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Summar y

The st i mul at or y ef f ect of r ecombi nant basi c f i br obl ast gr owt h f act or ( bFGF) on wound heal i ng

was assessed usi ng heal i ng- i mpai r ed ( db/ db) mi ce. Ful l - t hi ckness wounds wer e made i n f emal e

di abet i c C57BL/ Ksj AMmi ce, and t hei r nor mal ( db/ +) l i t t er mat es wi t h a punch bi opsy

i nst r ument . Recombi nant bFGF was appl i ed l ocal l y t o t he open wound once a day. The mi ce

wer e l at er ki l l ed and hi st ol ogi cal sect i ons of t he wounds wer e pr epar ed . The degr ee of wound

heal i ng was eval uat ed usi ng sever al hi st ol ogi cal par amet er s such as degr ee of r eepi t hel i al i zat i on,

gr anul at i on t i ssue t hi ckness, mat r i x densi t y, number of i nf i l t r at ed cel l s, and number of capi l l ar i es .

Wounds f r omnor mal mi ce di spl ayed good r eepi t hel i al i zat i on r at es and gr anul at i on t i ssue f or mat i on,

whi l e wounds f r omdb/ db mi ce had poor r esponses, especi al l y i n t he der mal par amet er s . Al t hough

t he appl i cat i on of bFGF t o wounds i n t he nor mal ( db/ + ) mi ce had l i t t l e ef f ect , appl i cat i on of

bFGF t o wounds i n AMmi ce i nduced si gni f i cant r esponses i n al l of t he der mal par amet er s

compar ed wi t h nont r eat ed AMmi ce ( p < 0 . 001) . I n t he pr esence of bFGF, t hese par amet er s

appr oxi mat ed t hose obser ved i n nont r eat ed l i t t er mat es . A mi ni mum of 0. 5 wg bFGF i n ei t her

si ngl e or mul t i pl e appl i cat i ons was r equi r ed f or a si gni f i cant ef f ect . bFGF t hat was ei t her boi l ed

or pr et r eat ed wi t h neut r al i zi ng ant i body had l i t t l e st i mul at or y ef f ect . Ti me- cour se exper i ment s

i ndi cat ed t hat t he gr anul at i on r esponse i n bFGF- t r eat ed mi ce peaked bet ween 8 and 12 d, and

decr eased af t er 12 d, whi l e mat r i x densi t y cont i nued t o i ncr ease unt i l t he 18t h day ( P < 0 . 05) .

The br eaki ng st r engt h of heal ed l i near wounds i n AMmi ce was al so decr eased when compar ed

wi t h het er ozygous l i t t er mat es . Thi s par amet er was al so i mpr oved by t he admi ni st r at i on of bFGF

t o t he wounds ( p < 0 . 05) .

The heal i ng of wounds pr oceeds i n t hr ee over l appi ng

phases: i nf l ammat i on, gr anul at i on t i ssue f or mat i on, and

mat r i x f or mat i on and r emodel i ng ( 1) . Thi s pr ocess i s bel i eved

t o r equi r e t he i nt er act i on of cel l s i n t he der mi s and epi der mi s

as wel l as t he act i vi t i es of chemi cal medi at or s r el eased f r om

i nf l ammat or y cel l s, f i br obl ast s, and ker at i nocyt es . Al t hough

t he pr eci se i nt er act i ons of t he component s compr i si ng nor mal

wound heal i ng ar e not under st ood, a number of condi t i ons

such as i mmunodef i ci ency, chemot her apy, venous st asi s, and

di abet i c ul cer s r esul t i n del ayed wound heal i ng ( 2) . One of

t he obvi ous f eat ur es of f ul l t hi ckness wound heal i ng i s t he

f or mat i on of gr anul at i on t i ssue i n t he der mi s . The pr ol i f er a-

t i on of mesenchymal cel l s and capi l l ar i es, and t he i nf l ux of

macr ophages t hat compose t he gr anul at i on t i ssue ser ve t o

r epl ace t he l ost der mi s and may al so pr ovi de subst r at es and

i nducer s f or r eepi t hel i al i zat i on .

I t has been post ul at ed t hat t he appl i cat i on of agent s t hat

i nduce f i br obl ast and/ or endot hel i al cel l pr ol i f er at i on t o

heal i ng- i mpai r ed wounds mi ght i ncr ease t he r at e and degr ee

of gr anul at i on t i ssue f or mat i on and st i mul at e wound r epai r .

Sever al f i br obl ast mi t ogens have been t est ed and appear t o

i ncr ease wound heal i ng i n cer t ai n ani mal syst ems ( 3- 14) . Re-

cent l y a number of pr ot ei ns have been char act er i zed as bei ng

i nducer s of angi ogenesi s when appl i ed t o speci f i c t i ssues ( 15) .

The best char act er i zed of t hese i s basi c f i br obl ast gr owt h f act or

( bFGF) t ( 16, 17) . bFGF i s a pot ent mi t ogen and chemoat -

t r act ant f or endot hel i al cel l s as wel l as f i br obl ast s . Ther ef or e,

bFGF appear s t o be a st r ong candi dat e as a pot ent i at i ng agent

f or wound heal i ng. Pr evi ous r epor t s ( 4- 7, 10) i ndi cat ed t hat

t he i nj ect i on of bFGF i ncr eased gr anul at i on t i ssue f or mat i on

i n i mpl ant ed sponges and i ncr eased t he br eaki ng st r engt h of

i nci si onal wounds i n nor mal r at s . However , t he ef f ect s of

bFGF on t he cel l ul ar par amet er s of wound heal i ng wer e not

eval uat ed.

