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Pl at el et - der i ved gr owt h f act or ( PDGF) ' was i ni t i al l y i dent i f i ed as a pot ent

mi t ogen i n human ser umf or mesenchymal l y der i ved cel l s ( 1- 3) . PDGF i s pr esent

i n pl at el et a gr anul es and r el eased f r omi nt er nal st or es i n associ at i on wi t h pl at el et

act i vat i on at si t es of i nj ur y ( 4, 5) . PDGF i s a di sul f i de- l i nked het er odi mer i c

pr ot ei n compr i si ng A( non- si s) and B ( si s) pol ypept i de chai ns ( 6- 9) . The B chai n

of PDGF i s st r uct ur al l y and f unct i onal l y hi ghl y homol ogous t o t he pr ot ei n

pr oduct of t he v- si s oncogene, t he t r ansf or mi ng gene of si mi an sar coma vi r us

( 10, 11) , and i s encoded by t he nor mal cel l ul ar homol ogue of v- si s, t he c- si s

pr ot o- oncogene ( 12, 13) . The c- si s and v- si s genes have been cl oned and expr essed

i n Chi nese hamst er ovar y ( CHO) cel l s at hi gh expr essi on l evel s ( Thomason, A. ,

et al . , submi t t ed f or publ i cat i on) , per mi t t i ng f or t he f i r st t i me t he di r ect appl i -

cat i on of t hi s gr owt h f act or i nt o wounds i n exper i ment al ani mal s t o t est a

f unct i onal r ol e of PDGF i n t i ssue r epai r .

Si nce PDGF and r el at ed pr ot ei ns ar e r el eased f r om pl at el et s, monocyt es, and

f i br obl ast s, and PDGF st i mul at es bot h chemot axi s and act i vat i on of i nf l ammat or y

cel l s and f i br obl ast s i n vi t r o ( 14- 21) , PDGF i s t hought t o be an i mpor t ant

vul ner ar y agent f or t i ssue r epai r pr ocesses i n vi vo . Anot her pol ypept i de gr owt h

f act or st or ed i n t he a gr anul es of pl at el et s, t r ansf or mi ng gr owt h f act or t ype 0

( TGF- , B) , i s al so consi der ed i mpor t ant i n t i ssue r epai r ( 22) . Bot h PDGF and TGF-

0 i ncr ease col l agen f or mat i on, DNA cont ent , and pr ot ei n l evel s i n wound

chamber s i mpl ant ed i n r at s ( 23, 24) , and TGF- 0 st i mul at es t he r ever si bl e f or -

mat i on of gr anul at i on t i ssue when i nj ect ed subcut aneousl y i nt o newbor n mi ce

( 25) . We have successf ul l y demonst r at ed accel er at i on of wound heal i ng i n f ul l -

t hi ckness l i near i nci si on wounds made i n r at ski n ( 26) . A si ngl e appl i cat i on of

human TGF- ( 3 at t he t i me of woundi ng advanced by 2- 3 d t he br eaki ng st r engt h

Thi s wor k was suppor t ed by Nat i onal I nst i t ut es of Heal t h gr ant s HL- 31102, HL- 14147, and HL-

29594 and by a gr ant f r om AmGen. Addr ess cor r espondence t o Thomas F. Deuel , Di v . of Hemat ol -

ogy Resear ch, The Jewi sh Hospi t al of St . Loui s, 216 Sout h Ki ngshi ghway Bl vd . , St . Loui s, MO

63110.
' Abbr evi at i ons used i n t hi s paper : DMEM, Dul becco' s modi f i ed essent i al medi um; h, human;

NRK, nor mal r at ki dney cel l s ; PDGF, pl at el et - der i ved gr owt h f act or ; TGF- / 3, t r ansf or mi ng gr owt h

f act or f l .
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r equi r ed t o r upt ur e t he i nci si on mar gi ns af t er 1 wk . The pr esent st udi es dem-

onst r at e mar ked augment at i on of wound heal i ng usi ng human PDGF ( hPDGF)

and r ecombi nant c- si s homodi mer s ( r PDGF- B) , and r eveal uni que pat t er ns of

r esponse when compar ed wi t h t he r esul t s obt ai ned wi t h TGF- 0 . Fur t her mor e,

t he r ecombi nant c- si s homodi mer s on a mol ar basi s ar e f unct i onal l y as f ul l y act i ve

as PDGF i n i n vi t r o mi t ogeni c and chemot act i c assays .

