
lfil@l~@110@l ~~0\Yl@l~® ~®ITTI~©lfW 


~®lliJ [J@[ft)~ fb(ffi©Jfb M@©J lliJ ~©Jfb® [p)©J o[ft) 


rru mi 0~ lf w rru p l}=ij l~a ~ 

~ irWJ ir M w a ~ mi ~ 



    

e.g. TRPA 1, TRPV1, P2X, DAMP 

e.g. IL-1 p recep., TNF-a. 

Receptors & Toxins 

1~ 
® v 

e.g. TLRs, NODs _______________ __.. 

Chiu et al  Nature Neuroscience 2012
 



     

---- Saline --..- S. aureus 
Mechanical sensitivity Heat sensitivity Acetone response 

1.5 
*** *** * 

20 
*** *** *** 10 *** * 1.0 -- -16 .!!]., 

8 .9 0.6 .!!]., CT) 

~ 0.4 6 12 
c 

:.i: 6 
..c c (.) 

CJ) Q) .::::::::: 
~ 0.2 +-' 8 CT) 4 ~ 

..c _J c 

I- 0.1 £ 
4 :.:J 2 

0.05 0 0 
0 1 3 6 24 48 72 0 1 3 6 24 48 72 0 1 3 6 24 48 72 

Time after infection (h) 

Live bacterial infection Chiu et al  Nature 2013 



     

Nav1 .8-TdTomato 

S. aureus 
GR1 

1 hour 3 hours 24 hours 

Live bacterial infection Chiu et al  Nature 2013 



     

------ Neutrophils 
S. aureus bacterial load 

--.-- Ly6cl0 monocytes 
107 

----- Ly6chi monocytes • ..--
C') 

• 0 45 106 -r • 
r-

-if!-6 35 Q) 
:l 

105 •• • ~ 25 
(/) • (/) • I :.;::::; 

~ 
(/) 

E 10
4 • 

(/) 15 
~ 

+;:j -=> O> 5 LL 103 E 3 0 
~ 

Q) 2 102 Q. 
(/) 1 

101 
~ ~ ~ 

Q) 0 
~ ~ ~ u 0 1 3 6 24 4 72 "' ".:> Q:) ~ txro '\rv 

Time after infection (h) 
Time post-infection 

Live bacterial infection Chiu et al  Nature 2013 



     

....-
(/) ...._ 
>-
(.) 
c 
Q) ...... 
ro 
_J 

S. aureus bacterial load 

107 • 
106 • 

Q) -r 
:J 

105 •• (/) 
(/) 

+:i • 

• 
-ie-
• • 

E 10
4 -4:fe T 

• ..._ 
:::> 
LL 
() 

20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
0 

103 

102 

101 
~ 
" 

~ 
~ 

est-infection 

Radiant at sensitivity 

*** * * *** 

0 hr 1 hr 3 hr 6 hr 24 hr 48 hr 72 hr 

Time post-infection Live bacterial infection Chiu et al  Nature 2013 



  

I.I) 
v 
0 
0 

.0 

"""" """" 0 
0 

,........ 
C> .......... 

"'O 
0 
~ 
(/) 
Q) ..... 
~ ._... 
>. 
Q) ..... 

LL 
c 

~ 

S. aureus 
Naive +Rat lgG 

10' 

10• 

1o' 

101 

1 rl ,.o 1•1 1o2 103 104 1rl' 101 1r Hr 

CD11b 
1o" 

·- ~ e ·~ 
1rr ,. ' . ··r +'J!. I. . 

101 '·~. : 

1ef' 
1ef' 101 1o2 103 10• 10° 10' 1ri 1rs' 

Ly-6G 

S. aureus 
+ GR1 

1 .. 1t0 1t 1 1e2 103 

,f/ 
;.-'">. 