Si nce t he ef f ect s of bFGF on pot ent i at i ng wound heal i ng

1 Abbr evi at i on used i n t hi s paper : bFGF, basi c f i br obl ast gr owt h f act or .
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i n ani mal s di spl ayi ng i mpai r ed heal i ng had not been exam-

i ned, we under t ook t o char act er i ze t hi s phenomenon . We

descr i be her e a hi st ol ogi cal eval uat i on of t he ef f ect of bFGF

on wound heal i ng usi ng heal i ng- i mpai r ed mi ce. Mut ant di a-

bet i c mi ce ( db/ db) show a del ayed heal i ng r esponse i n t he der mi s

compar ed wi t h t hei r het er ozygous Al + l i t t er mat es. The ap-

pl i cat i on of r ecombi nant bFGF t o wounds i n AMmi ce i n-

cr eases t he number of i nf i l t r at ed cel l s, capi l l ar y number , ma-

t r i x f or mat i on, and wound br eaki ng st r engt h al most t o t he

l evel s obser ved i n nor mal db/ + l i t t er mat es.

Mat er i al s and Met hods

Ani mal s.

	

Femal e mut ant di abet i c mi ce, C57BL/ ksJ db/ db, and

t hei r nor mal l i t t er mat es ( db/ +) wer e pur chased f r omTheJackson

Labor at or y ( Bar Har bor , ME) . Al l mi ce wer e mai nt ai ned on a st an-

dar d l abor at or y di et and wat er ad l i bi t um, and wer e used at 8 wk

of age. At t he i ni t i at i on of exper i ment s, mi ce wer e housed i ndi vi d-

ual l y and checked f or ur i nar y gl ucose by r eagent st r i ps ( Mi l es Labor a-

t or i es I nc . , El khar t , I N) . Al l db/ db mi ce wer e j udged t o be mi l dl y

t o sever el y di abet i c . Mi ce wer e mai nt ai ned i n i ndi vi dual cages

t hr oughout t he exper i ment .

Pr epar at i on of Reagent s .

	

Recombi nant bFGF was a gi f t f r om Syn-

er gen, I nc . , ( Boul der , CO) . Car boxymet hyl cel l ul ose ( mol mass 250

kD) was pur chased f r om Pol ysci ences I nc. ( War r i ngt on, PA) . The

vehi cl e sol ut i on consi st ed of 1 . 5%car boxymet hyl cel l ul ose and 0. 5%

mouse ser umi n st er i l i zed PBS sol ut i on . Di f f er ent bFGF sol ut i ons

wer e pr epar ed by addi ng concent r at ed r ecombi nant bFGF t o t he

vehi cl e sol ut i on . pbl ycl onal ant i bodi es agai nst r ecombi nant bFGF

wer e r ai sed i n r abbi t s as descr i bed ( 18) , and I gG f r act i ons wer e

pr epar ed by pr ot ei n A- Sephar ose col umn chr omat ogr aphy and

l yophi l i zed .

Woundi ng.

	

Mi ce wer e anest het i zed wi t h sodi umpent obar bi t al

sol ut i on ( 40 mg/ kg, i . p. ) , and t hei r dor sal hai r was cl i pped. Two

f ul l - t hi ckness r ound wounds wer e pr epar ed on t he upper back of

each mouse usi ng a punch bi opsy i nst r ument ( 6 mmdi amet er ;

Geor ge Ti emann and Co . , Long I sl and Ci t y, NY) . The t wo wounds

wer e separ at ed by 1 cmi n t he ant er i or - post er i or di r ect i on . Af t er

t he oper at i on, 20 / Al of t est sol ut i on was appl i ed t o each wound .

A si ngl e mouse r ecei ved t he same t est sol ut i on i n bot h wounds

t o pr event possi bl e ef f ect s f r om l eakage f r om one wound t o t he

ot her . The mi ce wer e kept anest het i zed unt i l t he wound was al -

most dr y. The wounds wer e l ef t open dur i ng t he exper i ment . I n

some exper i ment s, as not ed, mi ce wer e gi ven dai l y appl i cat i ons of

r eagent unt i l t he 5t h day.

Sampl e Pr epar at i on and Hi st ol ogi cal Eval uat i on .

	

On t he i ndi cat ed

day, t he mi ce wer e ki l l ed by cer vi cal di sl ocat i on, usi ng car e not

t o pul l back t he ski n . The wounds wer e exci sed and f i xed i n 10%

buf f er ed f or mal i n sol ut i on . Af t er over ni ght f i xat i on, t he t i ssue was

t r i mmed and cut t hr ough at t he wi dest mar gi n. The t i ssue was

embedded i n par af f i n and sect i oned i n 5- Ami ncr ement s . The sec-

t i ons wer e made per pendi cul ar t o t he ant er i or - post er i or axi s and

per pendi cul ar t o t he sur f ace of t he wound . Si x sect i ons wer e pl aced

on a sl i de, and st ai ned wi t h hemat oxyl i n and eosi n .

