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M e c h a n i s m s  o f  b r o a d - b a n d  u l t r a v i o l e t  B  i r r a d i a t i o n - i n d u c e d  i t c h  i n  m i c e  

A b s t r a c t  

A l th o u g h  s u n b u rn  c a n  p ro d u c e  s e v e re  u n c o n tr o l l a b l e  i tc h i n g ,  th e  u n d e r l y i n g  

m e c h a n i s m s  o f  u l tr a v i o l e t ( U V )  i r r a d i a ti o n - i n d u c e d  i tc h  a r e  p o o r l y  u n d e r s to o d  

b e c a u s e  o f  a  l a c k  o f  e x p e r i m e n ta l  a n i m a l  m o d e l s  o f  s u n b u rn  i tc h . H e r e  w e  

e s ta b l i s h e d  a  s u n b u rn - r e l a te d  m o u s e  m o d e l  a n d  f o u n d  th a t B r o a d - b a n d  U V B  

( B B - U V B )  i r ra d i a ti o n  e l i c i te d  s c ra tc h i n g  b u t n o t w i p i n g  b e h a v i o r  i n  m i c e .  B y  u s i n g  

a  c o m b i n a ti o n  o f  l i v e - c e l l  C a
2+

 i m a g i n g  a n d  q u a n ti ta ti v e  R T - P C R  o n  d o rs a l  ro o t 

g a n g l i o n  ( D R G )  n e u r o n s ,  h e m a to x y l i n  a n d  e o s i n  s ta i n i n g ,  i m m u n o f l u o re s c e n c e  

s ta i n i n g  o f  s k i n  p r e p a r a ti o n s ,  b e h a v i o r a l  te s ti n g ,  i n  c o m b i n a ti o n  w i th  g e n e ti c  a n d  

p h a r m a c o l o g i c a l  a p p ro a c h e s ,  w e  s h o w e d  th a t T R P V 1 - p o s i ti v e  D R G  n e u ro n s  b u t n o t 

m a s t c e l l s  a r e  i n v o l v e d  i n  B B - U V B  i r r a d i a ti o n - i n d u c e d  i tc h .  M o re o v e r,  b o th  g e n e ti c  

a n d  p h a r m a c o l o g i c a l  i n h i b i ti o n  o f  T R P V 1  f u n c ti o n  s i g n i f i c a n tl y  a l l e v i a te d  

B B - U V B  i r r a d i a ti o n - i n d u c e d  i tc h  re s p o n s e .  C o l l e c ti v e l y ,  o u r  r e s u l ts  s u g g e s t th a t 

B B - U V B  i r r a d i a ti o n  e v o k e s  i tc h  s e n s a ti o n  i n  m i c e  th ro u g h  p r o m o ti n g  T R P V 1  

c h a n n e l  f u n c ti o n  i n  D R G  n e u ro n s  a n d  p r o v i d e  p o te n ti a l  th e ra p e u ti c  ta rg e ts  f o r  

s u n b u rn - re l a te d  i tc h . 

K e y w o r d s :  S u n b u r n - r e l a te d  i tc h ;  B B - U V B ;  T R P V 1 ;  I tc h  m o d e l  
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I n t r o d u c t i o n  

S u n b u rn  o r  u l tr a v i o l e t ( U V )  d e r m a ti ti s ,  o f te n  o c c u r r i n g  i n  v a c a ti o n e r s  a n d  f a r m e r s ,  

i s  a  s k i n  p h o to to x i c  r e a c ti o n  to  U V  r a d i a ti o n ,  w h i c h  i s  g e n e r a l l y  a s s o c i a te d  w i th  

e r y th e m a ,  p u s tu l e s ,  h e a t s e n s i ti z a ti o n ,  f o l l o w e d  b y  ta n n i n g  a n d  e p i d e r m a l  

th i c k e n i n g  ( H a n  a n d  M a i b a c h ,  2 0 0 4 ) .  B e s i d e s  s k i n  i n f l a m m a ti o n ,  s u n b u r n - r e l a te d  

i tc h ,  a l s o  k n o w n  a s  th e  h e l l 's  i tc h  ( W i l d e r- S m i th ,  2 0 1 9 ;  B e r r y ,  2 0 1 8 ) ,  i s  a  

d e b i l i ta ti n g  c o n d i ti o n  w h i c h  c a n  s e v e r e l y  i m p a i r  q u a l i ty  o f  l i f e .  D u e  to  a  l a c k  o f  

e x p e r i m e n ta l  a n i m a l  m o d e l s ,  th e  m o l e c u l a r  a n d  c e l l u l a r  m e c h a n i s m s  o f  

s u n b u rn - re l a te d  i tc h  re m a i n  l a rg e l y  u n k n o w n .  

T h e  m o s t c o m m o n  f o r m  o f  U V  r a d i a ti o n  i s  s u n l i g h t,  w h i c h  p r o d u c e s  th r e e  ty p e s  o f  

U V  r a y s :  U V A ,  U V B  a n d  U V C  ( S u p p l e m e n t a r y  F i g u r e  S 1 )  ( G u p ta  e t a l . ,  2 0 1 3 ) .  

B e c a u s e  U V C  i s  a b s o rb e d  b y  o z o n e ,  a m b i e n t s u n l i g h t i s  p r e d o m i n a n tl y  

l o n g - w a v e l e n g th  U V A  ( 3 2 0 - 4 0 0  n m )  ( 9 0 % – 9 5 % )  a n d  s h o r t- w a v e l e n g th  U V B  

