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A b s t r a c t

Pe ric y te s p h y s ic a lly s u r rou n d th e c a p illa r y e n doth e liu m , c on ta c tin g a n d c om m u n ic a tin g w ith

a s s oc ia te d v a s c u la r e n doth e lia l c e lls v ia c e ll–c e ll a n d c e ll–m a tr ix c on ta c ts . Pe r ic y te –e n doth e lia l

c e ll in te r a c tion s th u s h a v e th e p ote n tia l to m odu la te g row th a n d fu n c tion of th e

m ic rov a s c u la tu r e . He re w e e m p loy th e e x p e r im e n ta l fi n din g th a t p e r ic y te s c a n b u c k le a

fr e e s ta n din g , u n de r ly in g m e m b r a n e v ia a c tin -m e dia te d c on tr a c tion . Pe r ic y te s w e r e c u ltu r e d on

de form a b le s ilic on e s u b s tr a ta , a n d p e r ic y te -g e n e r a te d w r in k le s w e r e im a g e d v ia b oth op tic a l

a n d a tom ic forc e m ic ros c op y (AFM). Th e loc a l s tiffn e s s of s u b c e llu la r dom a in s b oth n e a r a n d

fa r from th e s e w r in k le s w a s in v e s tig a te d b y u s in g AFM-e n a b le d n a n oin de n ta tion to q u a n tify

e ffe c tiv e e la s tic m odu li. Su b s tr a tu m b u c k lin g c on tr a c tion w a s q u a n tifi e d b y th e n orm a liz e d

c h a n g e in le n g th of in itia lly fl a t r e g ion s of th e s u b s tr a ta (c orr e s p on din g to w r in k le c on tou r

le n g th s ), a n d a m ode l w a s u s e d to re la te loc a l s tr a in e n e rg ie s to p e r ic y te c on tr a c tile forc e s . Th e

n a tu r e of p e r ic y te -g e n e r a te d w r in k lin g a n d c on tr a c tile p rote in -g e n e r a te d forc e tr a n s du c tion w a s

fu r th e r e x p lore d b y th e a ddition of p h a r m a c olog ic a l c y tos k e le ta l in h ib itors th a t a ffe c te d

c on tr a c tile forc e s a n d th e e ffe c tiv e e la s tic m odu li of p e r ic y te dom a in s . Ac tin -m e dia te d forc e s

a r e s u ffi c ie n t for p e r ic y te s to e x e r t a n a v e r a g e b u c k lin g c on tr a c tion of 38% on th e e la s tom e r ic

s u b s tr a ta e m p loy e d in th e s e in vitro s tu die s . Ac tom y os in -m e dia te d c on tr a c tile forc e s a ls o a c t

in vivo on th e c om p lia n t e n v iron m e n t of th e m ic rov a s c u la tu r e , in c lu din g th e b a s e m e n t

m e m b r a n e a n d oth e r c e lls . Pe ric y te -g e n e r a te d s u b s tr a tu m de form a tion c a n th u s s e r v e a s a dir e c t

m e c h a n ic a l s tim u lu s to a dja c e n t v a s c u la r e n doth e lia l c e lls , a n d p ote n tia lly a lte r th e e ffe c tiv e

m e c h a n ic a l s tiffn e s s of n on lin e a r e la s tic e x tr a c e llu la r m a tr ic e s , to m odu la te p e r ic y te –e n doth e lia l

c e ll in te r a c tion s th a t dir e c tly in fl u e n c e b oth p h y s iolog ic a n d p a th olog ic a n g iog e n e s is .

S On lin e s u p p le m e n ta r y da ta a v a ila b le from s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia

(Som e fi g u r e s in th is a r tic le a r e in c olou r on ly in th e e le c tron ic v e r s ion )

1. I n t r o d u c t io n

Pe riv a s c u la r c e lls s u c h a s p e r ic y te s a n d v a s c u la r s m ooth

m u s c le c e lls (SMCs ) a re m u r a l c e lls th a t s u r rou n d c a p illa r ie s

4 Th e s e a u th or s c on tr ib u te d e q u a lly .
5 Au th or s to w h om a n y c or r e s p on de n c e s h ou ld b e a ddre s s e d.

a n d p os t-c a p illa r y v e n u le s [3]. Pe ric y te s a r e in c r e a s in g ly

u n de r s tood to p la y k e y role s in m ic rov a s c u la r p h y s iolog y

a n d p a th op h y s iolog y , in c lu din g r e g u la tion of m ic rov a s c u la r

r e m ode lin g , m a tu r a tion , a n d s ta b iliz a tion du r in g a n g iog e n e s is

(g row th of n e w b lood v e s s e ls ) a n d ly m p h a n g iog e n e s is [6, 7].

Un lik e SMCs , p e r ic y te s a r e a c tu a lly e m b e dde d w ith in
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th e b a s e m e n t m e m b r a n e , a n e x tr a c e llu la r m a tr ix (ECM)

c om p r is in g p rote in s s u c h a s fi b ron e c tin a n d c olla g e n . Pe r ic y te s

h e lp to c o-c r e a te BM in a s s oc ia tion w ith th e c a p illa r y -

a n d v e n u la r-de riv e d e n doth e lia l c e lls . Both p e r ic y te s a n d

SMCs of a rte r iole s , v e in s a n d a rte r ie s e s ta b lis h in tim a te

c e ll–c e ll c on ta c ts th a t s e r v e to c oordin a te v a s c u la r ton u s

a n d diffe r e n tia tion du rin g de v e lop m e n t, a du lt life , a n d

p rog r e s s ion of v a s c u la r dis e a s e [6, 7]. Re c e n tly , it h a s b e e n

de m on s tr a te d th a t p e r ic y te –e n doth e lia l c e ll in te r a c tion s p la y

a c r itic a l role in p h y s iolog ic a n d p a th olog ic a n g iog e n e s is

[6, 11, 12]. Th e s e r e s e a r c h e r s foc u s e d p r im a r ily on th e

c h e m ic a l in te r a c tion s b e tw e e n e n doth e lia l c e lls a n d p e r ic y te s ,

in c lu din g (i) th e role s th a t b a s e m e n t m e m b r a n e p rote in

c om p on e n ts p la y in m odu la tin g m ic rov a s c u la r c e ll g row th

a n d c on tr a c tile p h e n oty p e , or (ii) th e r e g u la tory role s

th a t s u r v iv a l a g e n ts a n d g row th fa c tors p la y in s ig n a lin g

a da p tiv e r e s p on s e s in c e ll–m a tr ix a s s oc ia tion s v ia s ig n a lin g

p a th w a y s th a t m odu la te e n doth e lia l c e ll c y c le k in e tic s a n d/or

p rolife r a tiv e p h e n oty p e . Fu r th e r, it h a s b e e n s h ow n th a t

p e r ic y te –e n doth e lia l in te r a c tion s a t g a p ju n c tion s r e g u la te

m ic rov a s c u la r dy n a m ic s du r in g de v e lop m e n ta l or dis e a s e -

a s s oc ia te d p h e n om e n a [7].

De s p ite th is r e c e n t a n d de e p e n e d u n de r s ta n din g of th e b io-

c h e m ic a l s ig n a l tr a n s du c tion r e g u la tin g s u c h v a r ie d p h e n om -

e n a a s g row th fa c tor–re c e p tor in te r a c tion s , m a tr ix a dh e s ion , or

e le c troc h e m ic a l ion s ig n a lin g v ia g a p ju n c tion s [6, 7, 13, 14],

little is k n ow n r e g a rdin g th e r e g u la tory role of m e c h a n ic a l

in te r a c tion s b e tw e e n p e r ic y te s a n d e n doth e lia l c e lls . It is

w e ll e s ta b lis h e d th a t oth e r p e r iv a s c u la r c e ll ty p e s s u c h a s

SMCs [15–17] e x e r t a c tom y os in -m e dia te d c on tr a c tion a g a in s t

e x tr a c e llu la r m a tr ic e s , a n d w ill a c tiv e ly c ou n te r e x te r n a lly

a p p lie d te n s ile forc e s [18]. Su c h r e s u lts s tron g ly s u p p ort

th e ide a th a t p e r ic y te s a n d SMCs m a y p la y a n im p or ta n t

role in e n doth e lia l in te r a c tion s , m e c h a n otr a n s du c tion , a n d

a n g iog e n e s is . W h ile b ioc h e m ic a l s ig n a lin g c a s c a de s a n d n e t-

w ork s h a v e b e e n p a r tia lly c h a r a c te r iz e d a s p la y in g m odu la tory

role s in r e g u la tin g th is p e r ic y te fu n c tion , m e c h a n oc h e m ic a l

or m e c h a n ic a l m e c h a n is m s of p e r ic y te s a n d SMCs h a v e n ot

y e t b e e n c on s ide r e d a s im p or ta n t m odu la tors of m ic rov a s c u la r

dy n a m ic s du r in g p h y s iolog ic or p a th og e n ic p roc e s s e s .

Me c h a n ic a l c on ta c t b e tw e e n p e r ic y te s a n d e n doth e lia l

c e lls h a s b e e n im p lie d b y a n a n a ly s is of th e in tr a c e llu la r

c y tos k e le ton -de p e n de n t s ig n a lin g p a th w a y s th a t a r e c on trolle d

b y a n d re c ip roc a lly r e g u la te th e p h y s ic a l or c h e m ic a l

in te r c on n e c tion s th a t e x is t a m on g th e a c tin n e tw ork , p la s m a

m e m b r a n e a n d th e a s s oc ia tin g e x tr a c e llu la r m a tr ix [7, 19, 20].