Hi st ol ogi cal eval uat i on was per f or med by one of us ( R. T. ) , wi t h

t he i dent i t y of t he sampl es masked . Of t he si x sect i ons on any one

sl i de, t he sect i on wi t h t he wi dest or i gi nal wound mar gi n was used

f or scor i ng. Sect i ons t hat had abscesses wer e not eval uat ed . The

par amet er s measur ed wer e degr ee of r eepi t hel i al i zat i on, gr anul a-

t i on t i ssue t hi ckness, mat r i x densi t y, number of i nf i l t r at ed cel l s,

and number of capi l l ar i es f or t he ent i r e wound ar ea. Each of t he
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par amet er s was gr aded numer i cal l y as descr i bed bel ow t o per mi t
aver age scor es t o be compi l ed .

Reepi t hel i al i zat i on.

	

The degr ee of r eepi t hel i al i zat i on was mea-

sur ed and gi ven a val ue of 0 t o 10 ; 0 was equi val ent t o no cl osur e

and 10 was equi val ent t o compl et e r eepi t hel i al i zat i on by ker -

at i nocyt es .

Gr anul at i on Ti ssue Thi ckness.

	

Aval ue of 1 equal s a t hi n gr anu-

l at i on l ayer , 2 equal s moder at e gr anul at i on, 3 equal s a t hi ck gr anu-

l at i on l ayer , and 4 equal s a ver y t hi ck gr anul at i on l ayer .

Mat r i x Densi t y.

	

The degr ee of der mal mat r i x deposi t i on was

scor ed as 1 equal s edemat ous wi t h l i t t l e mat r i x, 2 equal s a smal l

amount of coar se mat r i x, 3 equal s a moder at e amount of mat r i x,

and 4 equal s dense mat r i x .

I nf i l t r at ed Cel l s.

	

As an i ndex of t he degr ee of cel l ul ar i nf i l t r a-

t i on, t he number of f i br obl ast s and macr ophages was est i mat ed.

Pol ymor phonucl ear cel l s and l ymphocyt es wer e excl uded f r om t he

count i ng. Ascor e of 1 equal s f ewcel l s, 2 equal s a moder at e number ,

3 equal s many cel l s, 4 equal s ver y many cel l s .

Capi l l ar y Number .

	

The number of capi l l ar y l umens was count ed

i n t he compl et e wound cr oss- sect i on at x 100 magni f i cat i on . Ascor e

of 0 equal s 0- 4 capi l l ar i es per wound, 1 equal s 5- 14 capi l l ar i es per

wound, 2 equal s 15- 24 capi l l ar i es per wound, et c . Onl y mat ur e

vessel s t hat cont ai ned er yt hr ocyt es wer e count ed.
Br eaki ng St r engt h :

	

Ful l t hi ckness, ant er i or - post er i or i nci si onal

wounds ( 4 cm) wer e made on t he back wi t h a scal pel . Af t er appl i -

cat i on of bFGF or vehi cl e sol ut i on, t he i nci si on was cl osed usi ng

wi t h f our monof i l ament nyl on sut ur es ( 5- 0; Et hi con I nc. , Som-

mer vi l l e, NJ) pl aced at 1 cmi nt er val s . Mi ce wer e ki l l ed on post -

woundi ng day 9, sut ur es wer e r emoved, and t hr ee st r i ps of ski n

( 0 . 8 cmwi de) wer e t aken per pendi cul ar t o t he wound and bet ween

t he sut ur es. The edges of t he or i gi nal wound wer e not used . The

f i r st st r i p was used f or hi st ol ogi cal eval uat i on, and t he ot her t wo

st r i ps wer e kept wet wi t h PBS and used f or t ensi l e st r engt h mea-

sur ement s. Br eaki ng st r engt h was measur ed usi ng a spr i ng bal -

ance ( maxi mum 250 g; Ohaus Scal e Cor p . , Fl or ham Par k, NJ) .

The ends of t he wound wer e secur ed by bi nder cl i ps ( 1/ 2 i nch ;

Swi ngl i ne, I nc . , Long I sl and Ci t y, NY) . Af or ce was appl i ed acr oss

t he i nci si on at a const ant speed ( 1 cm/ s) . The br eaki ng st r engt h

was t he poi nt of maxi mal st r ess bef or e wound separ at i on, and was

expr essed as g/ mmi nci si onal wi dt h . Measur ement s wer e done wi t h

t he i nvest i gat or bl i nded as t o sampl e or i gi n .

St at i st i cal Anal ysi s.

	

Al l t he dat a wer e anal yzed by St udent ' s pai r ed

t - t est . Resul t s wer e expr essed as means ± SEM. The di f f er ences

i n measur ement s bet ween t he t wo wounds on a si ngl e mouse wer e

never gr eat er t han t he di f f er ences obser ved bet ween i dent i cal mi ce.

Resul t s

Our i ni t i al at t empt s t o measur e t he ef f ect of bFGF on f ul l -

t hi ckness wounds i n nor mal BALB/ c and C57BL mi ce i ndi -

cat ed t hat t he appl i cat i on of t he gr owt h f act or had onl y smal l

posi t i ve ef f ect s ( dat a not shown) . As shown i n Tabl e 1, nor mal

C57BL/ ksJ db/ + mi ce had good wound cl osur e r at es and

gr anul at i on t i ssue f or mat i on. The appl i cat i on of bFGF t o t hese

wounds had a mi ni mal ef f ect on t he wound heal i ng par amet er s

( Tabl e 1) . Typi cal exampl es of t he hi st ol ogy of t he wounds

f r om t r eat ed vs . nont r eat ed Al + mi ce ar e i l l ust r at ed i n Fi g.