Mat er i al s and Met hods

Pr epar at i on of Gr owt h Fact or s.

	

Human PDGF was pur i f i ed t o homogenei t y f r om

out dat ed pl at el et s as descr i bed ( 6) . Recombi nant human c- si s homodi mer s wer e pr oduced

i n Chi nese hamst er ovar y cel l s af t er t r ansf ect i on wi t h and ampl i f i cat i on of t he c- si s gene .

The pr ot ei n was pur i f i ed t o appar ent homogenei t y f r om condi t i oned medi um usi ng a

pr ocedur e t hat i ncl uded af f i ni t y chr omat ogr aphy over an ant i - v- si s pr ot ei n mAb col umn

( Thomason, A. , et al . , submi t t ed f or publ i cat i on) . Pur i t y was est abl i shed by eval uat i ng

i odi nat ed hPDGF and r PDGF- B i n pol yacr yl ami de gel s by aut or adi ogr aphy . No endot oxi n

was det ect abl e i n r PDGF- B pr epar at i ons . Ant i ser a r ai sed agai nst hPDGF ( ant i - PDGF2 )

showed a hi gh degr ee of cr ossr eact i vi t y wi t h r PDGF- B usi ng a sol i d- phase ELI SA as

descr i bed ( 27) , but was not cr ossr eact i ve wi t h ot her pr ot ei ns i n pl at el et ext r act s .

Mi t ogen Assay. Nor mal r at ki dney cel l s ( NRK, cl one 49F; Amer i can Type Cul t ur e

Col l ect i on, Rockvi l l e, MD) wer e gr own t o conf l uence i n 10% FCS/ Dul becco' s modi f i ed

essent i al medi um ( DMEM) , t r ypsi ni zed, and pl at ed i nt o 96- wel l mi cr ot i t er pl at es ( Fal con
Labwar e, Oxnar d, CA) at a densi t y of 2 x 109 cel l s/ wel l i n FCS- DMEM. Cel l s wer e
conf l uent wi t hi n 3 d . Gr owt h f act or s wer e assayed by addi t i on of 200 Al [ g H] t hymi di ne
( 120 nCi / wel l ) i n ser um- f r ee DMEM/ Hams' F12 medi um ( 1 : 1, vol / vol ) , suppl ement ed
wi t h 35 mg/ l i t er human t r ansf er r i n, 5 mg/ l i t er bovi ne i nsul i n, 1 . 2 Al / l i t er et hanol ami ne,
and 4 . 3 ug/ l i t er sodi um sel eni t e . Af t er 24 h, cel l s f r om t r i pl i cat e wel l s wer e t r ypsi ni zed
and har vest ed wi t h an aut omat ed mi cr ohar vest er ( Fl ow Labor at or i es, I nc . , McLean, VA) ,
f i xed ont o gl ass f i ber f i l t er paper wi t h t r i chl or oacet i c aci d, and count ed . Human ser um
( 10%) f r om a nor mal i ndi vi dual was added as a posi t i ve cont r ol and backgr ound val ues
wer e subt r act ed f r om exper i ment al val ues . I n some exper i ment s, 6 Ag ant i - PDGF 2 I gG,
a r abbi t pol ycl onal bl ocki ng ant i body, was added per wel l j ust bef or e addi t i on of gr owt h
f act or s .

Chemot axi s .

	

Chemot axi s was det er mi ned i n modi f i ed Boyden chamber s, as pr evi ousl y
descr i bed ( 15, 28) . PBMCs and pol ymor phonucl ear l eukocyt es ( PMNs) wer e separ at ed on
Fi col l - Hypaque gr adi ent s f r omper i pher al bl ood obt ai ned f r omheal t hy vol unt eer s . Fet al
bovi ne l i gament f i br obl ast s wer e obt ai ned f r om expl ant s of l i gament um nuchae as de-
scr i bed ( 29) . Gr owt h f act or s wer e ser i al l y di l ut ed i n DMEMbef or e use, and f i ve hi gh

power f i el ds ( f i br obl ast s) or gr i ds ( PMNs and monocyt es) wer e count ed f r om t r i pl i cat e

sampl es .
Pr epar at i on of Gr owt h Fact or s i n Col l agen.