It is a p p r e c ia te d th a t e a c h c e ll is in c om m u n ic a tion w ith

its m ic roe n v iron m e n t, tr a n s du c in g b ioc h e m ic a l s ig n a ls v ia

b a s e m e n t m e m b r a n e c on ta c ts , foc a l a dh e s ion c om p le x e s ,

or c e ll–c e ll a s s oc ia tion s [21]. For e x a m p le , a c tiv a te d

tr a n s m e m b r a n e p rote in s te r m e d in te g r in s c a n b in d to ECM

lig a n ds s u c h a s c olla g e n or fi b ron e c tin , th is b e in g follow e d b y

in tr a c e llu la r s ig n a lin g v ia m e m b r a n e k in a s e s , a n d c y tos k e le ta l-

a s s oc ia te d e ffe c tors th a t te th e r th e in te g r in s to c y tos k e le ta l

a c tin fi la m e n ts . Se v e r a l Rh o GTP-de p e n de n t s ig n a lin g

p a th w a y s [7] e x e r t th e ir in fl u e n c e on th e a c tin -m e dia te d

m e c h a n ic a l forc e tr a n s du c tion b y a m u ltitu de of e ffe c tors

th a t in c lu de a c tom y os in - a n d a c tin -a s s oc ia te d p h os p h op rote in

k in a s e s . W ith in th e c e ll, m e c h a n ic a l forc e s a r e g e n e r a te d

or de s ta b iliz e d th rou g h th e s e dow n s tr e a m e ffe c tors , p e r h a p s

th rou g h a c tin fi la m e n t p oly m e r iz a tion , or v ia th e in h ib ition

of a c tom y os in -b a s e d c on tr a c tion [22–24]. Im p orta n tly ,

in te g r in s a n d a s s oc ia te d a da p te r p rote in s p h y s ic a lly c on n e c t

th e in tr a c e llu la r a c tin s tr e s s fi b e r s w ith th e ECM a n d

th e r e b y p rov ide a m e a n s to tra n s m it a c tin -m e dia te d forc e s

to th e e x tr a c e llu la r e n v iron m e n t. Th e role of in te g r in s in

m e c h a n otr a n s du c tion h a s b e e n s tu die d in SMCs [18, 25] a n d

p e r ic y te s [19, 20]. For e x a m p le , K u tc h e r e t a l [7] u s e d

c om p lia n t s ilic on e r u b b e r s u b s tr a ta (p oly (dim e th y l s ilox a n e ),

or PDMS) to s h ow th a t w r in k lin g of th e s u b s tr a ta r e s u lte d from

th e a tta c h m e n t forc e s tr a n s m itte d from th e a c tin c y tos k e le ton

v ia in te g r in s e x p r e s s e d on p e r ic y te s . How e v e r, th e s e p r e v iou s

s tu die s h a v e foc u s e d p r im a r ily on th e in tr a c e llu la r c om p on e n ts

a n d b ioc h e m ic a l s ig n a lin g a s p e c ts of p e r ic y te a dh e s ion , r a th e r

th a n forc e tr a n s du c tion b y p e r ic y te s th a t m a y a ffe c t m e c h a n ic a l

de form a tion or p rop e r tie s of a dja c e n t b a s e m e n t m e m b r a n e a n d

v a s c u la r e n doth e lia l c e lls .

He re , w e de m on s tr a te th a t th e a c tin fi la m e n t a s s e m -

b ly p roc e s s e s , in c lu din g fi la m e n t (de )p oly m e r iz a tion a n d

a c tom y os in -b a s e d c on tr a c tion a g a in s t a s u b s tr a tu m m a te r ia l,

p la y c r itic a l role s in r e g u la tin g p e r ic y te s h a p e , c on tr a c tility ,

c e ll–s u b s tr a tu m a tta c h m e n t, forc e g e n e r a tion , a n d s u b s tr a tu m

de form a tion (i.e ., g e n e r a l c h a n g e in s iz e or s h a p e ). As

e v ide n c e d b y w r in k le c r e a tion on PDMS s u b s tr a ta [7], th e

dy n a m ic de form a tion of ECM lig a n d-c oa te d s u b s tr a ta im p lie s

th a t m e c h a n otr a n s du c tion m e dia te s p e r ic y te a dh e s ion to a n d

de form a tion of u n de r ly in g s u b s tr a ta . Ou r a tom ic forc e

m ic ros c op y (AFM)-b a s e d im a g in g of th e liv in g p e r ic y te s ’

de form a tion of c om p lia n t s u b s tr a ta de m on s tr a te s th e r e g u -

la tory role of a c tin fi la m e n ts a n d a c tom y os in c on tr a c tion s

in th e g e n e r a tion of m e c h a n ic a l forc e s r e q u ir e d for c e lls to

s u s ta in th e ir s h a p e a n d s u s ta in c on tr a c tile p h e n oty p e . Fu rth e r,

b y u s in g p h a r m a c olog ic a l c y tos k e le ta l in h ib itor s (la tr u n c u lin

A, b le b b is ta tin , ML-7, n oc oda z ole , a n d ja s p la k in olide ), w e

dis s e c t th e r e la tiv e c on tr ib u tor y role s of a c tin dy n a m ic s

a n d a c tin –m y os in in te r a c tion s in r e g u la tin g p e r ic y te -g e n e r a te d

de form a tion of PDMS s u b s tr a ta , in c lu din g th e loc a l c e ll

s tiffn e s s a s m e a s u r e d b y AFM-e n a b le d in de n ta tion . Th e s e

r e s u lts in dic a te th a t th e a c tin c y tos k e le ton is a c r itic a l

c e llu la r in te g r a tor r e q u ir e d to s u s ta in p e r ic y te m or p h olog y a n d

m e m b r a n e te n s ion . Fu r th e r, AFM im a g in g of th e w r in k le d

s u b s tr a ta e n a b le s ou r q u a n tifi c a tion of c e ll-in du c e d s u b s tr a ta

de form a tion , w h ic h in tu r n a llow s u s to e s tim a te th e forc e s

a n d s tr e s s e s th a t c a n b e e x e r te d b y p e r ic y te s . W e a s c e r ta in th a t

th e s e m e c h a n ic a l forc e s c ou ld n ot on ly b e s u ffi c ie n t to dire c tly

de form n e a r b y c e lls , b u t a ls o m odify in tu r n th e loc a l e ffe c tiv e

e la s tic p rop e r tie s of th e a dja c e n t e x tr a c e llu la r m a tr ix . Eith e r

m e c h a n is m — dire c t p e r ic y te -g e n e r a te d m e c h a n ic a l s tim u lu s to

a dja c e n t v a s c u la r e n doth e lia l c e lls or m odifi c a tion of th e

e ffe c tiv e m e c h a n ic a l s tiffn e s s of n on lin e a r e la s tic e x tr a c e llu la r

m a tr ic e s — c a n th u s s e r v e to m odu la te p e r ic y te –e n doth e lia l

c e ll in te r a c tion s th a t dir e c tly in fl u e n c e b oth p h y s iolog ic a n d

p a th olog ic a n g iog e n e s is of th e m ic rov a s c u la r n ic h e . Th e s e

fi n din g s p oin t to a n im p orta n t n e w role for m e c h a n ic a l forc e

tr a n s du c tion in r e g u la tin g c e ll–m a tr ix a n d m ic rov a s c u la r c e ll–

c e ll dy n a m ic s du r in g p h y s iolog ic or p a th olog ic a n g iog e n e s is .
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F ig u r e 1. (A) Sc h e m a tic of AFM-e n a b le d im a g in g a n d in de n ta tion . Ce ll a n d w r in k le top og r a p h y w a s ob ta in e d from c on ta c t m ode im a g in g .
Effe c tiv e e la s tic m odu li w e r e de te r m in e d v ia in de n ta tion a t s p e c ifi c s u b c e llu la r r e g ion s of in te r e s t on th e p e r ic y te , u s in g op tic a l m ic ros c op y to
p os ition th e p rob e b oth ‘on ’ or a b ov e s u b s tr a ta w r in k le s (B) a n d ‘off’ or fa r from w r in k le s (C). In s e t im a g e s in (A)–(C) a r e AFM de fl e c tion
im a g e s , a n d b lu e a s te r is k s (∗) in dic a te c or r e s p on din g loc a tion s of in de n ta tion . (D) Su m m a r iz e s e ffe c tiv e e la s tic m odu li of p e r ic y te
m ic rodom a in s b oth on (16.3± 3.9 k Pa ) a n d off (7.4± 1.1 k Pa ) th e s e w r in k le s (s e e s e c tion 2). Error b a r s de n ote s ta n da rd de v ia tion s . Sc a le
b a r s = 20 µm .

2. M a t e r ia ls a n d m e t h o d s

2 .1 . C e ll cu ltu re

Pe ric y te s w e r e c u ltu r e d from c a p illa r y fr a g m e n ts is ola te d from

m a m m a lia n (b ov in e ) r e tin a s a s p r e v iou s ly de s c r ib e d [26].

Brie fl y , c a p illa r y fr a g m e n ts w e r e is ola te d b y c olla g e n a s e

dig e s tion of m in c e d re tin a s follow e d b y s ie v in g . Th e c a p illa r y

fr a g m e n ts w e r e p la te d in to tis s u e c u ltu r e fl a s k s in Du lb e c c o’s

m odifi e d Ea g le ’s m e diu m (DMEM) s u p p le m e n te d w ith 10%

c a lf s e r u m . Th e p e r ic y te s w e r e ide n tifi e d a n d dis tin g u is h e d

from e n doth e lia l c e lls b y th e ir la rg e r s iz e a n d ir r e g u la r

m or p h olog y , b y th e ir n on c on ta c t-in h ib ite d g row th p a tte r n s , b y

th e ir s ta in in g w ith a n ti-3G5 Ig G, a n ti-s m ooth m u s c le a c tin Ig G

a n d th e la c k of s ta in in g w ith di-I-a c y l-LDL a n d a n tis e r a to

b ov in e fa c tor V III. Th e s e c r ite r ia w e r e e s ta b lis h e d b y He rm a n

a n d D’Am ore [26] a n d s u b s e q u e n tly u s e d b y oth e r s to ide n tify

c a p illa r y p e r ic y te s .

2 .2 . S ynth e s is a nd fu nctiona liz a tion of de form a b le s ilicone

s u b s tra ta

Us e of s ilic on e a s de form a b le s u b s tr a ta for a t le a s t q u a lita tiv e

ob s e r v a tion of c on tr a c tile c e lls w a s in itia lly de m on s tr a te d b y

Ha rr is e t a l a n d oth e r s , a n d q u a n tifi e d b y Bu rton e t a l [27–29];

th is s y s te m h a s a ls o b e e n e m p loy e d in p r e v iou s p e r ic y te

s tu die s [26]. De form a b le s ilic on e fi lm s , s u p p orte d b y liq u id

s ilic on e , w e r e p r e p a r e d a s de s c r ib e d p r e v iou s ly [7, 27]. Brie fl y ,

6 µl of p oly (dim e th y l s ilox a n e ) (PDMS, Sig m a -Aldric h ) w a s

p ip e tte d u s in g a p os itiv e dis p la c e m e n t p ip e ttor on to rou n d

g la s s c ov e r s lip s of 12 m m dia m e te r. Th e PDMS w a s p e r m itte d

to s p r e a d a t room te m p e r a tu r e p r ior to th e r m a l c ros s lin k in g ,

a c h ie v e d b y p a s s in g th e PDMS-c oa te d c ov e r s lip th rou g h a

Bu n s e n b u r n e r fl a m e . Th e PDMS-c oa te d c ov e r s lip w a s th e n

p la c e d w ith in a g low dis c h a rg e a p p a r a tu s [7, 30], w h ic h is

c om p r is e d of a n a n ode , a c a th ode for g e n e r a tin g a g low

dis c h a rg e b e tw e e n th e c a th ode a n d th e a n ode u p on a p p lic a tion

of a n e g a tiv e p u ls e , a n d a tr ig g e r in g e le c trode for s ta r tin g

th e g low dis c h a rg e . Th is a p p roa c h h a s b e e n s u c c e s s fu l in

c r e a tion of h y drop h ilic s u rfa c e s , e .g ., Form v a r-c oa te d e le c tron

m ic ros c op e g r ids c oa te d w ith c a r b on , a s th e g low dis c h a rg e

a p p a r a tu s p la c e s a n e le c tr ic a lly dis c h a rg e d p la s m a on to th e

s u rfa c e of th e s ilic on e ; th is e n h a n c e s h y drop h ilic ity of PDMS

a n d p e r m its c oa tin g w ith e x tr a c e llu la r m a tr ix p rote in s , (h e r e ,

100µl of 0.1 m g m l−1 r a t ta il c olla g e n ty p e -I (BD Bios c ie n c e s ,

c a t. # 354236) in Tris –HCl b u ffe r a t p H 7.4) a n d th e s u b s e q u e n t

a tta c h m e n t of p e r ic y te s .