( 2 9 0 - 3 2 0  n m )  ( 5 % – 1 0 % )  ( T u c h i n d a  e t a l . ,  2 0 0 7 ) .  I t h a s  b e e n  s h o w n  th a t U V A  c o u l d  

p e n e tra te  d e e p l y  i n to  th e  d e r m i s ,  p ro m o ti n g  th e  p ro d u c ti o n  o f  e a r l y  m e l a n i n  

s y n th e s i s  th ro u g h  a c ti v a ti o n  o f  th e  c a ti o n  c h a n n e l  tra n s i e n t r e c e p to r  p o te n ti a l  

a n k y r i n  1  ( T R P A 1 )  ( B e l l o n o  e t a l . ,  2 0 1 3 ) .  O n  th e  o th e r  h a n d , U V B  i s  p r i m a r i l y  

a b s o rb e d  b y  th e  e p i d e r m i s .  A l th o u g h  n a r ro w - b a n d  U V B  ( N B - U V B ,  ~ 3 1 1  n m )  w a s  

r e p o r te d  to  c a u s e  s u n b u r n - i n d u c e d  p a i n  s e n s a ti o n  b y  a c ti v a ti n g  

k e r a ti n o c y te - e x p r e s s e d  T R P V 4  c h a n n e l  ( M o o r e  e t a l . ,  2 0 1 3 ) ,  N B - U V B  

p h o to th e r a p y  i s  w i d e l y  u s e d  f o r  th e  tr e a tm e n t o f  p s o r i a s i s ,  a to p i c  d e r m a ti ti s ,  a n d  
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v i t i l i g o .  H o w e v e r ,  th e  r o l e  o f  b r o a d - b a n d  U V B  ( B B - U V B ,  2 9 0 - 3 2 0  n m )  i n  th e  

s e tt i n g  o f  s u n b u r n - r e l a te d  s k i n  d a m a g e  r e m a i n s  u n c l e a r.   

I n  th e  p r e s e n t  s tu d y ,  w e  f i r s t  e s ta b l i s h e d  a  m o u s e  m o d e l  o f  s u n b u r n - r e l a te d  i tc h .  W e  

f o u n d  th a t  B B - U V B  i r r a d i a t i o n  s e l e c t i v e l y  p r o m o te d  th e  f u n c ti o n  o f  T R P V 1  

e x p r e s s e d  b y  p r i m a r y  s e n s o r y  n e u r o n s  to  i n d u c e  a n  i tc h - a s s o c i a te d  s c r a tc h i n g  

b e h a v i o r  i n  m i c e .  T h e s e  f i n d i n g s  i d e n ti f y  T R P V 1  a s  a  p o te n ti a l  d r u g  ta r g e t  f o r  th e  

t r e a tm e n t  o f  U V B  i r r a d i a t i o n - i n d u c e d  i tc h .  

R e s u l t s   

B B - U V B  i r r a d i a t i o n  e v o k e s  a n  i t c h - a s s o c i a t e d  b e h a v i o r  i n  m i c e  

T o  i n v e s t i g a te  w h e th e r  B B - U V B  e x p o s u r e  p r o m o te s  p a th o l o g i c a l  s k i n  c o n d i t i o n s ,  

w e  i r r a d i a te d  w i l d - ty p e  ( w t)  C 5 7 B L /6 J  m i c e  o n  d a y  0  w i th  d i f f e r e n t  d o s e s  o f  

B B - U V B  ( F i g u r e  1 a ) .  S u r p r i s i n g l y ,  c o m p a r e d  w i th  w h i te - l i g h t i r r a d i a te d  g r o u p ,  a  

s i n g l e  e x p o s u r e  to  B B - U V B  i r r a d i a t i o n  w i th  p o w e r    4 0 0  m J /c m
2

 o n  th e  n a p e  o f  th e  

n e c k  a r e a  w a s  a b l e  to  e l i c i t  a  r o b u s t  s c r a tc h i n g  b e h a v i o r  i n  m i c e ,  r e a c h i n g  a  p l a te a u  Jo
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A f te r  c o n f i r m i n g  th a t B B - U V B  e l i c i te d  a  r o b u s t s c r a tc h i n g  b e h a v i o r  i n  m i c e ,  w e  

n e x t d e te r m i n e d  w h e th e r  th i s  b e h a v i o r  re s u l te d  f r o m  p a i n  o r  i tc h  b y  u s i n g  th e  

w e l l - e s ta b l i s h e d  c h e e k  m o d e l  ( S p r a d l e y  e t a l . ,  2 0 1 2 ) .  S u rp r i s i n g l y ,  w h e n  e x p o s e d  to  

m o u s e  c h e e k ,  B B - U V B  i r r a d i a ti o n  ( 8 0 0  m J /c m
2

)  s e l e c ti v e l y  p r o d u c e d  a  

r o b u s t i tc h - a s s o c i a te d  s c r a tc h i n g  b y  a  h i n d  p a w  b u t n o t p a i n - a s s o c i a te d  w i p i n g  b y  a  

f o r e l i m b  to w a rd s  th e  s i te  o f  i r r a d i a ti o n  ( F i g u r e  2 a - c ) .  I n  a g r e e m e n t w i th  th i s  

f i n d i n g ,  th e  B B - U V B  i r r a d i a ti o n - i n d u c e d  s c ra tc h i n g  b e h a v i o r  w a s  s e l e c ti v e l y  

s u p p r e s s e d  b y  a n  a n ti - p ru r i ti c  μ - o p i o i d  r e c e p to r  a n ta g o n i s t,  n a l tre x o n e  ( F i g u r e  2 d ) ,  

b u t n o t i b u p ro f e n ,  a  p a i n - i n h i b i ti n g  n o n s te r o i d a l  a n ti - i n f l a m m a to r y  d r u g  ( N S A I D )  

( F i g u r e  2 e ) .  I n  m a r k e d  c o n tr a s t,  e x p o s u r e  o f  th e  N B - U V B  i r r a d i a ti o n  ( 8 0 0  m J /c m
2

)  
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immune cells mediates acute/chronic itch in multiple mouse models of itch (Luo et 

al., 2018; Chen et al., 2016). To determine whether these TRP channels are also 

involved in BB-UVB-induced itch, we tested BB-UVB irradiation on mice deficient 

in Trpa1, Trpv1 or Trpv4. Interestingly, genetic ablation of Trpv1 function readily 

abolished BB-UVB-induced itch, whereas a deficiency in Trpa1 or Trpv4 had 

negligible effect on BB-UVB-induced scratching behavior (Figure 3a). In 

agreement with this observation, subcutaneous injection of resiniferotoxin (RTX), a 

super potent TRPV1 activator that ablates TRPV1-expressing (TRPV1+) primary 

sensory afferents (Riol-Blanco et al., 2014), markedly reduced BB-UVB-induced 

scratching when compared with vehicle-treated mice (Figure 3b and 

). Furthermore, both preventative and acute 

pharmacological inhibition of TRPV1 function by AMG9810, a specific TRPV1 

antagonist, effectively suppressed BB-UVB-induced itch in both initiation and 

plateau phases (Figure 3c and d). These findings strongly suggest that TRPV1 

channel function is required for BB-UVB-induced itch sensation and inhibition of 

TRPV1 function might be a promising strategy for the treatment of sunburn-related 

itch. 