	

A bovi ne col l agen suspensi on ( Zyder m I I ;

Col l agen Cor p . , Pal o Al t o, CA) wi t h or wi t hout t he addi t i on of speci f i c concent r at i ons of

gr owt h f act or s was appl i ed usi ng a t uber cul i n syr i nge cont ai ni ng 1 mg col l agen per
i nci si on . Pr el i mi nar y exper i ment s i n vi t r o usi ng ' 25 I - PDGF suspended i n col l agen showed
about hal f t he r adi oact i vi t y was r el eased i nt o sur r oundi ng medi um dur i ng t he f i r st hour ,
and t he r emai ni ng 50%was r el eased f r om t he col l agen suspensi on dur i ng t he next 23 h .
Despi t e t he appar ent del ayed r el ease of ' 21 I - PDGF f r om col l agen suspensi ons i n vi t r o, i t
r emai ns possi bl e t hat ver y di f f er ent ki net i cs of r el ease occur i n vi vo . However , pr el i mi nar y
exper i ment s i n vi vo r eveal ed t hat r PDGF- B appl i ed t o wounds i n a sal i ne vehi cl e was not
act i ve i n augment i ng heal i ng . No si gni f i cant di f f er ences i n wound br eaki ng st r engt h wer e
f ound bet ween col l agen- t r eat ed wounds and sal i ne- t r eat ed wounds i n t he pr esent st udi es
( 26) .

Li near I nci si on Model .

	

300- 350- gm young adul t mal e Spr ague- Dawl ey r at s ( Sasco,

I nc . , Omaha, NB) had pai r ed 6- cmf ul l - t hi ckness l i near i nci si ons pl aced t hr ough t he ski n
1 . 5 cm on ei t her si de of t he mi dl i ne as descr i bed ( 26) . Wounds wer e coapt ed wi t h t hr ee
sur gi cal cl i ps and t he col l agen- gr owt h f act or mi xt ur e was appl i ed t o one wound and
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FI GURE 1 .

	

Mi t ogeni c act i vi t y of
hPDGF and r PDGF- B. Conf l uent
NRK f i br obl ast s wer e i ncubat ed
wi t h gr owt h f act or s f or 24 h at
speci f i ed di l ut i ons i n t he pr esence
of [ 9 H] t hymi di ne . For ant i body
bl ocki ng exper i ment s, 6 Ag ant i -
PDGF 2 was added t o each wel l

j ust bef or e t he addi t i on of gr owt h
f act or ( 0, hPDGF; O, r PDGF- B;
N, ant i body + hPDGF; 9, ant i -
body + r PDGF- B) .

Col l agen al one t o t he cont r al at er al wound . Thus, each ani mal ser ved as i t s own cont r ol .

The maxi mum l oad ( br eaki ng st r engt h) t ol er at ed by wounds har vest ed at var i ous days

af t er woundi ng was measur ed wi t h a t ensomet er ( Tensomet er 10 ; Monsant o Co . , St .

Loui s, MO) usi ng t wo or t hr ee 8- mmwi de ski n st r i ps f r omeach wound as descr i bed ( 26) .

Measur ement s wer e not per f or med on wounds showi ng evi dence of i nf ect i on, excessi ve

hemor r hage, or poor coapt at i on ( <5%of al l wounds) .
Dat a Anal ysi s . Ei ght r at s wer e usual l y used f or each var i abl e t o be t est ed i n an

exper i ment . The cont r ol and t r eat ed wounds f r omeach r at each had t wo t o t hr ee mat ched

st r i ps, 8 mmwi de, per pendi cul ar t o t he i nci si on r emoved f or t ensomet er anal ysi s, and

one t o t wo mat ched, pai r ed sampl es t aken f or hi st ol ogi c anal ysi s. Anal ysi s of var i ance and

pai r ed t - t est s of br eaki ng st r engt h scor es and di f f er ences bet ween mat ched exper i ment al

and cont r ol val ues wer e per f or med usi ng t he SAS dat a anal ysi s syst em ( Di vi si on of

Bi ost at i st i cs, Washi ngt on Uni ver si t y, St . Loui s, MO) . Br eaki ng st r engt h measur ement s

wer e per f or med bl i ndl y on coded sampl es .

Hi st ol ogy .

	

Mat ched pai r ed sampl es of exper i ment al and cont r ol wounds f r omeach r at

wer e pl aced i mmedi at el y af t er har vest i nt o acet i c aci d/ et hanol ( 1 : 99, vol / vol ) f i xat i ve and

pr ocessed 24- 48 h l at er . Par af f i n- embedded pai r ed gr owt h f act or - t r eat ed and cont r ol

t hi n sect i ons wer e st ai ned wi t h hemat oxyl i n, count er st ai ned wi t h eosi n, and anal yzed by

t wo i ndependent obser ver s i n a bl i nded f ashi on by l i ght mi cr oscopy . Wounds wer e scor ed

on a scal e f r om 0 t o 4 f or cel l ul ar i t y and t he f or mat i on of gr anul at i on t i ssue as a f unct i on

of t i me af t er woundi ng . Ret i cul i n and t r i chr ome st ai ni ng wer e per f or med by r out i ne

met hods .