2 .3 . M e a s u re m e nt of loca l e la s tic m odu li a nd AFM conta ct

m ode im a g ing

An a tom ic forc e m ic ros c op e (AFM; Pic oPlu s , Ag ile n t

Te c h n olog y ) w a s in c or p ora te d w ith in a n in v e r te d op tic a l

m ic ros c op e (IX 81, Oly m p u s ) to e n a b le fa c ile p os ition in g of

AFM c a n tile v e r e d p rob e s a b ov e p e r ic y te a p ic a l s u rfa c e s (s e e

fi g u r e s 1–3). All im a g in g a n d m e c h a n ic a l c h a r a c te r iz a tion

e x p e r im e n ts w e r e c on du c te d on liv in g p e r ic y te s in fu ll m e dia

a t room te m p e r a tu r e . Ca lib r a tion of AFM c a n tile v e r s of

n om in a l s p r in g c on s ta n t k = 0.01 n N n m −1 a n d p rob e r a diu s

R = 25 n m (MLCT-AUHW , V e e c o) w a s c on du c te d a s

de s c r ib e d p r e v iou s ly [31–33]. Brie fl y , in v e r s e op tic a l le v e r

s e n s itiv ity (n m V −1; In v OLS) w a s m e a s u r e d from de fl e c tion –

dis p la c e m e n t c u r v e s r e c orde d on rig id g la s s s u b s tr a te s . Sp rin g

c on s ta n ts (n N n m −1) of AFM c a n tile v e r s w e r e m e a s u r e d

v ia th e r m a l a c tiv a tion r e c ordin g of de fl e c tion , a n d th e fa s t

Fou rie r tr a n s form of c a n tile v e r fr e e -e n d a m p litu de a s a

fu n c tion of os c illa tion fre q u e n c y w a s fi tte d a s a h a r m on ic

os c illa tor to ob ta in k. For e a c h m e a s u r e m e n t of e ffe c tiv e

e la s tic m odu li a t a n y g iv e n loc a tion on a n y g iv e n c e ll, a t

le a s t 30 re p lic a te in de n ta tion s w e r e a c q u ir e d to m a x im u m

de p th s of 10 n m . At le a s t fi v e c e lls w e r e a n a ly z e d

for e a c h c on dition , a n d m u ltip le w r in k le s (i.e ., in de n ta tion

loc a tion s ) w e r e a s s oc ia te d w ith e a c h c e ll, a s in dic a te d in

fi g u r e c a p tion s . Ac q u ir e d p rob e de fl e c tion –dis p la c e m e n t

r e s p on s e s w e r e c on v e r te d offl in e (Sc a n n in g Prob e Im a g in g

Proc e s s or, Im a g e Me trolog y ), u s in g m e a s u r e d s p r in g c on s ta n ts

a n d In v OLS, to forc e –de p th r e s p on s e s . Effe c tiv e e la s tic

m odu li E w e r e c a lc u la te d b y a p p ly in g a m odifi e d He rtz ia n

m ode l of s p h e r ic a l c on ta c t to th e loa din g s e g m e n t of th e
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F ig u r e 2. Ac tin -de p e n de n t a lte r a tion s in p e r ic y te s h a p e , c on tr a c tile p h e n oty p e a n d e la s tic m odu li of c e ll m ic rodom a in s . In (A)–(C), AFM
de fl e c tion im a g e s de m on s tr a te c h a n g e s in p e r ic y te s h a p e . Con c om ita n tly , c e ll s h a p e a n d PDMS de form a tion , e ith e r b e for e or 65 m in a fte r th e
a ddition of p h a r m a c olog ic a l in h ib itor s th a t s p e c ifi c a lly a ffe c t a c tin (de )p oly m e r iz a tion a n d/or a c tom y os in c on tr a c tion : (A) la tr u n c u lin A
(1 µM); (B) b le b b is ta tin (25 µM); (C) ML-7 (300 n M), r e s p e c tiv e ly (s e e ta b le 1). (D) De m on s tr a te s th e e ffe c tiv e e la s tic m odu li of p e r ic y te
m ic rodom a in s , a s s c h e m a tiz e d in fi g u r e 1 (s e e s e c tion 2 for e la s tic m odu li m e a s u r e m e n t), b e for e a n d a fte r a ddition of in h ib itor s , a c q u ir e d a t
loc a tion s th a t w e r e b oth on a n d off th e u n de r ly in g de form e d (w r in k le d) PDMS s u b s tr a tu m . Ta b le 2 s u m m a r iz e s e la s tic m odu li w ith in h ib itor s .
For e a c h c on dition n > 5 c e lls w e r e c on s ide r e d, a n d 30 in de n ta tion s w e r e a c q u ir e d a t e a c h p oin t (on or off th e w r in k le p os ition s ). Error b a r s
de n ote s ta n da rd de v ia tion s . Sc a le b a r s = 20 µm . As te r is k (∗) in dic a te s s ta tis tic a lly s ig n ifi c a n t diffe r e n c e from a ll oth e r c on dition s s h ow n
(p < 0.01).

F ig u r e 3. Ch a n g e in e la s tic m odu li a n d c e ll s h a p e w ith a ddition of c y tos k e le ton -m odu la tin g a g e n ts . Th e s a m e s e t of e x p e r im e n ts a s s h ow n in
fi g u r e 2 w a s c on du c te d w ith p h a r m a c olog ic a l r e a g e n ts th a t in c r e a s e th e a c tiv ity of th e a c tin c y tos k e le ton : n oc oda z ole (670 n M) (A) a n d
ja s p la k in olide (670 n M) (B): s e e ta b le 1. (C) Me c h a n ic a l te s ts w e r e c on du c te d b e for e a n d a fte r a ddition of th e s e r e a g e n ts a t c e ll m e m b r a n e s
on a n d off PDMS w rin k le s . Se e ta b le 2 for a s u m m a r y of e la s tic m odu li w ith n oc oda z ole a n d ja s p la k in olide . All th e m e c h a n ic a l te s ts w e r e
c on du c te d w ith m or e th a n fi v e c e lls (N = 5) a n d 30 m e c h a n ic a l te s ts (n = 30) on - a n d off-w r in k le s . Error b a r s de n ote s ta n da rd de v ia tion s .
Sc a le b a r s = 20 µm .

forc e –de p th r e s p on s e , a s de ta ile d e ls e w h e r e [33, 34] w ith

th e s c ie n tifi c c om p u tin g s oftw a r e Ig or Pro (W a v e m e tr ic s ).

Th e s e v a lu e s r e p r e s e n t th e loc a l s tiffn e s s e s of th e s u b c e llu la r

dom a in s (h e r e a fte r te r m e d m ic rodom a in s ) p rob e d in e a c h

e x p e r im e n t u n de r c on ta c t loa din g , a n d a r e n ot in te n de d to

in dic a te th e e la s tic p rop e r tie s of th e e n tir e c e ll or You n g ’s

e la s tic m odu lu s u n de r u n ia x ia l loa din g . Th e a c tu a l v olu m e s

of c e lls p rob e d in e a c h in de n ta tion c a n on ly b e e s tim a te d

a t p r e s e n t; from th e c on ta c t w idth s of 40 n m a n d de p th s of

10 n m , a r e a s on a b le e s tim a te for a n e la s tic a lly s tr a in e d re g ion

of th e c e ll w ou ld b e a s p h e r e of 25 n m r a diu s c om p r is in g

a v olu m e on th e orde r of 65 000 n m 3. Com p u te d e la s tic

m odu li E a r e r e p orte d a s a v e r a g e ± s ta n da rd de v ia tion , a n d

a ll s ta tis tic a l a n a ly s e s w e r e c on du c te d w ith on e -w a y ANOV A

(Tu k e y a n a ly s is ).

Be fore AFM c on ta c t m ode im a g in g a n d e la s tic m odu li

m e a s u r e m e n t, x- a n d y-a x is h y s te r e s e s in th e c los e d loop

s c a n n e r w e r e c a lib r a te d to im p rov e th e p os ition in g of AFM

c a n tile v e r e d p rob e s on p e r ic y te m e m b r a n e s a n d PDMS

s u b s tr a ta . Th e forc e th a t AFM c a n tile v e r s e x e r te d on p e r ic y te

m e m b r a n e s du r in g c on ta c t m ode im a g in g did n ot e x c e e d

500 p N, w h ic h w a s c h os e n to m in im iz e dis tortion of fe a tu r e s

s u c h a s c ortic a l a c tin in th e liv in g c e lls . Pe ric y te s th a t c h a n g e d

m orp h olog y or a tta c h m e n t on PDMS s u b s tr a ta du e to th e

AFM im a g in g a n d m e c h a n ic a l te s ts w e r e e x c lu de d from fu r th e r

a n a ly s is .
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F ig u r e 4 . Ca lc u la tion of c on tr a c tion in du c e d b y p e r ic y te s . (A) AFM c on ta c t m ode top og r a p h y im a g e in dic a tin g h e ig h t c h a n g e s of w r in k le d
PDMS s u b s tr a ta ; in s e t: c or r e s p on din g de fl e c tion (e r ror-s ig n a l) im a g e for s a m e p e r ic y te . Sc a le b a r = 20 µm . From w r in k le top og r a p h y ,
p e r ic y te -e x e r te d forc e on th e PDMS s u b s tr a ta c a n b e e s tim a te d a s de s c r ib e d in th e te x t. (B) He ig h t tr a c e of on e s u c h w r in k le , in dic a te d a s a
w h ite lin e in (A). Con tr a c tion of th e PDMS, de fi n e d a s th e n or m a liz e d c h a n g e in le n g th b e tw e e n tw o p oin ts du e to w r in k lin g (lo − lf)/lo, of
37.5± 1.8% w a s c a lc u la te d from th e fi n a l w r in k le s p a n lf a n d in itia l u n w r in k le d le n g th lo (s e e s e c tion 2); n = 71 w r in k le s . (C) Dis tr ib u tion of
c on tr a c tion ob s e r v e d.