1o'4 1rf 101 1cil 10' 

10• 

104 

Paw tissue FACS 

D Naive (n=4) 

• S. aureus +Rat lgG (n=4) 

• S. aureus + GR1 (n=4) 
p=0.037 

2sooo H 
Q) 

~ 20000 
(/) 
:p 

Ol 15000 
E 

en 10000 
Qi 
0 

~ 5000 

0 

p=0.028 

H 
p=0.099 

1----1 

~ GR1; S. aureus (n=10) ...,._ Rat lgG; S. aureus (n=10) ~ GR1 ; Saline (n=10) 
Bacterial Load (49 hr) 

2.0 
Mechanical sensitivity 

20 
Radiant heat sensitivity p=0.0002 

1.4 *** 107 I I 
18 *** *** 1.0 ,........ 

~ (/) 16 
106 0.6 "'O 

0.4 c 14 Q) 
0 :J 
(..) 

12 (/) 105 

~ Q) (/) 
(/) +=' 0.16 .......... 10 

~ 104 
0.1 >. 

(..) 8 ..._ • c ::> 
Q) 6 LL 103 - () 0.04 Ctl 

__J 4 
102 

2 

0.01 0 101 

0 ~ ~ ~ ~ ~ 0 ~ ~ ~ ~ Rat lgG GR1 ~~ 

" '?:> <o ~ t1' ~~ ~ '\ '),.~ 't:J..o:, ~<ti ~0 
<¢1j <¢1} 

Time post-infection Time post-infection Chiu et al  Nature 2013
 



     Live bacterial infection Chiu et al  Nature 2013 



 

 

 

    

Basal Capsaicin
 

Staph. Aureus 

Heat-killed Bacteria Chiu et al  Nature 2013
 



    

S. aureus 

20 s 
break 

Pi&'I Resting 
• S. aureus 

Cap- Cap+ 

20 s 
break 

0. 24 
c::( 20 

(L) 16 
g' 12 
ro 

..c 
(.) 
I 

'"C 

8 
4 

Cap 

-1 min 

p=0.016 
I I 

0 
IL 0 .Lc:=::i__L__L 

Cap- S. aureus+ 

Heat-killed Bacteria Chiu et al  Nature 2013 



    

oTotal • Capsaicin+ -~ 60 - ,..-._ 80 
..!!]., 

~ 60 

~ 40 
O> 
c 
32 20 
() 

:....J 

Acute pain response 

** * 
* * 

Heat-killed Bacteria Chiu et al  Nature 2013 



  

 

Toll-like Receptor ligands
 

TLR3/7/9  




     

1.5 

1.0 

0) 0.6 -->. 
~ 0.4 

LL 
c 0.2 
g 

0.1 

....... WT; S. aureus 
-- Tlrr1-; S. aureus 
-..... WT; saline 

-
1.5 

1.0 

9o.6 
>. 
Q) 

LI: 0.4 
c 
0 
> 0.2 

....... WT; S. aureus 
-- MydBa-1-; S. aureu~ 
-- WT; saline 

0. 05 -'--r------.---.---..-~-.-------..--
0 1 3 6 24 48 72 0 1 3 6 24 48 72 

Time after infection (h) 

Live bacterial infection Chiu et al  Nature 2013 



  

   

Formyl peptides
 

Chiu et al  Nature 2013
 



   

1.5 ,.... 
s 
"O 1.0 
0 
"£\ 0.6 
~ 
~ 0.4 
>. 
~ 

~ 0 .2 

~ 

Mechanical sensitivity ...... WT mice (n=10) 

- FPR1-/- mice (n=10) 

Time after injection 

20 

~ 
c: 10 
2 
ro 

...J 

5 

Radiant heat sensitivity ...... WT mice (n=6) 

- FPR1-/- mice (n=6} 

Time after injection 

Chiu et al  Nature 2013
 



    

Basal fMLF AITC Capsaicin 

fMLF application 

fMIFL responses 

p=0.016 

10 
0) 
c 
'O 
c 8 0 
a. 
U> 

~ 
6 U> 

c 
e 

Total (616) 

:> 
QI 4 c 

C> 
a:: 
0 2 
~ 0 

S. aureus application 

0 

~'v ~<(-
x 

~'v 

Total (718) 

Heat-killed Bacteria Chiu et al  Nature 2013 



   

Basal 

S. aureus 
Supernat. 

Capsaicin 

S. aureus 
6 supernat. AITC Cap 

0 1 2 3 4 5 

Time (minutes) 