TRPV1 is dispensable in BB-UVB-induced inflammation 

Bi-directional interactions between cutaneous immune cells and sensory nerve 

endings are a unique paradigm contributing to both skin inflammation and chronic 

itch (Oetjen et al., 2017; Feng et al., 2017). Interestingly, UV stimulation of dermal 
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m a s t c e l l s  w a s  s h o w n  to  b e  a  k e y  e v e n t l e a d i n g  to  U V - i n d u c e d  i n f l a m m a ti o n  

( S a r c h i o  e t a l . ,  2 0 1 2 ) .  T o  d e te r m i n e  w h e th e r  th i s  b i d i r e c ti o n a l  p o s i ti v e  f e e d b a c k  

l o o p  i s  a l s o  i n v o l v e d  i n  B B - U V B - i n d u c e d  i tc h ,  w e  te s te d  B B - U V B - i n d u c e d  

s c r a tc h i n g  b e h a v i o r  i n  m a s t c e l l - d e f i c i e n t K i t
W-sh

 “ s a s h ”  m i c e .  S u r p r i s i n g l y ,  n o  

s i g n i f i c a n t d i f f e re n c e  w a s  f o u n d  i n  th e  B B - U V B - i n d u c e d  s c r a tc h i n g  r e s p o n s e s  

b e tw e e n  th e  “ s a s h ”  m i c e  a n d  th e  w t m i c e  ( F i g u r e  4 a ) .  M o r e o v e r,  a l th o u g h  th e  s k i n  

th i c k n e s s  w a s  s i g n i f i c a n tl y  i n c re a s e d  i n  b o th  T r p v 1 - d e f i c i e n t m i c e  a n d  w t m i c e  

tr e a te d  w i th  B B - U V B  i r r a d i a ti o n  w h e n  c o m p a r i n g  w i th  th e  s h a m  g r o u p ,  n o  

s i g n i f i c a n t d i f f e r e n c e  i n  s k i n  h i s to l o g y  o r  s k i n  l e s i o n  s c o re s  w a s  f o u n d  b e tw e e n  

th e s e  tw o  g ro u p s  ( F i g u r e  4 b - d ) .  T o g e th e r,  th e s e  r e s u l ts  s u g g e s t th a t T R P V 1  

f u n c ti o n  i s  n o t i n v o l v e d  i n  B B - U V B - i n d u c e d  s k i n  i n f l a m m a ti o n  a n d  th e  n e u r a l - m a s t 

c e l l  i n te r a c ti o n  i s  d i s p e n s a b l e  f o r  B B - U V B - i n d u c e d  p e r s i s te n t i tc h  i n  m i c e .   

B B - U V B  s e n s i t i z e s  T R P V 1
+

 D R G  n e u r o n s  

H a v i n g  p ro v i d e d  c o n v i n c i n g  d a ta  s h o w i n g  th a t B B - U V B  i r r a d i a ti o n - i n d u c e d  i tc h  

w a s  T R P V 1 - d e p e n d e n t,  w e  n e x t i n v e s ti g a te d  th e  p o te n ti a l  m e c h a n i s m  u n d e r l y i n g  

T R P V 1  a c ti v a ti o n  a f te r  B B - U V B  i r r a d i a ti o n .  T o  te s t th e  p o s s i b i l i ty  th a t T R P V 1  m a y  

b e  d i r e c tl y  a c ti v a te d  b y  B B - U V B  i r r a d i a ti o n ,  w e  p e r f o r m e d  w h o l e - c e l l  p a tc h - c l a m p  

r e c o rd i n g  o n  H E K 2 9 3  c e l l s  tr a n s i e n tl y  tr a n s f e c te d  w i th  m o u s e  T R P V 1  p l a s m i d .  

S u rp r i s i n g l y ,  B B - U V B  i r r a d i a ti o n  d i d  n o t a c ti v a te  d e te c ta b l e  c u r re n t w h i l e  

c a p s a i c i n  i n d u c e d  a  T R P V 1 - d e p e n d e n t c u r r e n t ( S u p p l e m e n t a r y  F i g u r e  S 4 ) .  

F u rth e r m o r e ,  T R P V 1  a c ti v a ti o n  w a s  n o t a  c o n s e q u e n c e  o f  B B - U V B  
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irradiation-induced temperature increase in the skin as we showed that the skin 

temperature was not significantly changed in the absence and in the presence of 

BB-UVB irradiation (Supplementary Figure S5).  

Alternatively, up-regulation of neuronal TRPV1 expression and function might 

contribute to BB-UVB-induced itch. To test this hypothesis, we freshly isolated and 

cultured DRG neurons innervating the irradiated skin area 3 days after BB-UVB 

irradiation and measured the expression of itch-related TRP channel genes using 

real-time PCR. BB-UVB irradiation led to a dramatic increase in the expressions of 

Trpv1 and Trpa1 while the expressions of Trpv3, Trpv4, Trpc4 and Trpm8 were 

comparable between the BB-UVB irradiation group and the sham control group 

(Figure 5a). This finding prompted us to investigate if BB-UVB irradiation 

promotes TRPV1 function in DRG neurons using live-cell Ca2+ imaging since we 

have shown that TRPV1 but not TRPA1 is essential to BB-UVB-induced itch. 