2 .4 . De te rm ina tion of contra ction e xe rte d b y pe ricyte s on

P DM S

W h e n th e liv in g , c on tr a c tile p e r ic y te s w e r e im a g e d v ia AFM,

th e top og r a p h y of th e w r in k le d PDMS s u b s tr a ta w a s a ls o

m a p p e d s im u lta n e ou s ly . Su c h top og r a p h ic a l in form a tion

p rov ide d b y AFM h e ig h t im a g e s (fi g u r e 4) a llow s p e r ic y te -

e x e r te d c on tr a c tion to b e q u a n tifi e d. Th is c e ll c on tr a c tion

in du c e d th e b u c k lin g th a t r e s u lte d in th e ob s e r v e d w r in k le s on

th e PDMS s u b s tr a tu m . Ce ll-e x e r te d c on tr a c tion w a s in fe r r e d

from a n a ly s is of th e w r in k le top og r a p h y in AFM h e ig h t

im a g e s . Th is c on tr a c tion is de fi n e d a n d q u a n tifi e d h e r e in a s

th e n orm a liz e d c h a n g e in le n g th of th e in itia lly u n w r in k le d

s u b s tr a tu m r e g ion : c = (fi n a l le n g th − orig in a l le n g th of

PDMS s p a n )/orig in a l le n g th = (lf − lo)/ lo. He re , it is

im p lic itly a s s u m e d th a t th e c e ll w a s in c on ta c t (v ia foc a l

a dh e s iv e c om p le x e s ) w ith th e s u b s tr a tu m on b oth s ide s of a

w r in k le d s p a n . W r in k le le n g th s p a n lf a n d in itia lly u n w r in k le d

le n g th s p a n lo a r e c a lc u la te d from th e w r in k le w a v e le n g th a n d

c on tou r le n g th , r e s p e c tiv e ly , of th e w r in k le s in top og r a p h y or

h e ig h t im a g e s of th e w r in k le d PDMS ob ta in e d in AFM c on ta c t

m ode . (Note th a t th is b u c k lin g c on tr a c tion , th ou g h c on s is tin g

of a n orm a liz e d le n g th e x p r e s s e d a s a p e r c e n ta g e , doe s n ot

c orr e s p on d to th e m a te r ia l s tr a in e x p e r ie n c e d b y th e PDMS

its e lf. In s te a d, it r e p r e s e n ts th e c h a n g e in le n g th b e tw e e n tw o

p oin ts a t th e c e ll–m a te r ia l in te rfa c e , du e to w r in k lin g in du c e d

b y c e ll c on tr a c tion .) Th is a n a ly s is m a k e s th e r e a s on a b le

a s s u m p tion th a t th e PDMS re g ion (lo) w a s fl a t p r ior to c e ll

c on tr a c tion . Th e orig in a l le n g th w a s de te r m in e d from th e

a r c le n g th of th e w r in k le b y a p p rox im a tin g th e w r in k le a s a

s in u s oida l c u r v e of a m p litu de A a n d w a v e le n g th λ. Th e a r c

le n g th is e q u a l to

lo =

∫ λ

0

[(dy/dx)2 + 1]1/2 (1)

w h e r e

y(x) = A s in (2πx/λ). (2)

More th a n 30 im a g e s , c om p r is in g a tota l of 71 w rin k le s (n =

71), w e r e a n a ly z e d for th is s tr a in c a lc u la tion , a n d da ta a r e

r e p orte d a s a v e r a g e ± s ta n da rd e rror of m e a s u r e m e n t.

2 .5 . Es tim a tion of pe ricyte - e xe rte d force a nd s tre s s

Oth e r g rou p s h a v e m ode le d th e c ou p lin g b e tw e e n c on tr a c tile

forc e a n d w r in k le a m p litu de a n d w a v e le n g th in fr e e s ta n din g

m e m b r a n e s [35] a n d th in fi lm s on s u b s tr a te s [36]. De te r m in in g

th e a p p lie d forc e r e q u ir e d to in du c e w r in k lin g of th in fi lm s

a n d m e m b r a n e s is a c om p le x p rob le m g ov e r n e d b y n on lin e a r,

p a r tia l diffe r e n tia l e q u a tion s [35]. Th e s e e q u a tion s r e m a in

u n s olv e d, e x c e p t b y s e m i-a n a ly tic a l m e th ods in s p e c ifi c

on e -dim e n s ion a l c a s e s , w h ic h do n ot in c lu de th e p r e s e n t

c ir c u m s ta n c e of w r in k lin g in du c e d b y c om p r e s s ion of a n

is ola te d re g ion w ith in a m e m b r a n e .

It is p os s ib le to e s tim a te p e r ic y te -e x e r te d forc e b y

tota lin g th e s tr a in e n e rg y a c c u m u la te d in th e s u b s tr a ta u p on

c on tr a c tion to a g iv e n le v e l of c, a n d e q u a te th is to th e

w ork don e b y th e c e lls v ia c on tr a c tion . W e ide a liz e th e

p e r ic y te s ’ c on tr a c tion m e c h a n is m (i.e ., th e a r r a y of foc a l

a dh e s ion s ) a s a forc e -e x e r tin g s tr ip (s u p p le m e n ta l fi g u r e 1

a v a ila b le a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ), a n d

s u b div ide th e fi lm in to m u ltip le e q u iv a le n t r e g ion s th a t

e n c om p a s s th e dis ta n c e from th e c e ll c e n te r to th e m id-

p oin t b e tw e e n th is c e ll a n d th e n e a r e s t n e ig h b or in g c e ll. W e

ta k e th e r e g ion w idth to e q u a l th e w idth of th e w r in k le d

a re a W , a s s h ow n in s u p p le m e n ta l fi g u r e 1 (a v a ila b le

a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ). W e n ote th a t

e a c h r e g ion c a n b e div ide d in to a w r in k le d a re a (d1 × W )

of w r in k le w a v e le n g th λ th a t u n de rg oe s c om p r e s s iv e s tr e s s

(c orr e s p on din g to th e b e n din g s tr a in e n e rg y ov e r dis ta n c e

d1) a n d a n a r e a b e y on d th e c e ll (d2 × W ) th a t u n de rg oe s

te n s ile s tr e s s (c orr e s p on din g to th e s tr e tc h in g s tr a in e n e rg y

ov e r dis ta n c e d2). Th e tota l e x e r te d e n e rg y of th is de form a tion

is th e s u m of th e s e b e n din g a n d s tr e tc h in g c om p on e n ts . Th e

b e n din g s tr a in e n e rg y of th e c om p r e s s e d a r e a is

UB = Wd1D(d2y/dx2)2/2 ∼= Wd1Dλ2/2 (3)

w h e r e D is th e fl e x u r a l r ig idity of th e fi lm Et3/[12(1−ν2)] a n d

E is You n g ’s e la s tic m odu lu s of th e PDMS [37]. Th e n orm a l

(s tr e tc h in g ) s tr a in e n e rg y of th e a r e a u n de r te n s ion is

UN = Wd2t (δ/d2)
2E/2 = Wtδ2E/2d2 (4)

5
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w h e r e δ is h a lf th e diffe r e n c e b e tw e e n th e u n w r in k le d c on tou r

le n g th lo a n d th e fi n a l p oin t-to-p oin t dis ta n c e lf, a n d th u s

r e p r e s e n ts th e dis ta n c e ov e r w h ic h th e c e ll e x e r te d c on tr a c tile

forc e . As dis c u s s e d in s e c tion 3, w e fou n d th a t th e s tr e tc h in g

e n e rg y UN w a s th e la rg e r or dom in a n t te r m for th e c a s e of

p e r ic y te s w r in k lin g s u c h PDMS s u b s tr a ta . More ov e r, th is

is a m in im u m e s tim a te of th e s tr e tc h in g e n e rg y , s in c e th e

r e g ion of PDMS s tre tc h e d to n on z e ro dis p la c e m e n ts lik e ly

e x te n ds b e y on d th e r e g ion de fi n e d b y th e r e c ta n g u la r s tr ip of

dim e n s ion s d2×W . W e th u s s e t UN e q u a l to th e w ork don e b y

th e c on tr a c tile m a c h in e r y on on e s ide of th e c e ll, or

UN ≈ Fδ/2. (5)

W e th e n ob ta in th e loc a l, c e ll-g e n e r a te d forc e F c orr e s p on din g

to th is w r in k lin g :

F ≈ EWtδ/d2. (6)

2 .6 . M e a s u re m e nt of P DM S u nia xia l s tre s s – s tra in re s pons e

a nd e la s tic m odu li

To de te r m in e You n g ’s e la s tic m odu lu s of th e PDMS s u b s tr a ta

EPDMS a n d to a s c e r ta in w h e th e r th is m a te r ia l e x h ib ite d

a n on lin e a r e la s tic r e s p on s e ov e r th e r a n g e of p e r ic y te -

e x e r te d s tr a in s , u n ia x ia l te n s ion e x p e r im e n ts w e r e c on du c te d

on fre s h ly p r e p a r e d PDMS fi lm s . PDMS w a s p r e p a r e d

a c c ordin g to th e th e r m a l c ros s lin k in g p rotoc ol of Ha rris e t a l,

a s r e c om m e n de d for p r e p a r a tion of th ic k e r la y e r s th a n a r e

a c h ie v a b le v ia fl a m in g [27]. How e v e r, w e low e r e d th e ov e n

te m p e r a tu r e to 275 ◦C to a v oid v a p oriz a tion a n d re de p os ition

of u n r e a c te d s ilox a n e s du r in g th e r m a l c u r in g . He re , 50 m l of

p oly dim e th y ls ilox a n e (Sig m a -Aldric h DMPS12M; v is c os ity

of 12.25 Pa s a t 25 ◦C) w a s p ou r e d in to a g la s s Pe tr i dis h

of 100 m m dia m e te r. Be fore p ou r in g , Te fl on™-c oa te d p a p e r

w a s a dde d to th e b ottom of th e Pe tr i dis h to p r e v e n t a dh e s ion

of PDMS to th e g la s s , a n d th e s y s te m w a s p la c e d in a n

ov e n for 3 h a t 275 ◦C. Afte r a llow in g th e s a m p le to c ool

to room te m p e r a tu r e in th e v e n te d ov e n , r e c ta n g u la r s a m p le s

(a p p rox im a te ly 6 c m lon g × 1.5 c m w ide × 0.65 c m th ic k )

w e r e c u t a n d c a r e fu lly r e m ov e d from th e dis h . Un ia x ia l te n s ile

g r ip r e g ion s w e r e fa s h ion e d b y m ou n tin g th e s a m p le e n ds

b e tw e e n tw o th ic k c a rdb oa rd s q u a r e s s e c u r e d w ith 5 m in c u r in g

e p ox y (Loc tite , He n k e l). Un ia x ia l te n s ion e x p e r im e n ts (8848

Mic rote s te r, In s tron ) w e r e c on du c te d in dis p la c e m e n t c on trol

a t 75 µm s−1 to th e p oin t of fra c tu r e fa ilu r e w ith in th e g a g e

s e c tion . You n g ’s e la s tic m odu lu s EPDMS (2.1 ± 0.3 MPa ,

n = 2) w a s c a lc u la te d v ia a b e s t-fi t lin e a r r e g r e s s ion to

th e e n tir e ty of th e loa din g r e s p on s e ; a t th e s e dis p la c e m e n t

r a te s , th e e n g in e e r in g s tr e s s –e n g in e e r in g s tr a in r e s p on s e w a s

a p p rox im a te ly lin e a r u p to th e m a x im u m e n g in e e r in g fr a c tu r e

s tr a in of 27% .