1, a and b . I t i s appar ent t hat r eepi t hel i al i zat i on was com-

pl et ed by 8 d af t er woundi ng and t hi ck gr anul at i on t i ssue

was f or med i n bot h speci mens. I t shoul d be not ed t hat al -



Sampl es wer e t aken at 8 days post - woundi ng. Vehi cl e sol ut i ons pl us and nnnus bFGF as i ndi cat ed wer e appl i ed each day f or f i ve days begi n-

ni ng wi t h t he day of woundi ng . Scor i ng of each par amet er was gr aded by t he met hod descr i bed i n t he t ext . hg r ef er s t o t he amount of
bFGF appl i ed . n, Number of wounds anal yzed .

' Val ue i s di f f er ent f r om t hat of cont r ol db/ + mi ce, 0 Et g x 5 d, p < 0. 02 .
# p < 0. 001 .
5 Ast er i sks i ndi cat e t hat t he val ues ar e si gni f i cant l y di f f er ent f r om t hat of dbl db mi ce, 0 At g x 5 d, p < 0. 05 .

t hough r eepi t hel i al i zat i on was compl et e i n t he sampl es i l l us-

t r at ed i n Fi g . 1, a and b, i n t he maj or i t y of t he sampl es ( Tabl e

1) , r eepi t hel i al i zat i on was onl y 80- 90% at t hi s t i me . The

der mal l ayer appear s t o be somewhat t hi cker i n t he t r eat ed
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wound i l l ust r at ed, but t hi s was not al ways obser ved . At t he

hi gher magni f i cat i on, i nf i l t r at ed macr ophages, f i br obl ast s, and

l ymphoi d cel l s as wel l as capi l l ar i es wer e evi dent i n bot h non-

t r eat ed and t r eat ed wounds . Thus, no maj or di f f er ences wer e

Fi gur e 1 .

	

Phot omi cr ogr aphs of wound speci mens f r om dbl db and db/ + l i t t er mat es. Sect i ons wer e pr epar ed and st ai ned as descr i bed i n
Mat er i al s and Met hods . Top panel s, x30 ; bot t om panel s, x140 . Each phot omi cr ogr aph was t aken f r om a sect i on pr epar ed f or t he exper i ment s
pr esent ed i n Tabl e 1. Ar r owheads i ndi cat e t he or i gi nal wound mar gi ns. ( a) Sect i on f r om a wound f r om a nont r eat ed nor mal mouse ( dbl +) at 8
d af t er woundi ng . ( b) Sect i on f r om a wound f r om a nor mal mouse ( dbl +) at 8 d af t er t he t r eat ment wi t h 5 Wg of bFGF per day f or 5 d. ( c)
Sect i on f r om a wound f r om a nont r eat ed dbl db mouse at 8 d af t er woundi ng. ( d) Sect i on f r om wound f r om a dbl db mouse at 8 d af t er t r eat -
ment wi t h 5 Pg of bFGF per day f or 5 d. The scor i ng f or t he heal i ng par amet er s f or t hese f our sampl es wi t h r espect t o r eepi t hel i al i zat i on,

gr anul at i on t i ssue t hi ckness, mat r i x densi t y, i nf i l t r at ed cel l s, and capi l l ar y number s wer e, r espect i vel y : ( a) 10, 3, 4, 3, and 6; ( b) 10, 2, 4, 4, and
11; ( c) 4, 1, 1, 1, and 2 ; ( d) 10, 3, 4, 3, and 12.

Tabl e 1 . Ef f ect s of bFGF

Tr eat ment

on

n

Wound Heal i ng i n Nor mal

Reepi t hel i al i zat i on

and dbl db Mi ce

Gr anul at i on

t i ssue t hi ckness

Mat r i x

densi t y

I nf i l t r at ed

cel l s

Capi l l ar y

number

Nor mal Mi ce ( dbl + )

0ugbFGF x 5d 10 8. 8±0 . 6 3. 3±0 . 1 3 . 3±0 . 3 3. 2±0 . 2 8. 1±0. 8

Nor mal Mi ce ( dbl + )

5ug x 5d 9 8. 6±0 . 7 3. 6±0 . 2 3 . 4±0 . 3 3 . 8±0 . 1' 10 . 6±' 1 . 3

dbl db Mi ce

0 ug x 5 d 10 7 . 1 ± 0. 7 1 . 4 ± 0. 2 2. 1 ± 0. 4 1 . 7 ± 0. 1 2. 4 ± 0. 4

dbl db Mi ce

5 ug x 5 d 10 8 . 4 ± 0. 6 2 . 8 ± 0. 2# 3 . 1 ± 0. 25 2 . 8 ± 0. 2# 8. 2 ± 0. 9#



obser ved bet ween t he cont r ol and t he t r eat ed wounds i n dbl +
mi ce.

When wound heal i ng i n t he dbl + mi ce was compar ed

wi t h t hat i n t he homozygous dbl db l i t t er mat es, an i mpai r -

ment i n der mal wound heal i ng was obvi ous i n t he AMmi ce

( Tabl e 1 and Fi g. 1 c) . At 8 d af t er woundi ng t her e was a

sl i ght decr ease i n t he degr ee of r eepi t hel i al i zat i on, and si g-

ni f i cant l y l ess gr anul at i on t i ssue f or mat i on, cel l ul ar i nf i l t r a-

t i on, and neovascul ar i zat i on under nor mal condi t i ons of

wound r epai r when t he AMmi ce wer e compar ed wi t h Al +

mi ce ( Tabl e 1) . The decr ease of t he heal i ng r esponse i s qui t e

evi dent by t he absence of gr anul at i on t i ssue at t hi s t i me ( Fi g.