Indeed, the proportion of DRG neurons responded to a low concentration (10 nM) of 

TRPV1 agonist capsaicin was significantly larger in the BB-UVB-irradiated mice 

when compared with sham control mice, although higher concentrations of 

capsaicin (100 and 300 nM) evoked Ca2+ responses in comparable numbers of DRG 

neurons in both groups (Figure 5b and Supplementary Figure S6). Taken 

together, these data suggested that up-regulation of the expression and function of 

TRPV1 is critically involved in BB-UVB irradiation-induced sensitization of 

pruriceptors, leading to itch-associated scratching. 
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It should be noted that TRPV1 expression was not affected until day 3 

(Supplementary Figure S7). On the other hand, we did observe an increased 

proliferation of keratinocytes and infiltration of macrophages starting from day 0 

(Supplementary Figure S8), suggesting a potential epidermal factor/immune 

cell-mediated sensitization of TRPV1 function in the early stage and upregulation of 

TRPV1 expression in the late stage in BB-UVB-induced itch signaling. 

Discussion 

In the present study, we established a mouse model of UV irradiation-induced itch 

and demonstrated that acute exposure to BB-UVB promotes TRPV1 expression and 

function, leading to itch-associated scratching behavior in mice. The inhibition of 

TRPV1 function by either pharmacological or genetic approach is sufficient to 

alleviate BB-UVB-induced itch. Collectively, these findings provide a unique 

mouse model for the study of BB-UVB irradiation-related itch and identify a 

cellular mechanism of UV irradiation-induced itch in the periphery.  

Although pathological skin conditions caused by excessive UV exposure have been 

described at length, most of the studies focused on the effects of UV irradiation on 

epidermal keratinocytes and immune cells. For instance, UV irradiation caused 

DNA damage in keratinocytes (de Pedro et al., 2018) and suppressed cell-mediated 

immune function, resulting in the development of skin cancer and susceptibility to 

infectious diseases (Kelly et al., 2000). Interestingly, we found that RTX-treated 
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mice showed fewer scratching bouts when compared with the vehicle-treated mice 

after BB-UVB irradiation, suggesting that BB-UVB irradiation may also affect 

primary sensory nerves that are critical to the initiation of both pain and itch.  

Recent exciting studies have significantly advanced our knowledge about the 

important roles of TRP channels in the development of UV irradiation-related skin 

diseases. For instance, epidermal-expressing TRPV4 channel was reported to 

mediate the NB-UVB-induced pain behavior in mice (Moore et al., 2013). TRPC7 

channels mediate UVB-induced Ca2+ influx which is important to skin aging and 

tumor development (Hsu et al., 2020). Moreover, Lee et al showed that TRPV1+ 

nerve is significantly increased in aged and photoaged human skin (Lee et al., 

2009). Consistent with these studies, we also found that the expression level of 

TRPV1 but not TRPV3, TRPV4, TRPC4 and TRPM8 channels was upregulated in 

individual DRG neurons, leading to a much higher percentage of DRG neurons from 

BB-UVB-irradiated mice responsive to a low concentration of capsaicin when 

compared with the sham group. Interestingly, the percentage of TRPV1-responsive 

neurons to 300 nM capsaicin were comparable between naive, sham group and 

BB-UVB-irradiated group at day 3, suggesting an up-regulation in TRPV1 

expression rather than an expansion TRPV1+ neurons upon BB-UVB irradiation. 

Although TRPA1 expression was also increased in the DRG neurons by 

BB-UVB-irradiation, TRPA1 knockout mice didn’t show any reduction in itch 

behavior after BB-UVB-irradiation. Interestingly, Bellono et al showed that TRPA1 
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is expressed by human melanocytes and can be directly activated by UVA, 

contributing to enhanced pigmentation through upregulation of melanin synthesis 

(Bellono et al., 2013). It will be interesting to investigate whether BB-UVB-induced 

activation of neuronal TRPA1 is involved in skin pigmentation through 

neuron-melanocyte interaction in mice in future studies. 

It is well-established that neural-immune interaction has been involved in the 

development of itch sensation (Wang et al., 2020). For example, activation of 

TRPV1+ nociceptors by house dust mites promotes mast cell degranulation that 

drives allergic itchy skin diseases (Serhan et al., 2019). However, we observed no 

reduction in BB-UVB-induced scratching behavior in mast cell-deficient mice, 

suggesting that mast cells are unlikely involved in the development of 

BB-UVB-induced itch. Moreover, although TRPV1 is indispensable for 

BB-UVB-induced itch, it is not required for BB-UVB-induced inflammation, 

further suggesting that distinct molecular and cellular mechanisms might be 

involved in itch and skin inflammation produced by BB-UVB irradiation.  

Although we showed that TRPV1 is involved in BB-UVB irradiation-induced itch 

in mice, the mechanisms underlying TRPV1 activation by BB-UVB irradiation 

remain unclear. There are at least two possibilities: Firstly, TRPV1 channel may be 

directly activated by BB-UVB irradiation. However, BB-UVB irradiation could 

not evoke TRPV1-mediated current. Moreover, the skin temperature was not 

significantly affected by BB-UVB irradiation . Indeed, Baumbauer et al showed 
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that optogenetic activation of keratinocytes evoked action potential firing in 

various types of skin sensory fibers (Baumbauer et al., 2015); Oetjen et al also 

showed that type 2 cytokines released from immune cells could activate sensory 

neurons in both mice and humans (Oetjen et al., 2017), indicating the possibility 

that TRPV1-expressing fibers may be activated by the neurotrophins/cytokines 

released from keratinocytes/immune cells upon BB-UVB irradiation. Consistent 

with this hypothesis, we found accumulation of macrophages and increased 

proliferation of keratinocytes starting from day 0 to day 3, which was correlated 

with the scratching behavior in the BB-UVB-irradiated mice. Taken all these data 

together, we speculated that TRPV1 may function as the downstream target of 

keratinocytes/immune cells and mediate BB-UVB-induced itch sensation rather 

than a direct activation by BB-UVB irradiation. More studies with 

pharmacological/genetic approaches are required to clarify the epithelia-neuronal 

and/or immune-neuronal crosstalk underlying BB-UVB-induced activation of 

TRPV1 in the future. 