Resul t s

Mi t ogeni c and Chemot act i c Pr oper t i es of r PDGF- B.

	

I n vi t r o f unct i onal act i vi t i es

of r PDGF- B wer e det er mi ned and compar ed wi t h hPDGF. r PDGF- B was f i r st

shown t o st i mul at e mi t ogenesi s i n NRKf i br obl ast s at pi comol ar l evel s ; i t s act i vi t y

on a mol e/ mol e basi s was f ul l y equal t o hPDGF ( Fi g . 1) . Ant i - PDGF2 , when

added t o cel l s j ust bef or e gr owt h f act or s, abr ogat ed t he r esponse ( Fi g . 1) . r PDGF-

B was shown t o be i mmunol ogi cal l y equi val ent t o hPDGF usi ng t hi s pol ycl onal

ant i - PDGF ant i ser um ( dat a not shown) , and t hus t he mi t ogeni c r esponse of

r PDGF- B i s hi ghl y speci f i c and pot ent .

As a second t est of t he bi ol ogi cal f unct i onal i t y of r PDGF- B, chemot act i c act i vi t y

was assayed i n modi f i ed Boyden chamber s . Peak chemot axi s f or f i br obl ast s was

obser ved at 30 ng/ ml , whi l e peak act i vi t y f or monocyt es was obt ai ned at 10

ng/ ml ( Fi g . 2A) . These val ues ar e essent i al l y i dent i cal t o t hose r epor t ed pr evi -
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FI GURE 2.

	

Chemot act i c act i vi t y of r PDGF- B.

Di l ut i ons of gr owt h f act or s wer e t est ed i n mod-

i f i ed Boyden chamber s as descr i bed i n t he Ma-

t er i al s and Met hods . ( A) Bovi ne l i gament um

nuchae f i br obl ast s and human per i pher al bl ood

monocyt es. ( B) Human pol ymor phonucl ear l eu-

kocyt es t est ed i n t he absence or pr esence of

ant i - PDGF2 ( a' P2) , whi ch was mi xed wi t h

r PDGF- B and t hen ser i al l y di l ut ed. Ant i -

PDGF2 was pr esent at 140 wg/ ml when r PDGF-

B was 30 ng/ ml . Ant i - PDGF2 had no ef f ect on

t he chemot act i c act i vi t y of FMLP.

ousl y f or hPDGF ( f i br obl ast s 30 ng/ ml , monocyt es 20 ng/ ml ) ( 14, 15) . Pol ymor -

phonucl ear l eukocyt es wer e maxi mal l y act i ve at 3 ng/ ml r PDGF- B ( Fi g . 2B) .

Pr evi ous exper i ment s wi t h hPDGF showed maxi mal r eact i vi t y of PMNs at 1- 5

ng/ ml ( 14) . The magni t ude of t he chemot act i c r esponses was compar abl e t o t he

r esponse obt ai ned usi ng opt i mal concent r at i ons of t he FMLP pept i de . The

appar ent i nhi bi t i on of t he chemot act i c r esponse at hi gher concent r at i ons of

r PDGF- B r ef l ect s cel l aggr egat i on, whi ch occur s when concent r at i ons of agoni st

exceed t he opt i mum concent r at i on f or chemot axi s, and was obser ved pr evi ousl y

wi t h hPDGF ( 14, 15) . Addi t i on of ant i - PDGF2 t o sampl es bef or e assay shar pl y

r educed t he chemot act i c r esponse of PMNs t o 3 ng/ ml r PDGF- B by 80% ( Fi g .

2B) , wi t hout af f ect i ng t he chemot act i c act i vi t y of FMLP ( dat a not shown) , t her eby

est abl i shi ng t he speci f i ci t y of chemot act i c r esponse t o r PDGF- B, and not t o

undet ect abl e l evel s of cont ami nat i ng pr ot ei ns .

I n Vi vo Act i vi t i es of r PDGF- B.