1 c) . I nst ead of an i nf l ux of f i br obl ast s, macr ophages, and

bl ood vessel s, t he der mal l ayer i s occupi ed by adi pose t i ssue.

The i ncompl et el y r eepi t hel i al i zed epi der mi s i s cover ed by a

t hi ck cr ust . The wi der wound bor der seen i n t he AMani mal s

( Fi g . 1 c) when compar ed wi t h t hose i n t he dbl + ani mal s

( Fi g . 1 a) pr obabl y r esul t s f r om t he di st ensi on of t he ski n

i n t he obese dbl db ani mal s .

When bFGF ( 5 j i g) was appl i ed t o wounds i n dbl db mi ce,

si gni f i cant r esponses wer e obser ved i n gr anul at i on t i ssue t hi ck-

ness ( p < 0 . 001) , mat r i x densi t y ( p < 0 . 05) , i nf i l t r at ed cel l s

( p < 0 . 001) , and capi l l ar y number s ( p < 0 . 001) . The i ncr ease

i n gr anul at i on t i ssue was obvi ous when t he exci sed t r eat ed

and nont r eat ed wounds wer e obser ved f r omt he der mal si de

bef or e sect i oni ng . Ther e was a sl i ght i ncr ease i n t he degr ee

of r eepi t hel i al i zat i on ( Tabl e 1) , but t hi s was pr obabl y not

st at i st i cal l y si gni f i cant ( see bel ow) . A t ypi cal cr oss- sect i on

of a bFGF- t r eat ed wound i n dbl db mi ce ( Fi g. 1 d) i l l ust r at es

a si gni f i cant i ncr ease of gr anul at i on t i ssue when compar ed

wi t h t he unt r eat ed dbl db wound ( Fi g . 1 c) . The der mi s con-

t ai ns l ar ge number s of f i br obl ast s and macr ophages, and

numer ous capi l l ar i es ar e evi dent . Thus, wi t h t he appl i cat i on

of bFGF t o wounds i n dbl db mi ce, t he degr ee of wound heal i ng

appr oxi mat ed t hat obser ved i n t he cont r ol het er ozygous

( dbl + ) mi ce.

The dose of bFGF r equi r ed t o st i mul at e heal i ng i n dbl db

mi ce was next est abl i shed. Doses of 0 . 05, 0 . 5, and 5 j i g of

bFGF wer e appl i ed t o t he wounds once a day f or 5 d . The

wounds f r omdbl db mi ce t hat r ecei ved no bFGF agai n demon-
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st r at ed i mpai r ed wound r epai r wi t h t hi n gr anul at i on t i ssue,

f ew i nf i l t r at ed cel l s, and decr eased capi l l ar y number s . Wi t h

t he appl i cat i on of 0. 05 ug/ d of bFGF, t her e was no st at i st i -

cal l y val i d ef f ect on t hese par amet er s when compar ed wi t h
t he nont r eat ed mi ce . However , wi t h t he appl i cat i on of 0. 5

or 5 wg/ d of bFGF, st r ong i ncr eases i n al l of t he der mal

par amet er s wer e obser ved. The number of capi l l ar i es was

si gni f i cant l y hi gher t han t hat f ound i n nont r eat ed mi ce ( p

< 0 . 001 at 0 . 5 hg/ d and p < 0. 01 at 5 l Ag/ d) . Thus, t he ef f ec-

t i ve dose of bFGF r equi r ed f or a si gni f i cant i ncr ease i n wound

heal i ng i s bet ween 0 . 05 and 0 . 51~g/ d when appl i ed mul t i pl e

t i mes . These t r eat ment s had l i t t l e or no ef f ect on t he degr ee

of r eepi t hel i al i zat i on ( Tabl e 2) . I t i s not cl ear why t he av-

er age cont r ol val ues i n t hi s exper i ment di f f er ed f r om t hose

obser ved i n t he exper i ment pr esent ed i n Tabl e 1 . However ,

al t hough t he absol ut e val ues wer e di f f er ent , t he ef f ect of t he

bFGF t r eat ment was qual i t at i vel y equi val ent bet ween exper i -

ment s. Wounds i n het er ozygous dbl + l i t t er mat es di d not

show a r esponse t o t hese concent r at i ons of bFGF i n t he

par amet er s measur ed ( dat a not shown) pr esumabl y because

t he nor mal heal i ng coul d not be accel er at ed.

Si nce Davi dson et al . ( 7) r epor t ed t hat i odi nat ed car t i -

l age- der i ved gr owt h f act or , whi ch appear s t o be a f or m of

bFGF, di sappear ed f r omwounds wi t hi n 24 h af t er i nj ect i on,

we next t est ed whet her t her e wer e si gni f i cant di f f er ences i n

heal i ng bet ween si ngl e vs. mul t i pl e appl i cat i ons of gr owt h

f act or . As shown i n Tabl e 3, si ngl e dosi ng at 0. 5 as wel l as

5 Fcg gave r esponses essent i al l y equi val ent t o mul t i pl e doses

at 5 ug wi t h t he except i on of t he i ncr ease i n mat r i x densi t y.