In summary, we showed that BB-UVB-irradiation induces itch sensation in mice 

through promoting the expression and function of the sensory neuron-expressed 

TRPV1 channel. Identification of TRPV1 as the itch mediator in BB-UVB-induced 

itch will not only advance our understanding of the cellular and molecular basis of 

sunlight-induced itch sensation but also should facilitate the development of 

TRPV1-based therapeutics for UV-irradiation-related itch management. 
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Materials & Methods 

Animals  

Adult C57BL/6J (Jackson Laboratories), Trpv1-/- (Jackson Laboratories), Trpa1-/- 

(Jackson Laboratories), Trpv4-/- (Suzuki et al., 2003) and mast cell deficient KitW-sh 

“sash” mice (Jackson Laboratories) were used in this study. All the transgenic mice 

were backcrossed with C57BL/6J mice for more than ten generations. Both male 

and female mice were used in the study as no sex difference was observed. All mice 

were housed under a 12-hour light/dark cycle with free access to food and water. All 

experiments were approved by the Animal Studies Committee at Washington 

University School of Medicine and were performed in accordance with the 

guidelines of the National Institutes of Health and the International Association for 

the Study of Pain. 

Mouse model of UV irradiation 

The side area designated for UV stimulation was shaved from the nape of the neck to 

the lateral abdomen. Mice were acclimated for one hour in 2 consecutive days by 

placing them individually in a recording chamber. On the third day, mice were 

videotaped and hindpaw scratching bouts were counted as baseline (Figure 1a 

lower panel). On the day of experiment (marked as day 0), mice were anaesthetized 

by 2% isoflurane inhalation. The UV photo-therapy device (SolRx 100-Series, 

Solarc Systems, Ontario, CAN) was placed on the top of the round gasket, allowing 
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circular light stimulation only to the shaved skin area (Figure 1a upper panel). 

After a specific dose of UV irradiation, mice were immediately videotaped, and the 

number of scratching/wiping bouts was counted. The skin surface temperature was 

tested with a digital thermal meter and no significant temperature changes were 

detected during the irradiation process (Supplementary Figure S5), excluding the 

possibility of thermal activation of TRPV1 by UV irradiation. A digital UV meter 

(Solarmeter, Queensland, AUS) was used to measure the UV power density. The 

irradiation dose (mJ) was determined by the following formula: UV intensity (5 

mw/cm2) × exposure time × exposure area (1 cm2 for each mouse). In our study, 

the UVB intensity, which was measured by UV meter, is 5mW/cm2. The times 

required to reach the dose of 200 mJ, 400 mJ, 800 mJ and 1600 mJ were 40 s, 80 s, 

160 s, 320 s, respectively. The power density of the UVA is 3 mw/cm2, the times 

required to reach the dose of 200 mJ, 1000 mJ, 2000 mJ, 6000 mJ were 67 s, 333 s, 

667 s and 2000 s, respectively. 

Three types of UV short compact fluorescent lamps were used in this study. 

BB-UVB lamp (a two pin 9-watt type (PHILIPS pl-s9w/12/2p)) emits light in a 

broad range over the UVB spectrum, including the shorter wavelengths responsible 

for sunburn. Narrow band (NB)-UVB tube (PHILIPS pl-s9w/01/2p) only generates 

UVB-narrowband at 311 nm and has fewer clinically burning incidents than 

BB-UVB. According to manufacturer's introduction, BB-UVB is considered a more 

aggressive UV-light therapy than NB-UVB and has a much greater skin-burning 
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potential. A two pin 9-watt bulb (PHILIPS pl-s9w/10/2p) was used to deliver 

harmful UVA radiation (320 to 400 nm).  

Mouse cheek model  

The right cheek of mice was shaved and acclimated for at least two days before 

irradiation. At day 0, a dose of 800 mJ UVB shines on the cheek through a smaller 

circular hole of the gasket. All mice were videotaped for one hour and the 

scratching/wiping bouts were counted. The discrimination of wiping, scratching and 

grooming behavior refers to previous authoritative study (Akiyama et al., 2010). 

Drug administration  

The analgesic drug ibuprofen (Sigma-Aldrich, St. Louis, MO) and antipruritic drug 

naltrexone (Sigma-Aldrich) were administrated through i.p. injection into the mice 

on day 0. Forty minutes later, the mice were exposed to UVB stimulation. From day 

1 to day 7, these drugs were repeatedly given. All mice were videotaped for one hour 

and the corresponding scratching bouts were counted. AMG9810 (Tocris 

Bioscience, Bristol, UK) was dissolved in DMSO and diluted with 0.9% saline 

before use. Preventative and therapeutic application of 0.003 mg/kg AMG9810 was 

started from day 0 and 3, respectively.    

Quantitative RT-PCR 

Total RNA was extracted from freshly isolated mouse DRG neurons by RNeasy kit 

(Qiagen, Germantown, MD) according to the instructions. RNA was treated with 
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DNase I (Invitrogen, Carlsbad, California) and the cDNA was synthesized in vitro 

using ThermoScript RT–PCR System kit (Invitrogen). Reactions were carried out in 

a volume of 20 μl per reaction containing 10 μl Fast SYBR™ Green Master Mix 

(Applied Biosystems, Foster City, CA), 0.5 μl cDNA, 1.2 μl 5 μM primer mix, and 

8.3 μl ddH2O using StepOnePlus real-time PCR system (Applied Biosystems, 

Foster City, CA). Relative mRNA levels of different target genes referenced to 

GAPDH were calculated using 2-ΔΔCt methods. Primer sequences used for each gene 

were selected from pre-validated PrimeTime qPCR assays (Integrated DNA 

Technologies, Coralville, Iowa). Primer sequences (5’ to 3’) of each gene were listed 

as following: 

mTRPV1 F: ACCACGGCTGCTTACTATCG  

R: TCCCCAACGGTGTTATTCAG 

mTRPV4 F: CCTGCTGGTCACCTACATCA  

R: CTCAGGAACACAGGGAAGGA 

mTRPA1 F: CCATGACCTGGCAGAATACC  

R: TGGAGAGCGTCCTTCAGAAT 

mTRPM8 F: GCTGCCTGAAGAGGAAATTG   

R: GCCCAGATGAAGAGAGCTTG 

mTRPV3 F: TGACATGATCCTGCTGAGGAGTG   

Jo
urn

al 
Pre-

pro
of



18 

 