2 .7 . Flu ore s ce nce m icros copy im a g ing — F-a ctin s ta ining

Pe ric y te s w e r e fi x e d w ith 4% p a r a form a lde h y de for 15 m in

a t room te m p e r a tu r e , follow e d b y m e m b r a n e p e r m e a tion w ith

0.1% Triton -X s olu tion in 150 m M Na Cl p h os p h a te b u ffe r e d

s a lin e (PBS) for 3 m in . Pe ric y te s w e r e th e n in c u b a te d w ith

Ale x a Flu or 488 p h a lloidin (g r e e n , In v itrog e n , 1:300 dilu tion

from s toc k ) for 1 h a t room te m p e r a tu r e . Pe ric y te s w e r e

r in s e d th r e e tim e s (5 m in e a c h ) w ith PBS a n d th e n im a g e d b y

fl u ore s c e n c e m ic ros c op y (IX 81, Oly m p u s ).

3. R e s u lt s

Effe c tiv e e la s tic m odu li (or s tiffn e s s e s ) of p e r ic y te s u b c e llu la r

dom a in s w e r e m e a s u r e d th rou g h AFM-e n a b le d n a n oin de n -

ta tion (s e e s e c tion 2). Pe r ic y te s w e r e g row n on c olla g e n -

c on ju g a te d PDMS (fi g u r e 1(A)), a n d AFM p rob e s of ra diu s

R = 25 n m w e r e p la c e d a t s p e c ifi c p os ition s , s u c h a s p e r ic y te

p la s m a m e m b r a n e s p os ition e d ov e r r e g ion s of s u b s tr a ta de for-

m a tion s u ffi c ie n t to g e n e r a te v is ib le w r in k le s in th e PDMS.

In c on tr a s t, AFM p rob e s w e r e a ls o p os ition e d a b ov e p e r ic y te

dom a in s th a t w e r e fa r from w r in k le s in th e PDMS s u b s tr a ta

(fi g u r e 1). To in c r e a s e th e e ffi c ie n c y of th e p os ition in g of

AFM p rob e s on s p e c ifi c r e g ion s of th e c e lls , liv e p e r ic y te s

w e r e fi r s t im a g e d in AFM c on ta c t m ode . Us in g a c los e d

loop p ie z os c a n n e r, th e p os ition s of AFM p rob e s on p e r ic y te

m e m b r a n e s w e r e c h os e n to e n a b le th e m e a s u r e m e n t of loc a l

e la s tic m odu li a t p os ition s b oth ‘on ’ a n d ‘off’ th e w r in k le s th a t

w e r e g e n e r a te d os te n s ib ly b y th e p e r ic y te c on tr a c tion of th e

PDMS s u b s tr a ta (fi g u r e s 1–3). He re , th e te r m s ‘on ’ a n d ‘off’

de s c r ib e p os ition s on th e p e r ic y te a p ic a l s u rfa c e th a t a r e a b ov e

w r in k le d a n d n on w r in k le d re g ion s of th e PDMS s u b s tr a ta ,

r e s p e c tiv e ly . Se e s e c tion 2 for de ta ile d in form a tion a b ou t AFM

im a g in g a n d m e a s u r e m e n t. Fig u r e s 1(B) a n d (C) illu s tr a te th e

in te g r a te d op tic a l m ic ros c op y a n d AFM im a g in g of p e r ic y te s .

W e h y p oth e s iz e d th a t th e p e r ic y te s g e n e r a te d w r in k le s on

th e PDMS s u b s tr a ta v ia a c tin -m e dia te d forc e e x e r tion du e

to m e c h a n is m s s u c h a s a c tin p oly m e r iz a tion a n d a c tom y os in

c on tr a c tion . Th u s , w e r e a s on e d th a t th e p e r ic y te s w ou ld e x h ib it

g r e a te r s tiffn e s s n e a r th e w r in k le s , lik e ly du e to th e forc e

tr a n s du c tion tr a n s fe r r e d from b u n dle d a c tin a r r a y s th a t a r e

c ros s lin k e d to m e m b r a n e dom a in s a n c h ore d in th e e x tr a c e llu la r

m a tr ix v ia in te g r in –foc a l a dh e s ion p rote in a s s e m b lie s . Th e

e ffe c tiv e e la s tic m odu li E of th e p e r ic y te s u b c e llu la r dom a in s

m e a s u r e d dir e c tly a b ov e or ‘on ’ w r in k le s , n e a r th e a p p a r e n t

orig in of th e s e w r in k le s , a n d fa r from or ‘off’ th e s e w r in k le s

w e r e m e a s u r e d th rou g h op tic a l m ic ros c op y -a ide d AFM a s

s c h e m a tiz e d in fi g u r e 1. As in de n ta tion de p th s w e r e r e s tr ic te d

to<25 n m to a llow m ore s p a tia lly r e s olv e d a n a ly s is , h e r e E is

r e p r e s e n ta tiv e of th e m ic rodom a in s tiffn e s s of th e c e ll’s c or tic a l

a c tin a n d c y top la s m (r a th e r th a n of th e w h ole c e ll). AFM-

e n a b le d n a n oin de n ta tion (fi g u r e s 1(A), 2, a n d 3) s h ow e d th a t

th e e ffe c tiv e (a v e r a g e ) e la s tic m odu li a t off-w r in k le loc a tion s

of th e p e r ic y te s w e r e 45.4% le s s th a n th a t a t on -w r in k le

p os ition s (n = 150, fi g u r e 1(D) a n d ta b le 2). He re , p e r ic y te s

th a t c h a n g e d th e n u m b e r of w r in k le s , a tta c h m e n t to s u b s tr a ta ,

or c e ll m or p h olog y du r in g th e c ou r s e of s u c h m e c h a n ic a l te s ts

w e r e e x c lu de d from a n a ly s e s . To c on s ide r th e p os s ib ility th a t

th is in c r e a s e d E of th e c e ll on loc a tion s of PDMS w rin k le s

c ou ld b e du e to a n in c r e a s e in th e e ffe c tiv e m e c h a n ic a l s tiffn e s s

of w r in k le d PDMS its e lf, e la s tic m odu li of w r in k le d a n d

u n w r in k le d PDMS w e r e m e a s u r e d a t loc a tion s ju s t ou ts ide

th e c e ll p e r im e te r ; EPDMS on a n d off s u c h w r in k le s w e r e n ot

s ta tis tic a lly s ig n ifi c a n tly diffe r e n t (n = 4 w rin k le s , p > 0.05).
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T a b le 1. Ph a r m a c olog ic a l c y tos k e le ta l in h ib itor s a n d c on c e n tr a tion s u s e d in th is s tu dy .

Ch e m ic a l Bin din g ta r g e t Me c h a n is m s a n d c on s e q u e n c e s

La tr u n c u lin A (1 µM) Mon om e r ic
G-a c tin

Bin ds to a c tin m on om e r s , m a k in g 1:1 c om p le x e s
w ith m on om e r s . Th is th u s in h ib its a c tin
p oly m e r iz a tion a n d dis r u p tion of th e a c tin
c y tos k e le ton [1] .

Ble b b is ta tin (25 µM) My os in ATPa s e Bin ds to m y os in ATPa s e a n d th u s b loc k s for c e
e x e r tion b y a c tom y os in c on tr a c tion . Th e c e llu la r
c on s e q u e n c e is th a t m ic rotu b u le s dom in a te ov e r
th e a c tin c y tos k e le ton in m a in te n a n c e of c e ll
m or p h olog y a n d forc e g e n e r a tion in c on tr a s t to th e
e ffe c ts from n oc oda z ole [2] .

ML-7 (300 n M) My os in lig h t
c h a in k in a s e

Bin ds to m y os in lig h t c h a in k in a s e , th u s b loc k in g
th e for c e g e n e r a tion of a c tom y os in c on tr a c tion ,
in h ib itin g m y os in lig h t c h a in p h os p h or y la tion .
Th e r e for e , ML-7 a c ts a s a c om p e titiv e in h ib itor
a g a in s t ATP for a c tom y os in c on tr a c tion [4, 5] .

Noc oda z ole (660 n M) β-tu b u lin Bin ds to β-tu b u lin a n d th u s b loc k s m ic rotu b u le
a s s e m b ly , dis r u p tin g m ic rotu b u le dy n a m ic s du r in g
in te r p h a s e a n d in h ib its s p in dle for m a tion du r in g
m itos is . Ce llu la r c on s e q u e n c e s in c lu de in h ib ition
of k a r y ok in e s is du r in g M-p h a s e w h ile a lte r in g th e
a c tin -de p e n de n t c on tr ib u tion to c e ll m or p h olog y
a n d forc e g e n e r a tion du r in g in te r p h a s e b y
dis r u p tin g c e llu la r b a la n c e b e tw e e n a c tin a n d
m ic rotu b u le n e tw or k s [2, 8] .

Ja s p la k in olide (660 n M) Ac tin fi la m e n t
(F-a c tin )

Bin ds to a c tin fi la m e n ts , in du c in g la r g e F-a c tin
a g g r e g a te s . Ce llu la r c on s e q u e n c e s in c lu de th e
e n h a n c e m e n t of th e r a te of a c tin p oly m e r iz a tion ,
s ta b iliz in g a c tin fi la m e n ts in vitro [9, 10].

T a b le 2. Ela s tic m odu li of p e r ic y te m ic rodom a in s w ith p h a r m a c olog ic a l in h ib itor s .

Ela s tic m odu lu s (k Pa ) Me dia on ly (c on trol) La tr u n c u lin A Ble b b is ta tin ML-7 Noc oda z ole Ja s p la k in olide

On -w r in k le s 16.3± 3.9 3.5± 1.3 3.5± 2.4 6.3± 1.6 16.8± 6.9 18.1± 6.4
Off-w r in k le s 6.3± 1.1 2.9± 1.5 4.0± 2.2 5.3± 2.4 7.2± 2.8 7.4± 3.1

W e h y p oth e s iz e d th a t PDMS s u b s tr a ta de form a tion b y

p e r ic y te s a n d th e c h a n g e in th e e la s tic m odu li of loc a l

p e r ic y te m e m b r a n e m ic rodom a in s w e r e a ttr ib u ta b le to th e

org a n iz a tion a n d c on tr a c tion of th e a c tin c y tos k e le ton .

