .   All experiments involving animals were conducted with the approval of 
Th e Scripps Research Institute (TSRI) Animal Research Committee. All aspects 
of the programme for procurement, conditioning / quarantine, housing, manage-
ment, veterinary care and disposal of carcasses follow the guidelines set down 
in the NIH Guide for Care and Use of Laboratory Animals. Mice are housed 
in SPF facility with 12 / 12 dark-light cycle. All behavioural experiments were 
conducted on littermates 6- to 12-week-old during daytime. Unless otherwise 
noted, both males and females were tested and combined when they behave 
similarly. Animals were acclimated for 20   min in the testing environment prior 
to experiments unless otherwise stated. Experimenters were blind to genotype 
and treatment.   

  Thermal choice assay   .   Six mice were individually tracked for an hour in arenas 
on temperature controlled aluminum plates at the same time. Th e temperature 
of the aluminum fl oor plates is well controlled and stably maintained by Peltier 
devices (constructed by the Genomic Institute of the Novartis Research Founda-
tion). Each arena is separated by opaque plexiglass walls and transparent ceilings. 
Video images captured by CCD camera placed  ~ 2 meters above the plates were 
analysed with  Ethovision 3.1  ( Noldus Information Technology ). Each arena is 
virtually divided into two zones of equal size with a distinct and stable tempera-
ture, and the time spent on each zone in 30   min intervals was recorded. Th e arena 
for the thermal choice assay is 39.5   cm ( L ) × 7.9   cm ( W ) × 10   cm ( H ) with stable set 
temperatures. Th e preference index ( I ) for temperature choice assay is defi ned as 
 I     =    ( t  H     −     t  L ) / ( t  H     +     t  L ), where  t  H  and  t  L  are the time spent on the zones of higher and 
lower temperature respectively.   

  Nitrite deprivation   .   Unless otherwise stated, all mice were on normal diet 
( Teklad   LM-485  Mouse / Rat sterilizable feed (Harlan Laboratories) and acidifi ed 
( ~ pH 5) tap water)    . Mice were on the NN-free or the control diet at least 
fi ve days prior to and throughout thermal behavioural and wound healing 
assays. 

 For thermal behavioural assays, mice were fed with nitrite / nitrate /  l -arginine-
free feed ( Amino acid rodent without  l -arginine ,  Zeigler Brothers Inc. ) and 
de-ionized drinking water containing  l -NAME (1   g per l) (NN-free diet). Control 
mice were given the same feed but supplemented with NaNO 2  (20   mM) and no 
 l -NAME in the drinking water (control diet). Th e drinking water was freshly 
prepared and changed every 2 days. For wound healing assays in which  l -NAME 
has a signifi cant eff ect, control mice were also given  l -NAME (1   g per l) in the 
drinking water in addition to the control diet. 

 Nitrite concentrations were 30.6    ±    3.0   nmol per g in the standard feed and 
below the detection limit ( ~ 4   nmol per g) in nitrite / nitrate /  l -arginine-free feed, 
respectively. No detectable nitrite was found in either drinking or de-ionized water. 
Nitrite measurement was performed using  Measure iT high-sensitivity nitrite assay 
kit  ( Invitrogen ).   

  Wound healing model   .   Mice were anaesthetized with pentobarbital (40   mg per kg 
i.p.) and placed on a heating blanket. Dorsal hair was shaved and further removed 
by hair-removing cream. Two full-thickness wounds were created in the upper 
dorsal skin using  4   mm wide dermal biopsy punch  ( Sklar Instruments ). Wounded 
areas were patched with Tegaderm (3   M) for six days and wound sizes were meas-
ured with a  scale loupe  ( Peak Optics ,  # 1975) every 3 days. Percent closure of each 
wound was calculated and averaged for individual mice. 

 Defi nition of percent closure n days aft er wound formation: 
 C ( n )    =    100 × [1    −    ( d  L  n  ×  d  S  n ) / ( d  L 0 ×  d  S 0)], where  d  L  n  and  d  S  n  are long and short 
diameters of oval-shaped wound  n  days aft er wound formation.   

  Data analysis   .   Data are presented as the mean    ±    the standard error of the mean for 
all the fi gures.  P -values are based on unpaired two-tailed  t -test for comparing two 
samples, and on one-way ANOVA with Dunnett ’ s test ( Figs 3c and 8b ).  *  P     <    0.05, 
 *  *  P     <    0.01,  *  *  *  P     <    0.001. 

 See  Supplementary Methods  for further details of transient transfection, 
ratiometric calcium-imaging, FLIPR, cGMP measurement, solutions used, 
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            Figure 8    |         TRPV3 and nitrite-dependent NO contribute to keratinocyte 
migration and wound healing. ( a ) Representative images of scratched 

keratinocytes at  t     =    0   h (top) and  t     =    16   h (bottom). Area not covered by 

keratinocytes at  t     =    0   h is highlighted in red and at  t     =    16   h in blue. Scale bars 

represent 100    μ m. ( b ) Relative area covered (normalized to the control 

condition in  Trpv3      +     /     −     ) in  Trpv3      +     /     −      (left) and  Trpv3      −     /     −      (right) keratinocytes 

during 16   h after the scratch-formation, cultured in keratinocyte media 

(Control, black), media with a pan-NOS inhibitor  L -NAME (500    μ M, orange), 

a NO scavenger cPTIO (100    μ M, blue), or a non-specifi c TRP channel 

blocker RR (10    μ M, green).  *  *  P     <    0.01,  *  *  *  P     <    0.001, one-way ANOVA with 

Dunnett ’ s test ( n     =    4 experiments). ( c ) Normalized cell proliferation (Ab 570  

of MTT, a cellular respiratory indicator, normalized to the ctrl condition in 

 Trpv3      +     /     −     ) of  Trpv3      +     /     −      (black) or  Trpv3      −     /     −      (red) keratinocytes during 16   h 

in keratinocyte media (Ctrl), media with  L -NAME (500    μ M), with cPTIO 

(100    μ M), or with RR (10    μ M). ( d  –  f ) Wound closure ( % ) 3 days after wound 

formation in dorsal skin of mice in the 129S1 / SvImJ background. Genotypes 

are represented in colour (black; wild type, red:  Trpv3      −     /     −     ) and diets are 

in fi ll (control or normal) or clear (NN-free) squares. All the mice were 

additionally given  L -NAME (1   g per l in drinking water). In ( d )  Trpv3      +     /     +      (black, 

 n     =    19) and  Trpv3      −     /     −      (red,  n     =    20) mice on normal diet. In ( e ), wild-type mice 

on the control (fi lled,  n     =    21) or NN-free diet (clear,  n     =    17). In ( f ),  Trpv3      −     /     −      

mice on the Control (fi lled,  n     =    10) or NN-free diet (clear,  n     =    9). Data are 

represented as mean    ±    s.e.m.  *  *  P     <    0.01, unpaired two-tailed  t -test.  
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 Trpv3       −     /     −       mice, NOS-defi cient mice,  Trpv4       −     /     −       mice, hot plate and von Frey 
assays, administration of AMG517 and HC030031, immunohistochemistry and 
chemicals used.                     
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