R: ACGAGGCAGGCGAGGTATTCTT 

mTRPC4 F: CGACCATGCAGATATAGAATGGAA   

R: TGGTATTGGTGATGTCTTCTCAAG 

GAPDH F: GCACAGTCAAGGCCGAGAAT   

R: GCCTTCTCCATGGTGGTGAA 

Chemical ablation of TRPV1+ sensory nerves  

Resiniferatoxin (RTX) (Sigma-Aldrich), a capsaicin analog, was injected 

subcutaneously into 4-week-old mice at three increasing doses (30, 70, and 100 

μg/kg) for 3 consecutive days as we have described (Feng et al., 2017). Vehicle 

group was treated with vehicle solution (DMSO in PBS). Mice were allowed to rest 

for 6 weeks before behavioral test. The effectiveness of RTX ablation of TRPV1+ 

primary afferents was validated by the tail flick assay (Supplementary Figure S3).   

Isolation and short-term culture of mouse DRG neurons   

Mice were sacrificed three days after BB-UVB irradiation. The vertebral column 

corresponding to the stimulated skin area was removed and placed in ice-cold 

HBSS. DRG neurons were then acutely dissociated and transferred to 1 ml 

dispase/collagenase Type I mixture containing 4 U/ml dispase, 342 U/ml 

collagenase I in pre-warmed 1 x HBSS without phenol red, and incubated at 37°C 

for 30 min. After incubation, the solution was centrifuged, and the liquid 
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supernatant was discarded. The DRG neurons were re-suspended in neural culture 

medium containing 2% B-27 supplement, 1% L-glutamine, 100 U/mL penicillin, 

100 ug/mL streptomycin, and 50 ng/mL nerve growth factor. Then, the neurons were 

placed on a 5-mm coverslip coated with poly-L-lysine (10 μg/mL) and cultured 

under a humidified atmosphere of 5% CO2 /95% air at 37°C for 18 to 24 h before 

further experiment. 

Live-cell Ca2+ imaging  

Fura-2-based ratiometric measurement of [Ca2+]i was performed as we have 

previously described (Feng et al., 2017). DRG neurons were loaded with 4 μM 

Fura-2 AM (Life Technologies, Grand Island, NY) in culture medium at 37°C for 60 

min. Cells were then washed 3 times in wash buffer (1 L wash buffer containing: 

HBSS 20 x 50 ml, CaCl2 2M x 1 ml, HEPES 2.38 g, and glucose 1.8 g, sucrose 10.26 

g, pH 7.40) and incubated in HBSS at room temperature for 30 min before use. 

Fluorescence at 340 and 380 nm excitation wavelengths was recorded on an 

inverted Nikon Ti-E microscope and NIS-Elements imaging software (Nikon 

Instruments Inc, Melville, NY). Fura-2 ratios (F340/F380) reflecting the change in 

intracellular Ca2+ upon stimulation were recorded. Values were obtained from 100 to 

250 cells in time-lapse images from each coverslip. The threshold of cellular 

activation was defined as 20% above the baseline. 

HEK293 cell culture and transfection 
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H E K 2 9 3  c e l l s  w e r e  g r o w n  a s  a  m o n o l a y e r  u s i n g  p a s s a g e  n u m b e r s  l e s s  th a n  3 0  a n d  

m a i n ta i n e d  i n  D M E M  ( L i f e  T e c h n o l o g i e s ,  C a r l s b a d ,  C A ,  U S A ) ,  s u p p l e m e n te d  w i th  

1 0 %  F B S  ( L i f e  T e c h n o l o g i e s ) ,  1 0 0  U  m L − 1  p e n i c i l l i n ,  a n d  1 0 0  μ g  m L − 1  

s tr e p to m y c i n  i n  a  h u m i d i f i e d  i n c u b a to r  a t  3 7 ° C  w i th  5 %  C O 2.  T h e  c e l l s  w e r e  

t r a n s i e n tl y  t r a n s f e c te d  w i th  a  c D N A  f o r  m o u s e  T R P V 1  ( m T R P V 1 )  u s i n g  

L i p o f e c ta m i n e  2 0 0 0  ( I n v i t r o g e n ,  C a r l s b a d ,  C A ,  U S A )  w i th  a  r a t i o  o f  0 . 8 : 2 .  

F o l l o w i n g  t r a n s f e c t i o n ,  th e  c e l l s  w e r e  m a i n ta i n e d  i n  D M E M  a t  3 7 ° C  f o r  2 4  h  b e f o r e  

u s e .  

P a t c h - c l a m p  r e c o r d i n g s  

W h o l e - c e l l  p a tc h - c l a m p  r e c o r d i n g s  w e r e  p e r f o r m e d  u s i n g  a n  A x o n  7 0 0 B  

a m p l i f i e r  ( M o l e c u l a r  D e v i c e s ,  S u n n y v a l e ,  C A ,  U S A )  a t  r o o m  te m p e r a tu r e  ( 2 2 –

2 4 ° C )  o n  th e  s ta g e  o f  a n  i n v e r te d  p h a s e - c o n tr a s t  m i c r o s c o p e  e q u i p p e d  w i th  a  f i l te r  

s e t  f o r  G F P  v i s u a l i z a t i o n .  P i p e tte s  p u l l e d  f r o m  b o r o s i l i c a te  g l a s s  ( B F  1 5 0 - 8 6 - 1 0 ;  