	

Si nce r PDGF- B appear ed i dent i cal t o hPDGF

i n st i mul at i ng i nf l ammat or y cel l s i n vi t r o, a pr evi ousl y devel oped r at l i near ski n

i nci si on model ( 26) was used t o t est t he pot ent i al of r PDGF- B t o augment wound

heal i ng i n vi vo . When t est ed at 20 gg per i nci si on, bot h r PDGF- B and hPDGF

i nduced si gni f i cant i ncr eases i n t he br eaki ng st r engt h of i nci si onal wounds at day

7 ( Tabl e 1) . Fur t her exper i ment s wer e under t aken wi t h r PDGF- B t o det er mi ne

opt i mal doses ( Fi g . 3A) . Smal l but si gni f i cant i ncr eases i n br eaki ng st r engt h af t er

5 d wer e obser ved when 2, ug r PDGF- B wer e appl i ed per i nci si on on t he day of

woundi ng . St at i st i cal l y si gni f i cant i ncr eases i n br eaki ng st r engt h t o 143% and

170% of cont r ol wounds wer e obser ved at 5 and 20 ug r PDGF- B per i nci si on,

r espect i vel y .
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TABLE I

Compar i son of Br eaki ng St r engt hs of Day 7 I nci si onal Wounds Tr eat ed wi t h 20 Ag of Ei t her

hPDGF or r PDGF- B at t he Ti me of Woundi ng

* Mean f SEM.
$ n, number of st r i ps t est ed, t wo t o t hr ee mat ched st r i ps obt ai ned f r om each gr owt h f act or t r eat ed

and cont r ol wound.
s Compar ed wi t h mat ched, pai r ed cont r ol wounds usi ng a t wo- t ai l ed, pai r ed t - t est .

TABLE I I

Hi st ol ogi cal Eval uat i on of r PDGF- B- t r eat ed and Unt r eat ed Wounds

* Thr ee t o si x pai r ed i nci si onal wounds wer e anal yzed per t i me poi nt . I ndi vi dual days anal yzed
i ncl ude 0. 5, 1, 2, 3, 4, 5, 7, 10, 14, and 21 .

$ Par af f i n- embedded pai r ed gr owt h f act or - t r eat ed and cont r ol wound t hi n sect i ons wer e st ai ned
wi t h hemat oxyl i n and eosi n and each par amet er was gr aded on a scal e f r om 0- 4 as a f unct i on of
days af t er woundi ng by t wo bl i nded i ndi vi dual s . Aver age scor es ar e pr esent ed . r P, r PDGF- B
t r eat ed ; C, pai r ed cont r ol wounds .

To det er mi ne whet her r PDGF- Bcont i nued t o enhance wound heal i ng beyond

t he i ni t i al week af t er woundi ng, t he t i me cour se of t he r PDGF- B- i nduced

augment at i on of br eaki ng st r engt h was t est ed . I ncr eases i n br eaki ng st r engt h of

r PDGF- B- t r eat ed wounds begi nni ng at day 3 and ext endi ng t hr ough day 21

af t er woundi ng wer e obser ved ( Fi g . 3 B) . Al t hough st at i st i cal l y si gni f i cant di f f er -

ences bet ween gr owt h f act or - t r eat ed and cont r ol wounds wer e obser ved t hr ough

day 7 af t er woundi ng, even mor e st r i ki ng di f f er ences wer e obser ved at days 10,

14, and 21 af t er woundi ng when t he br eaki ng st r engt h of r PDGF- B- t r eat ed

wounds di ver ged mar kedl y f r om cont r ol s, wi t h a maxi mumdi f f er ence i n br eak-

i ng st r engt h of 824 g bet ween t r eat ed and cont r ol wounds at day 21 ( Fi g . 3B) .

Anal ysi s of Di r ect ed Cel l ul ar Mi gr at i on .

	

Semi quant i t at i ve hi st ol ogi c exami na-

t i on of t r eat ed and cont r ol wounds r eveal ed t i me- dependent changes i n cel l ul ar

composi t i on whi ch cor r el at ed wel l wi t h t he obser ved di f f er ences i n br eaki ng

st r engt h ( Tabl e I I ) . Sect i ons obt ai ned f r om bot h hPDGF- and r PDGF- B- t r eat ed

wounds wi t hi n 2 d of woundi ng showed an i ncr eased i nf l ux of i nf l ammat or y

cel l s, pr i mar i l y neut r ophi l s and monocyt es, i nt o gr owt h f act or - t r eat ed wounds

when compar ed wi t h cont r ol wounds . Mul t i pl e sect i ons wer e used t o conf i r m

t hese r esul t s . I ncr eased f i br obl ast mi gr at i on i nt o hPDGF- and r PDGF- B- t r eat ed

wounds was demonst r at ed at t hi s poi nt , al t hough t he f i br obl ast mi gr at i on i nt o