In te r n a lly g e n e r a te d m e c h a n ic a l forc e s c ou ld th e n b e

tr a n s du c e d a c ros s th e c e ll s u rfa c e to th e u n de r ly in g s u b s tr a ta

v ia fi la m e n t a s s e m b ly /dis a s s e m b ly , m e m b r a n e -a s s oc ia te d

c ros s lin k in g , a n d, p os s ib ly , a c tom y os in -b a s e d c on tr a c tion .

As re p orte d b y Sh lom ov itz e t a l [38], th e s e a c tin -b a s e d

forc e s a r e c los e ly c ou p le d. As h a s b e e n r e p orte d,

in te g r in r e c e p tors c a n p h y s ic a lly lin k ECM lig a n ds a n d th e

a c tin c y tos k e le ton , g e n e r a tin g m e c h a n ic a l forc e s th a t a r e

a p p a r e n tly s u ffi c ie n t to de form PDMS s u b s tr a ta to c re a te

w r in k le s [7]. To v e r ify th is h y p oth e s is , w e m e a s u r e d th e

s tiffn e s s of p e r ic y te m ic rodom a in s b e fore a n d a fte r th e a ddition

of dire c t a c tin - a n d a c tom y os in -in h ib itin g p h a r m a c olog ic a l

a g e n ts (la tr u n c u lin A, b le b b is ta tin , a n d ML-7), a s w e ll

a s a ddition a l a g e n ts th a t on ly p e r ip h e r a lly m odu la te a c tin

p oly m e r iz a tion a n d a c tom y os in -b a s e d c on tr a c tion (n oc oda z ole

a n d ja s p la k in olide [1, 2, 4, 5]; s e e ta b le 1 for m e c h a n is m s of

a c tion a n d w ork in g c on c e n tr a tion s ). W e h a v e c on s ide r e d th e

s te a dy s ta te or m a x im a l in h ib ition s ta te a t room te m p e r a tu r e ,

w h ic h w ou ld a ls o b e a c h ie v e d in vivo a t 37 ◦C b u t a t a r a te

c or r e s p on din g to th a t e le v a te d te m p e r a tu r e . Re du c e d s u b s tr a ta

de form a tion is in dic a te d b y th e de c r e a s e d n u m b e r of w r in k le s

th a t p e r ic y te s g e n e r a te du e to th e in h ib ition e ffe c t of th e s e

r e a g e n ts , a s s h ow n in fi g u r e 2. In th e a b s e n c e of a c tin -

s p e c ifi c r e a g e n ts , h ow e v e r, th e n u m b e r of w r in k le s did n ot

de c r e a s e ov e r tim e . Th is c on fi r m s th a t th e forc e e x e r te d b y

p e r ic y te s on th e u n de r ly in g s u b s tr a ta de c r e a s e d in th e p r e s e n c e

of re a g e n ts th a t a c te d on th e a c tin n e tw ork (la tr u n c u lin A)

a n d a c tom y os in c on tr a c tile p roc e s s e s (b le b b is ta tin a n d ML-

7). Corr e s p on din g ly , th e e ffe c tiv e e la s tic m odu li E of th e

p e r ic y te m ic rodom a in s de c r e a s e d b oth on - a n d off-w r in k le s

du e to th e p h a r m a c olog ic a l in h ib itor s (s e e ta b le 2 for a

s u m m a r y of e la s tic m odu li ± in h ib itors ). Th is de c r e a s e in

th e loc a l s tiffn e s s of p e r ic y te s w a s c a u s e d b y th e r e du c e d

de n s ity (b y 25% ) a n d a p p rox im a te dia m e te r (b y 13% ) of

a c tin s tr e s s fi b e r s , a s q u a n tifi e d b y AFM c on ta c t m ode h e ig h t

im a g e s of th e s e c e lls . At 65 m in a fte r th e a ddition of

la tr u n c u lin A, b le b b is ta tin , a n d ML-7 a t room te m p e r a tu r e ,

E on -w r in k le s a n d off-w r in k le s w e r e n ot s ta tis tic a lly

diffe r e n t, w h ic h in dic a te s th e dom in a n t e ffe c t of th e a c tin

c y tos k e le ton on th e loc a l s tiffn e s s of th e p e r ic y te s u rfa c e

m ic rodom a in s . Op tic a l m ic ros c op y im a g e s of p h a lloidin -

s ta in e d F-a c tin w ith in th e p e r ic y te s (s u p p le m e n ta r y fi g u r e 2
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a v a ila b le a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ) a fte r

th e a ddition of la tr u n c u lin A, b le b b is ta tin , a n d ML-7 re v e a l

c y tos k e le ta l r e org a n iz a tion a s th e c e ll c orte x b le b s a n d

p e r ip h e r a l m e m b r a n e dom a in s a r e ob s e r v e d to b u lg e in to

ir r e g u la r, rou n de d m e m b r a n e s tr u c tu r e s . Com p a r is on a m on g

th e s e diffe r e n t p h a r m a c olog ic a lly in h ib ite d p op u la tion s s h ow s

th a t th e a c tin s tr e s s fi b e r s s till r e m a in e d v is ib le 1 h a fte r

tr e a tm e n t w ith ML-7 a n d la tr u n c u lin A, w h ile p e r ic y te

m or p h olog y a n d th e n u m b e r of a c tin s tr e s s fi b e r s c h a n g e d

dra m a tic a lly w ith b le b b is ta tin . Both th e m or p h olog ic a l a n d

m ic ros tr u c tu r a l c h a n g e s in dic a te th e los s a n d/or de c r e a s e of

a c tin -m e dia te d in tr a c e llu la r forc e s u n de r th e s e c h a lle n g e s .

W h e n in h ib itors w e r e w a s h e d ou t v ia r e p la c e m e n t w ith

fr e s h m e dia , p e r ic y te s r e c ov e r e d th e s e s u b s tr a ta w r in k le s

w ith in 45 m in a t 37 ◦C (da ta n ot s h ow n ). Pe ric y te s th a t

w e r e n ot tr e a te d w ith p h a r m a c olog ic a l in h ib itors did n ot

los e th e c a p a c ity to m a in ta in w r in k le s in th e s u b s tr a ta .

Corr e s p on din g ly , p e r ic y te m ic rodom a in s tiffn e s s did n ot

c h a n g e ov e r th is s a m e im a g in g du r a tion , a n d c e lls e x h ib ite d

dis tin c t a c tin s tr e s s fi b e r s in e p ifl u ore s c e n c e im a g e s of

a c tin -s ta in e d p e r ic y te s (s u p p le m e n ta r y fi g u r e 2 a v a ila b le

a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ).

Noc oda z ole a n d ja s p la k in olide w e r e n e x t c on s ide re d

a s in dir e c t, p os itiv e m odu la tors of a c tom y os in c on tr a c tion .

Noc oda z ole , w h ic h b in ds to m ic rotu b u le m on om e r s (β-

tu b u lin ) a n d in h ib its th e m ic rotu b u le p oly m e r iz a tion , is a

p h a r m a c olog ic a l in h ib itor th a t in dire c tly a c tiv a te s th e a c tin

c y tos k e le ton , w h ile ja s p la k in olide c a n in du c e p oly m e r iz a tion

of th e a c tin c y tos k e le ton (s e e ta b le 1). W e h y p oth e s iz e d

th a t b oth n oc oda z ole a n d ja s p la k in olide m ig h t e n h a n c e th e

a b ility of p e r ic y te s to g e n e r a te m e c h a n ic a l forc e s s u ffi c ie n t for

s u b s tr a tu m de form a tion a n d a lte r loc a l e la s tic m odu li. Th is

h y p oth e s is w a s du e in p a r t to ou r r e s u lts from la tr u n c u lin

A, b le b b is ta tin , a n d ML-7, w h ic h de m on s tr a te d th e c r itic a l

c on tr ib u tion of th e a c tin c y tos k e le ton in th e c r e a tion of

w r in k le s on s u b s tr a ta . Pe r ic y te s w e r e im a g e d in AFM

c on ta c t m ode , th is b e in g follow e d b y in de n ta tion of p e r ic y te

m ic rodom a in s on - a n d off-w r in k le s to ob ta in E , b e fore a n d

65 m in a fte r th e a ddition of th e s e in h ib itors . Mic rodom a in

s tiffn e s s a t loc a tion s of c e ll-in du c e d w r in k lin g e ith e r in c r e a s e d

or r e m a in e d u n c h a n g e d in r e s p on s e to n oc oda z ole a n d ja s p la k i-

n olide . (Se e ta b le 2 for a s u m m a r y of e la s tic m odu li w ith

in h ib itors .) Flu ore s c e n t im a g e s w ith a c tin -s ta in e d p e r ic y te s

a fte r in c u b a tion w ith n oc oda z ole de m on s tr a te d th a t th e th ic k -

n e s s of a c tin s tr e s s fi b e r s in c r e a s e d w ith de c r e a s in g s p a c in g

b e tw e e n a c tin s tr e s s fi b e r s (s u p p le m e n ta r y fi g u r e 2 a v a il-

a b le a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ), w h e r e a s

ja s p la k in olide -tr e a te d p e r ic y te s s h ow e d b rig h te r, th ic k e n e d

a c tin -c on c e n tr a te d p a tc h e s on s tr e s s fi b e r s . Sta tis tic a lly

s im ila r or in c r e a s e d E w ith n oc oda z ole a n d ja s p la k in olide

(fi g u r e 3(C) a n d ta b le 2) w e r e c on s is te n t w ith th e fi n din g th a t

th e n u m b e r of p e r ic y te -g e n e r a tin g w r in k le s in c r e a s e d or did

n ot c h a n g e u n de r op tic a l fl u or e s c e n c e m ic ros c op y a n d AFM

c on ta c t m ode im a g in g . Tog e th e r, th e s e r e s u lts s h ow th a t th e

m e c h a n is m u n de r w h ic h p e r ic y te s g e n e r a te w r in k le s on th e

PDMS s u b s tr a ta w a s dir e c tly r e la te d to th e forc e -g e n e r a tin g

p ote n tia l of a c tin c y tos k e le ta l dy n a m ic s .

In orde r to c a lc u la te th e forc e s r e q u ir e d to g e n e r a te

w r in k le s on th e PDMS s u b s tr a ta , on e m a y fi r s t c on s ide r

a p p roa c h e s s im ila r to th a t of Ce rda e t a l [35]. How e v e r,

a lte r n a tiv e w r in k lin g a n a ly s e s s u c h a s th os e of Ce rda e t a l

[35] a n d Ch u n g e t a l [36] c on s ide r a te n s ile loa din g of a n

e n tir e fi lm th a t doe s n ot a p p e a r a n a log ou s to loc a l, orth og on a l

c om p r e s s ion b e y on d th e c r itic a l p oin t. Th os e m ode ls th u s

w ou ld p r e dic t u n p h y s ic a l c om p r e s s iv e s tr a in s e x c e e din g 100%

a n d th u s a r e n ot a dop te d for ou r a n a ly s is of c e ll-in du c e d

c on tr a c tion . Ab ov e th e c r itic a l s tr a in r e q u ir e d for b u c k lin g ,

de form a tion of a fr e e s ta n din g m e m b r a n e or fi lm on a s u b s tr a te

b e c om e s a c om p le x a n a ly tic a l p rob le m b e y on d th e s c op e of

th is p a p e r. In s te a d, w e a dop te d th e m ode l ou tlin e d in s e c tion 2.