To i nsur e t hat measur ed ef f ect s act ual l y r esul t ed f r omt he

bFGF i n t he pr epar at i ons, t wo addi t i onal exper i ment s wer e

conduct ed . Boi l ed bFGF ( 5 ; &g/ d) f ai l ed t o i nduce st at i st i -

cal l y si gni f i cant i ncr eases i n t he number s of i nf i l t r at ed cel l s

or capi l l ar i es ( Tabl e 3) . Fur t her mor e, pr et r eat ment of t he bFGF

wi t h ant i - bFGF I gG bl ocked t he st i mul at i on of wound

heal i ng, but t r eat ment wi t h noni mmune I gG di d not ( Tabl e

3) . These dat a cl ear l y showed t hat bFGF was r esponsi bl e f or

t he obser ved hi st ol ogi cal r esponses.

To measur e t he ef f ect s of bFGF on wound heal i ng i n AM
mi ce as a f unct i on of t i me, hi st ol ogi cal sect i ons of t r eat ed

Sampl es wer e t aken at 8 d af t er woundi ng. Sol ut i ons wer e appl i ed once a day each day f or 5 d begi nni ng wi t h t he day of woundi ng . ug, t he
amount of bFGF appl i ed. Scor i ng of each par amet er was gr aded by t he met hod descr i bed i n t he t ext . n, number of wounds anal yzed .
Ast er i sks i ndi cat e t hat t he val ues ar e si gni f i cant l y di f f er ent f r om t hat of cont r ol ( 0 Fag x 5 d) .

' p < 0. 01 .
t p < 0. 001 .

Tabl e 2. Dow Ef f ect on Wound Heal i ng i n db/ db Mi ce

Gr anul at i on Mat r i x I nf i l t r at ed Capi l l ar y

Tr eat ment n Reepi t hel i al i zat i on t i ssue t hi ckness densi t y cel l s number

0j Ag x 5d 10 5 . 0±0 . 6 1 . 6 ± 0 . 2 1 . 8 ± 0 . 2 1 . 8 ± 0. 2 4 . 2 ± 1 . 0

0 . 05 l Ag x 5 d 10 5 . 0 ± 0. 7 1. 7 ± 0. 1 1 . 9 ± 0 . 2 2 . 6 ± 0. 3 6 . 8 ± 1 . 2

0 . 5l Ag x 5d 5 5 . 6±1 . 1 2 . 8 ± 0 . 2" 2 . 2 ± 0 . 3 3 . 0 ± 0' 12 . 8 ± 1 . 0

5ug x 5d 8 4. 3±0 . 9 3 . 0 ± 0 . 3' 3 . 6 ± 0 . 2t 3 . 8 ± 0. 2# 13 . 8 ± 2 . 9'



and nont r eat ed wounds wer e pr epar ed at 5, 8, 12, and 18 d

af t er woundi ng ( Tabl e 4) . Al l of t he gr anul at i on par amet er s

measur ed i n bFGF- t r eat ed wounds exceeded t hose i n non-

t r eat ed mi ce at al l days ( p < 0 . 1 t o p < 0 . 001) . I n gener al ,

t he r esponses i n t he t r eat ed wounds occur r ed ear l i er and wer e

mor e ext ensi ve t han t hose obser ved i n t he nont r eat ed wounds.

However , si gni f i cant di f f er ences wer e not seen wi t h r espect

t o ef f ect s on wound cl osur e. Al l of t he gr anul at i on par amet er s

i n bFGF- t r eat ed mi ce i ncr eased f or t he f i r st 12 d . I nt er est -

i ngl y, bet ween 12 and 18 d, t he gr anul at i on r esponse appear ed

t o begi n t o r esol ve as measur ed by decr eases i n t he t hi ckness

of t he gr anul at i on t i ssue, t he number of i nf i l t r at ed cel l s, and

t he number of capi l l ar i es . Meanwhi l e, mat r i x densi t y con-
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Sampl es wer e t aken at 8 d af t er woundi ng. Scor es of each par amet er wer e est abl i shed by t he met hod descr i bed i n t he t ext . Wg, t he amount of

bFGF appl i ed . n, number of wounds anal yzed .

t i nued t o i ncr ease, suggest i ng t hat mat r i x mat ur at i on and

r emodel i ng wer e occur r i ng .

We next at t empt ed t o measur e br eaki ng st r engt h of bFGF-

t r eat ed and cont r ol i nci si onal wounds t o det er mi ne whet her

i ncr eased mat r i x f or mat i on st r engt hened t he heal i ng wound .

Fi g. 2 i l l ust r at es t he r esul t s of br eaki ng st r engt h measur e-

ment s i n dbl db and dbl + wounds. Wounds f r ommut ant AM

mi ce br oke at 56%of t he br eaki ng st r engt h of wounds f r om

nor mal het er ozygous l i t t er mat es . Appl i cat i on of a si ngl e dose

of bFGF i ncr eased t he br eaki ng st r engt h i n wounds f r omAl +

mi ce by 24%and t hat i n AMmi ce by 46%( p < 0. 05) . As

a r esul t of bFGF appl i cat i on, br eaki ng st r engt h i n bFGF- t r eat ed

wounds f r omAMmi ce appr oxi mat ed t hat i n heal ed wounds

Sampl es wer e t aken at desi gnat ed days . Scor es of each par amet er wer e gr aded by t he met hod descr i bed i n t he t ext . St at i st i cal eval uat i on was
done bet ween t r eat ed and nont r eat ed mi ce on t he same days . Super scr i pt s i ndi cat e t hat t he val ues ar e si gni f i cant l y di f f er ent . n, number of
wounds anal yzed .

p < 0. 001 .
# p < 0. 01 .
S p < 0. 05 .