Days af t er
woundi ng*

r P

PMN$

C

Cel l ul ar i nf l ux

r P

i nt o

Macr ophage

C

wounds

r P

Fi br obl ast

C
r P

Gr anul at i on
t i ssue

C

1 2 . 5 1 . 5 1 0 . 5 0. 5 0 . 25 0 0

2- 3 1 0 . 5 3 . 5 2 1 . 7 1 1 0 . 5

4- 7 0 0 2 1 4 2 4 2

10- 21 0 0 0 0 2. 3 1 . 7 2 . 7 1 . 3

Gr owt h f act or hPDGF Cont r ol r PDGF- B Cont r ol

Br eaki ng st r engt h ( g) 233 ± 24* 162 ± 23 221 ± 16 169 ± 16
Per cent st i mul at i on of cont r ol 144 131

nt 8 17

p val ues <0 . 02 <0 . 001
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FI GURE 3. . Br eaki ng st r engt h of l i near i nci si on wounds t r eat ed wi t h r PDGF- B. Gr owt h f act or

was appl i ed i n a col l agen vehi cl e at t he t i me of woundi ng . Mat ched pai r ed exper i ment al and

cont r ol wounds wer e har vest ed at speci f i ed days, coded, and t est ed bl i ndl y on t he t ensomet er
f or t he maxi muml oad ( br eaki ng st r engt h) t ol er at ed bef or e br eaki ng . The br eaki ng st r engt h
scor es ( mean t SEM) f or 16- 20 st r i ps f r om ei ght r at s ( one exper i ment al and one mat ched
cont r ol i nci si onal wound per r at ) ar e r epr esent ed by each dat a poi nt . p val ues wer e cal cul at ed

f r om a pai r ed t t est . ( A) Ef f ect of r PDGF- B on 5- d wounds, as a f unct i on o£ dose, compar ed

wi t h pai r ed col l agen cont r ol wounds . ( B) ef f ect of 20 wg r PDGF- Bper i nci si on as a f unct i on

of t i me af t er woundi ng . r PDGF- B was appl i ed on t he day of sur ger y t hen wounds wer e

har vest ed at t he t i mes shown and br eaki ng st r engt h was compar ed wi t h mat ched cont r ol

wounds cont ai ni ng onl y t he col l agen vehi cl e . Not e t he br eak on t he y axi s . The di f f er ences i n
br eaki ng st r engt h bet ween pai r ed exper i ment al and cont r ol wounds ar e depi ct ed i n t he
hi st ogr ams f or each day ( mean ± SEM) . p val ues ar e i n par ent heses.



980

	

PLATELET- DERI VED GROWTH FACTOR- I NDUCED TI SSUE REPAI R

FI G4- PART 1 COLOR



PI ERCE ET AL.

FI GURE 4.

	

Hi st ol ogi cal eval uat i on of pai r ed wounds t r eat ed wi t h r PDGF- B or t he col l agen

vehi cl e al one . Al l wounds wer e f ul l t hi ckness and ext ended t hr ough t he panni cul us car nosus .
Sect i ons adj acent t o mat ched st r i ps used f or t ensomet r y wer e pr ocessed, embedded, sect i oned,

and st ai ned wi t h het nat oxyl i n and eosi n ( H and E) , r et i cul i n, or t r i chr ome usi ng r out i ne
met hods . ( A- D) day 4 wounds . ( A) r PDGF- B, 10 wg, H and E, x57; ( B) mat ched col l agen
cont r ol , Hand E, X57; ( C) r PDGF- B, 10 Wg, r et i cul i n, x100 ; ( D) mat ched col l agen cont r ol ,
r et i cul i n, X100 . ( E- H) day 14 wounds . ( E) r PDGF- B, 20 Wg, H and E, X100 ; ( F) mat ched
col l agen cont r ol , Hand E, X100 ; ( G) r PDGF- B, 20 beg, t r i chr ome, X57; ( H) mat ched col l agen
cont r ol , t r i chr ome, X57. Ar r ows demar cat e t he wound boundar i es . See t ext f or descr i pt i ons .
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wounds was subst ant i al l y gr eat er wi t h t i me . By day 4 af t er woundi ng, r PDGF-

B- t r eat ed wounds wer e mar kedl y i nf i l t r at ed wi t h f i br obl ast s and newgr anul at i on

t i ssue when compar ed wi t h cont r ol sect i ons ( Tabl e 11, Fi g . 4, A and B) . Sect i ons

f r om mul t i pl e r PDGF- B wounds at each t i me poi nt wer e anal yzed t hr ough day

21 . Gr owt h f act or - t r eat ed wounds consi st ent l y showed l ar ge di f f er ences i n

gr anul at i on t i ssue r el at i ve t o cont r ol s, associ at ed wi t h t he obser ved di f f er ences

i n br eaki ng st r engt h .