From ou r a n a ly s is of th e w r in k le c on tou r s , w e c om p u te d th e

s tr a in e x e r te d b y p e r ic y te s th a t w a s r e q u ir e d to in du c e th e

ob s e r v e d p e r c e n t c on tr a c tion a n d de g r e e of PDMS w rin k lin g .

Th is w a s a n a n a ly s is of c on tr a c tion of th e p e r ic y te s (th e ‘ c e ll

s ide ’ of th is c e ll–m a te r ia l in te rfa c e ) b a s e d u p on ob s e r v a tion s

of w r in k lin g of th e s u b s tr a tu m (th e ‘ m a te r ia l s ide ’ of th is

in te rfa c e ). From e q u a tion s (1), a n d (2), w e fou n d th a t p e r ic y te s

th u s e x e r t a c on tr a c tion of 37.5 ± 1.8% (a v e r a g e ± s ta n da rd

e rror of m e a s u r e m e n t), r a n g in g from 6 to 67% , to w r in k le th is

s u b s tr a tu m u n de r b a s a l c u ltu r e c on dition s .

To e s tim a te th e c e ll-g e n e r a te d tra c tion forc e a n d s tr e s s

c orr e s p on din g to th is w r in k lin g , w e r e la te d th e s tr a in

e n e rg y of s u b s tr a tu m de form a tion to th e w ork don e b y th e

p e r ic y te . As ou tlin e d in s e c tion 2, s u c h c a lc u la tion of s tr a in

e n e rg ie s r e q u ir e s e x p e r im e n ta l in p u t p a r a m e te r s r e la te d to

th e c on tr a c tile dis p la c e m e n t δ (0.6 ± 0.05 µm ) a n d w r in k le

w a v e le n g th λ (7.6± 0.2 µm ) q u a n tifi e d v ia AFM top og r a p h y ;

You n g ’s e la s tic m odu lu s E (2.1 ± 0.3 MPa ), th ic k n e s s (t =

1 µm [27]), a n d Pois s on ’s r a tio (ν = 0.5) of th is PDMS

s u b s tr a tu m ; a n d ty p ic a l w r in k le w idth s W (100 µm ), le n g th

s p a n c om p r is in g th e w r in k le d re g ion s d1 (20 µm ), a n d m id-

p oin t dis ta n c e d2 (100 µm ) ta k e n from op tic a l m ic ros c op y

im a g e s s u c h a s fi g u r e s 1(B) a n d (C). For th e s e da ta , th e

m in im u m e s tim a te for th e s tr e tc h in g e n e rg y UN e x c e e ds th e

b e n din g e n e rg y UB (e q u a tion s (3) a n d (4)). Eq u a tion (5) th e n

in dic a te s th e c e ll-g e n e r a te d forc e F = 1.4 ± 0.1 µN, w h ic h

is in r e a s on a b le a g r e e m e n t w ith in a n orde r of m a g n itu de w ith

th os e r e p or te d b y oth e r s for oth e r c e ll ty p e s on s im ila r PDMS

s u b s tr a ta (i.e ., th e forc e a p p lie d ta n g e n tia l to th e s u b s tr a tu m

th a t is r e q u ir e d to in du c e w r in k le p rofi le s c om p a r a b le to th os e

in du c e d b y c e ll c on tr a c tion on th e s e s u b s tr a ta , a s m e a s u r e d

w ith c a lib r a te d m ic ron e e dle s ) [29, 39].

It is p os s ib le to c on tin u e th e m ode l to e s tim a te th e

tr a c tion a l s tr e s s e x e r te d a t th e foc a l a dh e s ion s b y p e r ic y te s

b y e s tim a tin g th e q u a n tity , loc a tion , a n d s iz e of th e in div idu a l

a dh e s ion s ite s . For e x a m p le , if w e m ode l th e r e g ion of forc e

a p p lic a tion (de fi n e d b y th e p e r ip h e r y of th e c e ll c om p r is e d

of fi fty foc a l a dh e s ion s e a c h of ra diu s 1 µm ), th e n th e

tr a c tion e x e r te d b y th e c e ll is a p p rox im a te ly 8.8± 0.6 k Pa p e r

foc a l a dh e s ion c om p le x . Th is tr a c tion r e p r e s e n ts a n orde r of

m a g n itu de a p p rox im a tion of p e r ic y te -e x e r te d s tr e s s p e r foc a l

a dh e s ion , a n d is s im ila r to tr a c tion r e p or te d for oth e r c e ll ty p e s

from oth e r m e a s u r e m e n t m e th ods [40–42].

Th u s , th is m ode l p rov ide s a u s e fu l a n d re a s on a b le orde r of

m a g n itu de e s tim a te of c e ll-e x e r te d forc e w ith a s im p le a n a ly s is

th a t doe s n ot r e q u ir e th e u s e of c a lib r a te d m ic ron e e dle s or

m ic rop a tte r n e d s u b s tr a te s . W e th e r e fore c on c lu de th a t a n AFM
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m a p of top og r a p h y e n a b le s c e ll-g e n e r a te d forc e to b e e s tim a te d

b y th e e la s tic ity a n a ly s is p rop os e d. Th is is a ls o th e fi r s t

de m on s tr a tion of th e u s e of w r in k lin g top og r a p h y to dir e c tly

r e la te th e m a g n itu de of forc e s e x e r te d s p e c ifi c a lly b y p e r ic y te s

on a dja c e n t s u b s tr a ta , a n d fu r th e r e lu c ida te s th e c a p a c ity of

s p e c ifi c c y tos k e le ta l in h ib itor s a n d a g on is ts to m e dia te th is

tr a c tion .

4 . D is c u s s io n a n d c o n c lu s io n s

Mic rov a s c u la r p e r ic y te s a r e m u r a l c e lls th a t m odu la te c a p illa r y

ton u s a n d e n doth e lia l g row th p ote n tia l, e v e n ts th a t a r e c r itic a l

to p h y s iolog ic a n d p a th olog ic a l a n g iog e n ic p h e n om e n a du r in g

h u m a n de v e lop m e n t a n d v a s c u la r dis e a s e s ta te s . He r e , AFM-

b a s e d m e c h a n ic a l te s tin g e n a b le d th e q u a n tifi c a tion of forc e

tr a n s du c tion b y m ic rov a s c u la r p e r ic y te s , in c lu din g e ffe c tiv e

s tiffn e s s of c e ll m ic rodom a in s n e a r a n d fa r from re g ion s of c e ll-

g e n e r a te d s u b s tr a tu m w r in k lin g . Q u a n tita tiv e a n a ly s is of th e

orig in s of p e r ic y te -g e n e r a te d forc e tr a n s du c tion a n d s u b s tr a ta

de form a tion w a s e n a b le d b y th e a ddition of c y tos k e le ta l-

s p e c ifi c p h a r m a c olog ic a l dis r u p tin g a g e n ts /in h ib itor s . F-

a c tin -m e dia te d s u b s tr a tu m de form a tion w a s ob s e r v a b le v ia

c h a n g e s in c e ll s h a p e a n d loc a l s tiffn e s s , w h ic h c orr e s p on de d

to F-a c tin a s s e m b ly a n d/or a c tom y os in -de p e n de n t ATPa s e -

m e dia te d c on tr a c tion . Th e s e s u b s tr a ta de form a tion s e n a b le

e s tim a te s of c e ll-in du c e d c on tr a c tion , b oth to fa c ilita te

c om p a r is on w ith oth e r c on tr a c tile c e ll ty p e s a n d to c on s ide r

th e p ote n tia l c h a n g e s in e la s tic p rop e r tie s of b iolog ic a l ECM

th a t a r e c on s ide ra b ly m ore c om p le x th a n th e p r e s e n t PDMS

s u b s tr a ta .

Pe r ic y te s a r e c a p a b le of g e n e r a tin g s u ffi c ie n t forc e to

u n de r ly in g PDMS s u b s tr a ta , in du c in g w r in k le s on c olla g e n -

c oa te d PDMS s u b s tr a ta a s s h ow n in fi g u r e 1. W e h y p oth e s iz e d

th a t th e s e w r in k le s w e r e g e n e r a te d b y m e c h a n ic a l forc e s v ia

th e a c tin c y tos k e le ton a n d a c tom y os in -b a s e d c on tr a c tion . To

v e r ify th is h y p oth e s is , w e de te r m in e d e ffe c tiv e e la s tic m odu li

of p e r ic y te m e m b r a n e s ‘on ’ (i.e ., a b ov e ) s u b s tr a ta w r in k le s

a n d ‘off’ (i.e ., fa r from ) w r in k le d re g ion s . As s u m m a r iz e d

in ta b le 2, e ffe c tiv e e la s tic m odu li of p e r ic y te m ic rodom a in s

off-w r in k le s w e r e 45% low e r th a n th os e on -w r in k le s , w h ic h

im p lie d th a t th e c r e a tion of w r in k le s on PDMS s u b s tr a ta w a s

m e dia te d b y s tiff a c tin b u n dle s a n d a c tin -r e la te d forc e e x e r tion

s u c h a s fi la m e n t a s s e m b ly a n d a c tom y os in c on tr a c tion .

Th e p h a r m a c olog ic a l in h ib itor s , in c lu din g la tr u n c u lin A,

b le b b is ta tin , a n d ML-7, tr ig g e r e d th e los s of w r in k le s a s

v is u a liz e d th rou g h op tic a l m ic ros c op y a n d AFM c on ta c t m ode

im a g in g . Me c h a n ic a l m e a s u r e m e n ts of p e r ic y te m ic rodom a in s

s h ow e d a de c r e a s e in loc a l e la s tic m odu li a fte r th e a ddition of

th e s e in h ib itors , im p ly in g th a t th e a c tin c y tos k e le ton m a in ta in s

m e c h a n ic a l s tiffn e s s n e a r th e a p ic a l c e ll s u rfa c e . Th e s e

r e s u lts w e r e s u p p orte d b y fl u ore s c e n c e op tic a l m ic ros c op y

im a g e s th a t s h ow e d th e r e s u ltin g c h a n g e s in c e ll m orp h olog y

a n d th e de n s ity of th e F-a c tin c y tos k e le ton . In c on tr a s t,

n oc oda z ole a n d ja s p la k in olide , w h ic h in dire c tly a n d dire c tly

a c tiv a te th e a c tin c y tos k e le ton , r e s p e c tiv e ly , in c r e a s e d or

r e ta in e d th e m ic rodom a in s tiffn e s s . Th is r e s u lt w a s c on s is te n t

w ith AFM a n d op tic a l im a g e s s h ow in g th a t th e n u m b e r of

w r in k le s c r e a te d on PDMS s u b s tr a ta w e r e a ls o m a in ta in e d or

in c r e a s e d for th e s e p h a r m a c olog ic a l c h a lle n g e s . By e m p loy in g

th e s e n a n om e c h a n ic a l te s ts , op tic a l/fl u ore s c e n c e m ic ros c op y

a n d AFM im a g in g a p p roa c h e s , w e de m on s tr a te d th a t th e

a c tin c y tos k e le ton p la y s a c r itic a l role in m a in ta in in g p e r ic y te

m or p h olog y , a tta c h m e n t to, a n d c on tr a c tion of u n de r ly in g

s u b s tr a ta b y m ic rov a s c u la r p e r ic y te s .