I I p < 0. 02 .

1 p < 0. 1 .

Tabl e 3 . Ef f ect s of bFGF on Wound Heal i ng i n dbl db Mi ce

Gr anul at i on Mat r i x I nf i l t r at ed Capi l l ar y

Tr eat ment n Reepi t hel i al i zat i on t i ssue t hi ckness densi t y cel l s number

Vehi cl e al one x 5 d 9 6. 1 ± 0. 9 1 . 9 ± 0. 1 2. 1 ± 0. 3 1 . 8 ± 0. 1 5 . 2 ± 0. 6

Vehi cl e al one x 1 d 8 7. 5 ± 0. 8 1 . 6 ± 0. 2 1. 9 ± 0. 2 1 . 9 ± 0. 3 7 . 5 ± 1 . 5

0. 5 l Ag x 1 d 10 6. 4 ± 0. 7 2. 5 ± 0. 2 2. 5 ± 0. 2 2 . 5 ± 0. 2 12 . 1 ± 1 . 1

5pg x i d 8 8, 9 ± 0. 5 2. 8 ± 0. 2 2. 8 ± 0. 2 2. 9 ± 0. 1 13 . 5 ± 1 . 3

5j gx5d 10 5. 3 ± 0. 7 2. 5 ± 0. 2 2. 2 ± 0. 2 2 . 6 ± 0. 2 12 . 9 ± 1 . 8

5 ug boi l ed x 5 d 9 6. 2 ± 0. 6 1 . 6 ± 0. 2 2. 0 ± 0. 2 2. 0 ± 0. 2 7. 1 ± 0. 9

( 0 . 5 wg + ant i - bFGF I gG) x 1 d 7 7. 0 ± 1. 0 2. 1 ± 0. 1 2. 0 ± 0 2. 1 ± 0. 1 7 . 9 ± 1 . 6

( 0 . 5 hg + non- i mmune I gG) x 1 d 7 6. 7 ± 0. 9 2. 9 ± 0. 1 2. 9 ± 0. 2 2 . 9 ± 0. 2 14 . 3 ± 2. 1

Tabl e 4. Ti me Cour se of Wound Heal i ng i n dbl db Mi ce Wi t h and Wi t hout bFGF

Gr anul at i on Mat r i x I nf i l t r at ed Capi l l ar y

Tr eat ment n Reepi t hel i al i zat i on t i ssue t hi ckness densi t y cel l s number

0ug x 5d 10 1. 7±0 . 2 1 . 3 ± 0. 1 1 . 0 ± 0 1 . 3 t 0. 1 1 . 8 ± 0. 6

8 d 9 3. 6 ± 0. 6 1 . 2 ± 0. 1 1 . 1 ± 0. 1 1 . 4 ± 0. 2 3. 4 ± 1. 3

12 d 9 7. 7 ± 0. 6 2. 0 ± 0. 2 2. 3 ± 0. 2 2. 1 ± 0. 2 5. 8 ± 0. 8

18 d 11 10 . 0 ± 0 1. 7 ± 0. 2 3. 0 ± 0. 2 2. 0 ± 0. 2 7. 0 ± 0. 9

5 l g x 5 d 10 2. 0 ± 0. 2 1 . 3 ± 0. 1 1 . 0 ± 0 1 . 4 ± 0. 2 3. 4 ± 1 . 1

8 d 8 3. 8 ± 0. 7 2. 6 ± 0. 2' 2 . 1 ± 0. 2` 2. 6 ± 0. 2" 11 . 9 ± 2. 7t

12 d 10 7. 9 ± 0. 9 2. 9 t 0. 3S 3. 2 ± 0. 2# 3. 2 ± 0. 2# 16 . 8 ± 1 . 9"

18 d 10 10 . 0 ± 0 2. 3 ± 0. 111 3 . 6 ± 0. 2S 2. 5 ± 0. 21 10 . 4 ± 0. 911
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Tensi l e st r engt h
measur ement s . Wounds wer e
pr epar ed as descr i bed i n t he
t ext . The br eaki ng st r engt h
was measur ed and expr essed as
g/ mmi nci si onal wi dt h . ( 1)
Wounds f r om nont r eat ed dbl +

mi ce, ( 1) wounds f r om dbl +

mi ce t r eat ed wi t h 5 Rg of

bFGF, ( 3) wounds f r om non-
t r eat ed dbl db mi ce, ( 4) wounds
f r om dbl db mi ce t r eat ed wi t h 5

kg of bFGF. Ast er i sks i ndi cat e
t he st at i st i cal eval uat i on be-
t ween t r eat ed and nont r eat ed
mi ce. p < 0. 05 . Bar s : SEM.

of nont r eat ed db/ + l i t t er mat es . Hi st ol ogi cal eval uat i on of

wound t i ssues t aken f r omt he same mi ce showed r esul t s si mi l ar

t o t hose seen ear l i er i n Tabl e 1 and Fi g . 1 ( dat a not shown) .

These dat a suggest t hat t he i ncr eased gr anul at i on t i ssue ob-

ser ved by hi st ol ogi cal eval uat i on cont r i but es t o an i ncr ease

of t he st r engt h of t he r epai r ed wound .