Wher eas t he i n vi vo sequence of di r ect ed cel l ul ar mi gr at i on cor r el at ed wel l

wi t h t hat pr edi ct ed by t he sensi t i vi t y of t he cel l s t o t he chemot act i c si gnal i n vi t r o

( Fi g . 2) , and cor r el at ed wel l wi t h i ncr eased wound br eaki ng st r engt h ( Fi g . 3) ,

col l agen deposi t i on i s t he si ngl e best cor r el at e wi t h enhanced wound st r engt h .

Evi dence of i ncr eased newcol l agen synt hesi s i n r PDGF- B- t r eat ed and mat ched

cont r ol wounds was t her ef or e sought usi ng t he r et i cul i n st ai n on day 4 wounds

( Fi g . 4, c and d) and by t r i chr ome st ai ni ng of day 14 r PDGF- B- t r eat ed and

pai r ed cont r ol wounds ( Fi g . 4, g and h) . Bot h t he i ncr eased r et i cul i n f i ber s

obser ved at day 4 and t he pal e t r i chr ome st ai ni ng of t he col l agen r el at i ve t o

adj acent der mal col l agen at day 14 i n r PDGF- B- t r eat ed wounds l i kel y r ef l ect

pr i mar i l y newl y synt hesi zed col l agen . The i ncr eased basophi l i c demar cat i on of

t he scar i n t he gr owt h f act or - t r eat ed wounds was al so obser ved on hemat oxyl i n

and eosi n- st ai ned sect i ons t hr ough day 14 ( Fi g . 4, e andf ) . I ncr eased gr anul at i on

t i ssue was st i l l pr esent at t he base of t he r PDGF- B- t r eat ed wound ( Fi g. 4g) at

day 14, compar ed wi t h t he mat ched cont r ol ( Fi g. 4h, and Tabl e I I ) .

Di scussi on

i n t he pr esent st udy, r ecombi nant c- si s homodi mer s have been shown f or t he

f i r st t i me t o f unct i on i dent i cal l y t o human PDGF i mmunol ogi cal l y and i n st i m-

ul at i ng t he f unct i onal act i vi t i es of mi t ogenesi s and chemot axi s i n vi t r o at i dent i cal

concent r at i ons . Because t hese and pr evi ous r esul t s have demonst r at ed not onl y

t he posi t i ve chemot act i c pot ent i al of PDGF but al so i t s abi l i t y t o act i vat e i nf l am-

mat or y cel l s ( 14- 18) and t o st i mul at e t he secr et i on of col l agenase by f i br obl ast s

( 30) , we wi shed t o demonst r at e t he i n vi vo act i vi t y of PDGF i n t i ssue r epai r .

Usi ng a r at l i near i nci si on model and a si ngl e appl i cat i on of gr owt h f act or

di ssol ved i n a col l agen suspensi on at t he t i me of woundi ng, we obser ved consi st ent

and si gni f i cant st i mul at i on of wound heal i ng, begi nni ng at 2 f cg r PDGF- B per

i nci si on, and i ncr easi ng i n a dose- dependent f ashi on t o 170%of cont r ol wounds

wi t h 20 Ag r PDGF- B per i nci si on . St i mul at i on by r PDGF- B was obser ved as ear l y

as day 3, when col l agen synt hesi s i s i ni t i al l y obser ved i n t hi s model ( 31, 32) , and

i ncr eased t hr ough day 7, pr oduci ng a 2- d accel er at i on of heal i ng i n t he f i r st

week . A si ngl e appl i cat i on of pur i f i ed hPDGF on t he day of woundi ng al so

augment ed t he br eaki ng st r engt h of i nci si onal wounds har vest ed at day 7,

est abl i shi ng i n yet anot her par amet er t hat t he r ecombi nant pr ot ei n was f ul l y as

act i ve as PDGF i t sel f . Dur i ng t he second and t hi r d weeks af t er woundi ng, a 4-

6- d accel er at i on of heal i ng was obser ved i n r PDGF- B- t r eat ed wounds compar ed

wi t h cont r ol wounds t r eat ed wi t h col l agen al one . Exami nat i on of wounds at l at er

t i mes af t er sur ger y wi l l be necessar y t o det er mi ne i f t he r PDGF- B- i nduced

augment at i on of heal i ng per si st s, al t hough pr el i mi nar y r esul t s i ndi cat e i ncr easi ng
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di f f er ences i n br eaki ng st r engt h ar e pr esent t hr ough at l east day 49 i n r PDGF-

B- t r eat ed wounds ( our unpubl i shed r esul t s) .