S u tte r  I n s tr u m e n t ,  N o v a to ,  C A ,  U S A )  w i th  a  S u tte r  P - 1 0 0 0  p i p e tte  p u l l e r  h a d  

r e s i s ta n c e s  o f  2 - 4  M Ω ,  w h e n  f i l l e d  w i th  p i p e tte  s o l u t i o n  c o n ta i n i n g  1 4 0  m M  C s C l ,  2  

m M  E G T A  a n d  1 0  m M  H E P E S  w i th  p H  7 . 3  a n d  3 1 5  m O s m  L
−1

 o s m o l a r i ty .  T h e  

w h o l e - c e l l  m e m b r a n e  c u r r e n ts  w e r e  r e c o r d e d  u s i n g  v o l ta g e  r a m p s  f r o m  − 1 0 0  to  

+ 1 0 0  m V  f o r  5 0 0  m s  a t  a  h o l d i n g  p o te n ti a l  o f  0  m V .  D a ta  w e r e  a c q u i r e d  u s i n g  

C l a m p e x  1 0 . 4  s o f tw a r e  ( M o l e c u l a r  D e v i c e s ) .  C u r r e n ts  w e r e  f i l te r e d  a t  2  k H z  a n d  

d i g i t i z e d  a t  1 0  k H z .  D a ta  w e r e  a n a l y z e d  a n d  p l o tte d  w i th  C l a m p f i t  1 0  ( M o l e c u l a r  

D e v i c e s ) .   
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Skin lesion score 

The severity of BB-UVB induced mouse skin lesion was assessed using the standard 

scores of Leung (Leung, 1997). In brief, symptoms of itch (erythema, edema, 

scarring, and decrustation) were evaluated. Each sign was graded from 0 to 3 (none, 

0; mild, 1; moderate, 2; severe, 3). The total score is defined as the sum of the 

individual scores, which ranges from 0 to 12. 

Histological evaluation of skin lesion 

Mouse skin was harvested and then fixed in 4% paraformaldehyde in 

phosphate-buffered saline (PBS), dehydrated in 30% sucrose, and embedded in 

OCT. The tissue was cut into twelve-micron sections in a Leica CM1950 cryostat 

(Leica Biosystems, Buffalo Grove, IL). Hematoxylin and Eosin staining was 

performed according to standard protocols. After the imaging is completed, the 

Image-Pro Plus 6.0 analysis software is used. The pixel was uniformly used as the 

standard unit to measure the thickness of the 5 epidermis randomly selected in each 

slice. Each group contains 3 HE slices from 3 mice. 

Spared Nerve Injury (SNI) model 

C57BL/6J mice were subjected to peripheral neuropathy induced by SNI operation 

(Liu et al., 2015). In brief, the mice were anesthetized and the biceps femoris muscle 

was exposed. A section was made through the biceps femoris to further expose the 

sciatic nerve and its three terminal branches: the sural, common peroneal, and tibial 
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nerves. The common peroneal and tibial nerves were tightly ligated with 6.0 silk 

suture. The nerve stump distal to the ligation was removed (2 to 4 mm). The muscle 

and skin were then separately closed. For sham surgery, the sciatic nerve was 

exposed as described above, with no operations on the nerve. And the measurement 

of mechanical pain threshold was tested via Von Frey test. 
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F i g u r e  L e g e n d s  

F igure 1. B B -U V B  ir r adiation evokes scr atching behavior  in mice. (a) D iagram illustrating the device and 

experimental protocol used for the generation of a mouse model of U V  irradiation-induced itch. U pper panel: 

T he U V-emitting device (1) targeting a small skin area is placed on the metal shelf (2) and parallel to the shading 

gasket (3), which ensures that the U V  light source can only pass through the circular hole on the gasket with an 

area of 1 cm
2
. T his design enables the circular frame aligned with the circular hole on top of the mouse back 

skin. L ower panel: T he time course used to generate the mouse model of U V  irradiation-induced itch. (b) D ose 

and time-dependent scratching responses in mice irradiated by B B -U V B  irradiation. n =  5 for 1600 mJ/cm
2
, 800 

mJ/cm
2
 and 400 mJ/cm

2 
group, n = 6 for 200 mJ/cm

2
 and sham group. (c) U VA  irradiation did not induce 

scratching in mice. n =  5 for each group. (d) N B -U V B  (800 mJ/cm
2
) induced a short-lived scratching response in 

mice. n = 5 for each group. A ll data were expressed as mean ± S E M. *p < 0.05, **p < 0.01, ***p <  0.001, 

two-way A N OVA  with post hoc B onferroni test. 
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F ig u r e 2. B B -U V B  ir r ad iation  ev ok es itch  b u t n ot p a in  sen sation . (a -b ) H indpaw  scratching  (a ) and forepaw  

w iping  (b ) behav iors induced by  B B -U V B  irradiation on the cheek  of mice. n =  6 for B B -U V B  g roup, n=  5 for 

sham g roup. (c) R epresentativ e imag e show ing  a typical  hindpaw  scratching  behav ior in a mouse after B B -U V B  

irradiation on the cheek . (d -e) B B -U V B -ev ok ed scratching  in mice treated w ith naltrex one (10 mg /k g ) (d ), n =  

11 for each g roup or ibuprofen (150 mg /k g ) (e), n =  12 for each g roup. (f -g ) S cratching  (f )  and w iping  (g ) 

behav iors ev ok ed by  N B -U V B  irradiation on the cheek  of mice. n =  5 for each g roup. (h ) N B -U V B -induced 

w iping  behav ior in mice treated w ith v ehic le or ibuprofen (150 mg /k g ). n =  5 for each g roup. ( i )  S N I -induced 

neuropathic  pain behav ior in mice treated w ith ibuprofen (150 mg /k g ) or v ehic le. n =  5 for each g roup. A l l  data 

w ere presented as mean ±  S E M  and analyz ed w ith tw o-w ay  A N O V A  w ith post hoc B onferroni  test. *p <  0.05, 

**p <  0.01, ***p <  0.001, ns, not sig nificant. 

 