Di scussi on

These exper i ment s pr ovi de hi st ol ogi cal evi dence t hat r ecom-

bi nant bFGF i s capabl e of si gni f i cant l y i mpr ovi ng t he degr ee

of der mal heal i ng i n dbl db mi ce . The obser ved i ncr eases i n

gr anul at i on t i ssue t hi ckness, i nf i l t r at ed cel l s, capi l l ar y number ,

and t ensi l e st r engt h ar e consi st ent wi t h t he pr oposal t hat bFGF

i s an i nducer of gr anul at i on . Besi des bFGF, ot her pol ypep-

t i de gr owt h f act or s, such as pl at el et - der i ved gr owt h f act or

( PDGF) , TGF- a, epi der mal gr owt h f act or ( EGF) , and TGF- ( 3

have been shown t o i ncr ease var i ous par amet er s of wound

heal i ng ( 3, 8, 9, 11- 14, 19- 21) .

Unl i ke EGF, bFGF appear ed t o have l i t t l e ef f ect on t he

degr ee of r eepi t hel i al i zat i on . Si nce ker at i nocyt es r espond t o

bFGF ( 22, 23) , t hi s r esul t was somewhat sur pr i si ng. Per haps,

t he pr esence of t he l ar ge scab, whi ch f or med because we used

an open wound syst em, af f ect ed t he mi gr at i on of ker at i no-

We t hank Mel i nda Vassal l o f or her excel l ent t echni cal assi st ance.

cyt es . Ther ef or e, i t wi l l be of i nt er est t o t est t he ef f ect of

bFGF on wounds wi t h occl usi ve dr essi ngs.

I t i s al so i nt er est i ng t hat onl y a smal l ef f ect of bFGF on

t he r at e or degr ee of heal i ng i n nor mal mi ce was obser ved,

al t hough t her e ar e sever al r epor t s t hat demonst r at e posi t i ve

ef f ect s of bFGF on wounds i n nor mal r at s usi ng di f f er ent

assays ( 4- 7, 10) . I t i s possi bl e t hat nor mal mi ce have suf f i ci ent

amount s of gr owt h f act or s t o achi eve a maxi mal r at e of heal i ng,

and t her ef or e, onl y mi nor i ncr eases i n wound r epai r ar e pos-

si bl e upon t he appl i cat i on of exogenous gr owt h f act or s . The

hi st ol ogi cal measur ement s t hat we used may not have been

sensi t i ve enough t o det ect t hese smal l ef f ect s .

Mut ant di abet i c mi ce ( dbl db) have el evat ed bl ood sugar l evel s,

i ncr eased or nor mal i nsul i n concent r at i ons, and suppr essed

cel l - medi at ed i mmuni t y ( 24) . They ar e al so obese wi t h di s-

t ended, t hi n ski n . Thus, t he r eason f or t hei r i mpai r ed r at e

of wound heal i ng may be compl i cat ed and mul t i f act or i al . I t

i s known t hat gl ucocor t i coi d- t r eat ed r at s have del ayed wound

heal i ng and t hat TGF- a r ever ses t hi s ef f ect ( 13) . Rat s wi t h

chemi cal l y i nduced di abet es have a decr eased r at e of col l agen

deposi t i on whi ch can be r est or ed t o a nor mal l evel by t he

appl i cat i on of PDGF ( 8) . I t i s al so l i kel y t hat t he pr esence

of macr ophages has a st r ong ef f ect on t he f or mat i on of wound

gr anul at i on t i ssue ( 25) , and t hat macr ophage accumul at i on

i s i mpai r ed i n dbl db mi ce. The mechani sm r esponsi bl e f or

i mpai r ed wound heal i ng i n dbl db mi ce i s unknown at t hi s

t i me and r emai ns t o be el uci dat ed .

The ef f ect i ve dose of bFGF r equi r ed f or a si gni f i cant i n-

cr ease i n wound heal i ng was est abl i shed t o be 0 . 5 NAg/ d usi ng

ei t her si ngl e or mul t i pl e appl i cat i ons . The r eason why a si ngl e

dose was as ef f ect i ve as mul t i pl e doses i s not cl ear but may

r el at e t o t he r ecr ui t ment of macr ophages and f i br obl ast s by

t he bFGF. These mi gr at or y cel l s may be r esponsi bl e f or sub-

sequent event s at wound si t es i n t he absence of appl i ed bFGF.

I t i s al so i nt er est i ng, and per haps i mpor t ant , t hat mul t i pl e

doses of hi gh concent r at i ons of bGFG di d not i nduce un-

l i mi t ed gr anul at i on t i ssue f or mat i on, and af t er r eepi t hel i al i -

zat i on a decr ease i n t he amount of gr anul at i on t i ssue and

mat r i x occur r ed . Thi s suggest s t hat bFGF can be used as a

sel f - l i mi t ed, pot ent wound heal i ng- pot ent i at i ng agent .

Thi s wor k was suppor t ed by gr ant s f r om t he Nat i onal I nst i t ut es of Heal t h ( CA- 34282) and t he U. S. Ar my

Medi cal Resear ch Acqui si t i on Act i vi t y, Cont r ol No. DAMD17- 87- C- 7153 .

R. Tsuboi ' s pr esent addr ess i s Depar t ment of Der mat ol ogy, Junt endo Uni ver si t y School of Medi ci ne, Tokyo

113, Japan .
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