Note th a t n oc oda z ole , w h ic h in h ib its m ic rotu b u le p oly -

m e r iz a tion , in c r e a s e d a n d m a in ta in e d th e m ic rodom a in s tiff-

n e s s , in dire c tly a c tiv a tin g a n d c oa rs e n in g th e a c tin c y tos k e le -

ton (fi g u r e 3); b le b b is ta tin a n d ML-7, w h ic h b in d to m y os in II,

c h a n g e d th e c e ll m orp h olog y dra m a tic a lly (s u p p le m e n ta r y fi g -

u r e 2 a v a ila b le a t s ta c k s .iop .org /JPh y s CM/22/194115/m m e dia ).

Th is m a y b e a ttr ib u ta b le to th e dis tu r b e d b a la n c e b e tw e e n

th e a c tin c y tos k e le ton a n d m ic rotu b u le s , a b a la n c e r e g u la te d

b y m y os in II a s r e p orte d b y Ev e n -Ra m e t a l [2], w h e r e on e

dom in a te s ov e r th e oth e r w h e n e ith e r is in h ib ite d.

Ma n y r e s e a r c h e r s h a v e s u g g e s te d th a t p e r ic y te s p la y

c r itic a l role s in (a n ti)a n g iog e n e s is [6, 7, 11, 12]. Sp e c ifi c a lly ,

m os t r e s e a r c h r e s u lts h a v e b e e n foc u s e d on th e c om m u n ic a tion

b e tw e e n p e r ic y te s a n d e n doth e lia l c e lls v ia b ioc h e m ic a l fa c tor s

s u c h a s lig a n d–re c e p tor in te r a c tion s . How e v e r, th e p r e s e n t

r e s u lts s u g g e s t th a t p e r ic y te s c a n a ls o dir e c tly e x e r t m e c h a n ic a l

s tr e s s on a dja c e n t e n doth e lia l c e lls a n d ECM, a n d m a y

a ls o a lte r th e e ffe c tiv e e la s tic p rop e r tie s of a n u n de r ly in g

s u b s tr a tu m v ia a c tin -m e dia te d c on tr a c tion (fi g u r e 5). Re in h a r t-

K in g e t a l [43] re c e n tly r e p orte d th a t e n doth e lia l c e lls

c a n de te c t a n d re s p on d to m e c h a n ic a l s tim u li c r e a te d b y

n e ig h b or in g c e lls . Ou r ob s e r v a tion s , tog e th e r w ith th e

Re in h a r t-K in g e t a l a n d K u tc h e r e t a l r e s u lts for e n doth e lia l

c e lls [7, 43] s u g g e s t th e m e c h a n ic a l a n d c h e m ic a l c ou p lin g

b e tw e e n p e r ic y te s a n d e n doth e lia l c e lls , a s w e ou tlin e b e low

a n d s h ow s c h e m a tic a lly in fi g u r e 5.

As Th om p s on e t a l [33] h a v e r e p orte d, m e c h a n ic a l

p rop e r tie s of u n de r ly in g s u b s tr a ta im p a c t th e a dh e s ion of

v a s c u la r e n doth e lia l c e lls . Oth e r s [44] h a v e a ls o ob s e r v e d

c h a n g e s in m orp h olog y of e n doth e lia l c e lls u n de r diffe r e n t

m e c h a n ic a l s tim u li, p ote n tia lly a ffe c tin g a n g iog e n e s is .

It is th u s n ow a p p r e c ia te d th a t th e m orp h olog y , a dh e s ion ,

a n d c e r ta in fu n c tion s of v a s c u la r e n doth e lia l c e lls c a n

b e a lte r e d b y th e m e c h a n ic a l s tiffn e s s of e x tr a c e llu la r

m a te r ia ls [33, 43, 44]. A c om p a r is on c a n b e m a de b e tw e e n

ECM p rop e r tie s a n d c h a r a c te r is tic s a n d th e s tiffn e s s a n d

th ic k n e s s of th e PDMS s u b s tr a ta u s e d in th e s e s tu die s .

W e c on s ide r a g a in th e b a s e m e n t m e m b r a n e (BM), th e

e x tr a c e llu la r m a tr ix to w h ic h p e r ic y te s a dh e r e , for w h ic h

th e r e p or te d u n ia x ia l te n s ile s tr e s s –s tr a in r e s p on s e [45] is

s h ow n in fi g u r e 5(A). Th e s lop e of th e e n tir e ty of th is

c u r v e , a p p rox im a tin g th e BM’s s tiffn e s s , is on th e orde r of

E of PDMS; a ddition a lly , th e a p p rox im a te th ic k n e s s of th e

b a s e m e n t m e m b r a n e is 1 µm , th e s a m e th ic k n e s s a s for

th e PDMS u s e d in th e s e s tu die s . W e c a n th e r e fore p os it

th a t p e r ic y te s th a t a r e a dh e r e d e q u a lly w e ll to b a s e m e n t

m e m b r a n e h a v e th e p ote n tia l to e x e r t de form a tion s im ila r

to th a t r e p orte d h e r e , th u s s u p p ortin g th e c on c e p t of dir e c t

tr a n s m is s ion of m e c h a n ic a l s tr a in b e tw e e n p e r ic y te s a n d

a dja c e n t or u n de r ly in g v a s c u la r e n doth e lia l c e lls . Fu r th e r m ore ,

w e n ote th a t th e b a s e m e n t m e m b r a n e s tr e s s –s tr a in r e s p on s e is

n on lin e a r e la s tic , m e a n in g th a t th e e ffe c tiv e s tiffn e s s (dσ /dε)

9
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F ig u r e 5 . (A) Th e n on lin e a r s tr e s s –s tr a in c u r v e of th e b a s e m e n t m e m b r a n e (BM), a s u b s tr a tu m s h a r e d w ith v a s c u la r e n doth e lia l c e lls (ECs ),
a da p te d from [45]. Pe r ic y te -g e n e r a te d s tr a in s m a y b e s u ffi c ie n t to m odify th e e ffe c tiv e e la s tic m odu li of BM, w h ic h in tu r n w ou ld a ffe c t th e
m ic roe n v iron m e n t of e n doth e lia l c e lls . (B) Sc h e m a tic of p e r ic y te for c e e x e r tion a g a in s t th e BM. Pe r ic y te s g e n e r a te c on tr a c tile for c e (b lu e
a r row s ) th a t c a n b e tr a n s m itte d th rou g h th e BM to a dja c e n t ECs . Pe r ic y te -g e n e r a te d s tr a in s m a y b e s u ffi c ie n t to m odify th e e ffe c tiv e e la s tic
m odu li of th is BM, w h ic h in tu r n a ffe c ts th e m ic roe n v iron m e n t of e n doth e lia l c e lls .

is n ot in de p e n de n t of s tr a in b u t is in fa c t a dir e c t, a n d in th is

c a s e , in c r e a s in g fu n c tion of a p p lie d a x ia l s tr a in . Th u s it is

r e a s on a b le to e x p e c t th a t p e r ic y te c on tr a c tion c ou ld loc a lly

de form th e s u r rou n din g BM to s tr a in m a g n itu de s s u ffi c ie n t

to c h a n g e th e e ffe c tiv e s tiffn e s s of th e b a s e m e n t m e m b r a n e .

W e s u g g e s t th a t th e p e r ic y te s ’ p ote n tia l m odifi c a tion of

a n u n de r ly in g s u b s tr a tu m ’s e la s tic p rop e r tie s c a n in fl u e n c e

m or p h olog ic a l c h a n g e s of e n doth e lia l c e lls a n d th u s th e

p roc e s s of a n g iog e n e s is . Th is p e r ic y te -in du c e d s tiffe n in g of

th e BM w ou ld e x p os e a dja c e n t e n doth e lia l c e lls to a m odifi e d

m e c h a n ic a l m ic roe n v iron m e n t, or n ic h e (s e e fi g u r e 5(B),

s c h e m a tiz e d on th e b a s is of [7, 26, 45]).

Oth e r s h a v e r e c e n tly r e p orte d th a t e n doth e liu m a n d

c a p illa r y b lood v e s s e ls th a t a r e n ot s u r rou n de d b y p e r ic y te s

or s m ooth m u s c le c e lls e x h ib it a n in c r e a s e d de g r e e of

n e ov a s c u la r iz a tion a n d a n g iog e n e s is [6, 11]. As h a s b e e n

ob s e r v e d for s e v e r a l a dh e r e n t tis s u e c e ll ty p e s , v a s c u la r

e n doth e lia l c e ll a dh e s ion e ffi c ie n c y is m odu la te d b y th e

s tiffn e s s of th e s u b s tr a tu m [33]. Th e r e fore , p e r ic y te s m a y a lte r

th e a dh e s ion of e n doth e lia l c e lls to th e b a s e m e n t m e m b r a n e

or u n de r ly in g s u b s tr a ta , a n d th u s in h ib it n e ov a s c u la r iz a tion

a n d a n g iog e n e s is th a t a c c om p a n y m orp h olog ic a l c h a n g e s

of e n doth e lia l c e lls on s u b s tr a ta . In th is r e s p e c t, w e

p os it th a t p e r ic y te –e n doth e lia l c e ll in te r a c tion s r e le v a n t to

a n g iog e n e s is a n d n e ov a s c u la r iz a tion w ou ld b e a ffe c te d n ot

on ly b y b ioc h e m ic a l fa c tors s u c h a s lig a n d–re c e p tor k in e tic s ,

b u t a ls o th rou g h th e p e r ic y te s ’ e x e r tion of m e c h a n ic a l forc e s

th a t a r e c om m u n ic a te d to n e a r b y e n doth e lia l c e lls th rou g h

e ith e r dire c t s tr a in or in dire c t m e c h a n ic a l s tiffe n in g of th e

u n de r ly in g n on lin e a r e la s tic s u b s tr a ta .
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