F igure 3. T R P V 1 mediates B B -U V B -induced itch. (a) B B -U V B -induced scratching behavior in wt, Trpv1
-/-

, 

Trpa1
-/-

 and Trpv4
-/- 

mice. n = 12 for wt (C 57BL /6J ), n =  11 for Trpv1
-/-

, n =  14 for Trpa1
-/-

, n =  14 for Trpv4
-/-

. A ll 

mice were backcrossed to the C 57BL /6J  background for more than 10 generations. (b) B B -U V B -induced 

scratching in mice treated with vehicle or RT X . n =  10 for vehicle group, n =  12 for RT X  group. (c-d) 

B B -U V B -induced scratching in mice treated with A MG 9810 (0.003 mg/kg) or vehicle starting from D ay 0 (c, n 

=  7 for A MG 9810 group, n = 9 for vehicle group) (preventative) or D ay 3 (d, n =  6 for A MG 9810 group, n =  10 

for vehicle group) (acute inhibition). A ll data were presented as mean ± S E M and analyzed with two-way 

A N OVA  with post hoc B onferroni test. *p <  0.05, **p <  0.01, ***p <  0.001. 

 

F igure 4. T R P V 1 is not involved in B B -U V B -induced sk in inflammation and mast cell-deficiency does not 

affect B B -U V B -induced per sistent itch. (a) B B -U V B -induced scratching in wt littermate control and mast 

cell-deficient sash mice. n = 7 for each group. ns, not significant, two-way A N OVA  with post hoc B onferroni 

test. (b) B B -U V B -induced skin lesion score between wt and Trpv1
-
/
-
 mice. n =  6 for wt group, n =  6 for Trpv1

-
/
-
 

group. ns, not significant (c) S tatistical analysis of the relative epidermal thickness in wt, Trpv1
-
/
-
, and sham 

groups. A ll data were presented as mean ±  S E M and analyzed with S tudent t test. ***p <  0.001, ns, not 

significant. (d) R epresentative histological images from wt, Trpv1
-
/
-
, and sham groups at day 3. S cale bar = 200 

μm.  

 

F igure 5. B B -U V B  ir r adiation sensitizes D R G  neurons through promoting the expression and function of 

T R P V 1. (a) B B -U V B  irradiation-induced changes in the expression of mR N A  transcripts of Trpv1, Trpa1, 

Trpv3, Trpv4, Trpc4 and Trpm8 in D R G  neurons. (b) R epresentative traces showing [C a
2+

]i responses evoked by 

10 nM, 100 nM, 300 nM of capsaicin (3-4 independent repeats) in D R G  neurons innervating the irradiated or 
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sham-treated skin. 100 mM KCl was used as positive control. Each colored line represents an individual cell. 

Statistics were shown on the right. All data were presented as mean ± SEM and analyzed with Student t test. *p 

< 0.05, **p < 0.01, ns, not significant. 
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Supplementary Figure S1. Effects of UV associated with different wavelengths on skin. UV 

radiation in the sunlight could be divided into UVA, UVB and UVC based on the wavelength. 

UVA (320 to 400 nm) could penetrate into the dermal layer of the skin, UVB radiation (290 to 320 

nm) is absorbed in the epidermis and superficial dermis while most of the UVC (200 to 290 nm) is 

absorbed by ozone layer. Specifically, NB-UVB (~311 nm) has been widely used in clinical 

treatment of skin disease such as psoriasis, atopic dermatitis, and vitiligo. Graph was modified 

from Asheesh Gupta et al. 2013 (DOI: 10.1089/wound.2012.0366). 

Supplementary Figure S2. NB-UVB (6000 mJ/cm2) induces an acute scratching response in 

mice. n = 6 for each group. All data were presented as mean ± SEM and analyzed with two-way 

ANOVA with post hoc Bonferroni test. **p < 0.01. 

Supplementary Figure S3. Validation of chemical ablation of TRPV1-expressing primary 

afferents by RTX. n = 5 for each group. Mice treated with RTX showed a significant increment in 

tail flick latency when compared with mice treated with vehicle control, indicating a successful 

ablation of TRPV1-expressing primary afferent. All data were presented as mean ± SEM and 

analyzed with Student t test. ***p < 0.001. 

Supplementary Figure S4. TRPV1 is not directly activated by BB-UVB irradiation. 

Representative TRPV1-mediated current traces induced by 1 µM capsaicin in HEK293 cells 

transfected with TRPV1 plasmid. BB-UVB irradiation did not activate a detectable current. 

Current-voltage (i-v) relations obtained from voltage-ramps from -100 to +100 mv. n= 4 

independent repeats.  

Supplementary Figure S5. BB-UVB irradiation does not alter skin temperature. The skin 

surface temperatures in sham, BB-UVB and naïve group were not significantly changed during the 

BB-UVB irradiation. n = 7 for each group. All data were presented as mean ± SEM and analyzed 

with Student t test. ns, not significant.  

Supplementary Figure S6. No changes in the percentage of TRPV1-responsive DRG neurons 

isolated from BB-UVB-irradiated mice in response to 300 nM capsaicin. Statistics show that 

300 nM of capsaicin elicited intracellular Ca2+ response in comparable proportions of DRG 

neurons innervating the irradiated skin area from naïve (n=256 cells), sham (Day3, 415 cells) or 

BB-UVB (Day3, n=407 cells) group from 3 independent repeats. 

Supplementary Figure S7. Expression of Trpv1 mRNA transcripts in DRG neurons does not 

increase immediately after BB-UVB irradiation. Three mice for one dot, the total number of 

mice was 3×4=12 in sham and BB-UVB group. All data were presented as mean ± SEM and 

analyzed with Student t test. ns, not significant.  

Supplementary Figure S8. Increased keratinocyte proliferation and macrophage infiltration 

in skin preparations from mice subjected to BB-UVB irradiation. IHC staining showed the 

expression patterns of K14 and F4/80 in sham and BB-UVB groups. n=3 independent repeats. 

Scale bar = 200 μm. 
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