Chiu et al  Nature 2013
 



     

  Alpha-Hemolysin (αHLa)
 

Staph. Aureus α-hemolysin Song et al, Science 1996
 



   

   

3 
0 
co 2 
~ 
""" Cf) 1 
LL 

aHL Cap 

Q---...--.-..-.---.-..-.---.-.--.---.-.--.-

0 4 8 12 16 20 24 
Time (min) 

Basal α-hemolysin Capsaicin
 

Chiu et al  Nature 2013
 



   

Immediate Hla 
activation 

Hla(75) 

Total (594) 

Chiu et al  Nature 2013
 



   

aHL acute pain 

300 * *** *** 

Cii 250 •• -g> 200 • •• 
~f ·-

~ • (.) 150 ·--............ 
Q) 100 

! 
• • c .._. • 

OJ 50 • • 
0 ~ • 

Chiu et al  Nature 2013
 



   

800 
c 
E 
(/j 400 
m 

:.i=i 
c 0 Q) ....... 800 0 
c.. 
c 
0 400 :.i=i 
() 
m 

:i:t:: 0 

Multi-electrode recording 

Hla 

i 
HlaH35L 

i 
0 3 6 9 12 15 18 21 24 

Time (minutes) 

-- 100 en -..-

Acute pain induction 

--- Hla 
-&- HlaH35L 

Chiu et al  Nature 2013
 



Mechanical nociceptor 


, -, ,,, 

alpha-hemolysin ~ 

other components 

S. aureus 

Thermal nociceptor 




b4.0 
~ 

x 
~ 

~ 3.0 
(/) 

.!ll 
;2.0 
E 
~ 

~ 1.0 
(/) 

41 
0 	 0 

• B cells 
Neutrophils Monocytes Draining popliteal lymph nodes • Tcells 

P=0.107 P = 0.0038 
1----i 1----i 

0 

• 
• 	

00 

•• 0 

i t 	 § 
0~ 6-.~ 0.S 6-.~ 0'-~ f--~o.S f--~

'> '> '> '> 

Uninf. S. aureus Uninf. S. aureus 
infected infected 

(j o..S '>"'"'?- (j '>"'"'?

Uninfected S. aureus S. aureusI1 cm 
infected 	 infected 

CJ Neutrophil 
• Monolmacro.LN cellularity 

Subsets P = P = 2500.048 0.0008 
2000 

0 	 150 

100 

08 500•• 
~ 

.,p 

0 
.s.s '>"'"'?

c( 

~ 

CIC! 

>al z 

g 

8 
c: 

~,. 

0 
~ ..1$. 
~ 

~ 

::>c: 
= 
41 
0 

800 

600 

400 

200 

0 



ARTICLE 

doi: 10.1038/ nature12479 

Bacteria activate sensory neurons that 
modulate pain and inflammation 
Isaac M. Chiu\ Balthasar A. Heesters2

•
3

, Nader Ghasernlou1, Christian A. Von Hehn1, Fan Zhao4
, Johnathan Tran1, Brian Wainger1, 


Amanda Strorninger1, Sriya Muralidharan1, Alexander R. Horswill5 , Juliane Bubeck Wardenburg6
, Sun Wook Hwang1·7, 


Michael C. Carroll2 & Clifford J. Woolf 


NEWS&VIEWS 
NEUROSCIENCE 

Bacteria get on 
your nerves 


	Bacteria Activate Sensory Neurons that Modulate Pain
	lfil@l~@110@l ~~0\Yl@l~® ~®ITTI~©lfW .~®lliJ [J@[ft)~ fb(ffi©Jfb M@©JlliJ ~©Jfb® [p)©J o[ft) .
	Chiu et al  Nature 2013. 
	Basal Capsaicin. 
	Toll-like Receptor ligands. 
	Formyl peptides. 
	Staph. Aureus α-hemolysin Song et al, Science 1996. 
	Basal α-hemolysin Capsaicin. 
	Chiu et al  Nature 2013. 
	Mechanical nociceptor .
	b4.0 
	NEWS&VIEWS 