Si nce most of t he r PDGF- B i s r el eased f r om t he col l agen vehi cl e dur i ng t he

f i r st 24 h i n vi t r o ( see Mat er i al s and Met hods) , we suspect t hat t he gr owt h f act or

i nduced a cascade ef f ect i ni t i at ed by cel l s mi gr at i ng i nt o wounds i n r esponse t o

t he i ni t i al st i mul us . As t i ssue macr ophages and f i br obl ast s appr oach t he wound

and t hus ar e exposed t o hi gher concent r at i ons of r PDGF- B, t hese cel l s i n t ur n

become act i vat ed, r el easi ng addi t i onal gr owt h f act or s and ot her chemot act i cal l y

act i ve pept i des ( 18, 19, 21) . The obser ved di f f er ences i n r PDGF- B- t r eat ed

wounds at l at er weeks af t er woundi ng t hus appear t o r esul t f r om a mul t i pl i ci t y

of cel l ul ar event s t r i gger ed and t o some ext ent sust ai ned by r PDGF- B. These

r esul t s ar e i n cont r ast t o f i ndi ngs usi ng human TGF- a i n t he same exper i ment al

model ( 26) , i n whi ch a mor e mar ked st i mul at or y ef f ect was obser ved i n t he f i r st

week af t er woundi ng . However , di f f er ences bet ween TGF- , #- t r eat ed and cont r ol

wounds r emai ned const ant or decr eased dur i ng t he second week . TGF- a st i mu-

l at es t he synt hesi s of ext r acel l ul ar mat r i x pr ot ei ns, such as pr ocol l agen t ype I

and f i br onect i n, di r ect l y ( 33- 35) , whi l e hPDGF does not appear t o di r ect l y

st i mul at e pr ocol l agen synt hesi s but does act i vat e col l agenase gene expr essi on

( 30) , whi ch i s r equi r ed f or wound r emodel i ng . Remodel i ng begi ns af t er t he

i ni t i al deposi t i on of col l agen and i s needed f or t he st r uct ur al i nt egr i t y of t he scar

( 36, 37) . Thus TGF- / 3 may di r ect l y st i mul at e col l agen synt hesi s by wound

f i br obl ast s whi l e hPDGF may be act i ng l at er i n heal i ng or i ndi r ect l y t o i nduce

t he secr et i on of ot her gr owt h f act or s such as TGF- ( 3 ( Masakowski , V. R. , and G.

F. Pi er ce, unpubl i shed obser vat i ons) and addi t i onal PDGF- l i ke pol ypept i des by

wound macr ophages, endot hel i al cel l s, et c . , whi ch can t hen di r ect l y st i mul at e

col l agen synt hesi s by f i br obl ast s ( 38) . Thus r PDGF- B and human TGF- Oappear

t o augment wound heal i ng by di f f er ent mechani sms, as per haps r ef l ect ed i n

di f f er ences i n col l agen degr adat i on and synt hesi s . However , i t cannot be ex-

cl uded t hat i n vi vo, t he t wo gr owt h f act or s may be r el eased f r om t he col l agen

vehi cl e at ver y di f f er ent ki net i c r at es . Exper i ment s t o anal yze t hese hypot heses

ar e i n pr ogr ess .

Wounds anal yzed hi st ol ogi cal l y wi t hi n t he f i r st week showed a mar ked i ncr ease

i n neut r ophi l s, monocyt es, and f i br obl ast s i n hPDGF- and r PDGF- B- t r eat ed

wounds and a l ar ge i ncr ease i n gr anul at i on t i ssue by day 4 af t er woundi ng, i n

compar i son t o mat ched, pai r ed cont r ol i nci si ons anal yzed on t he same days af t er
woundi ng. These r esul t s t hus cor r el at e wel l wi t h ear l i er i n vi t r o obser vat i ons
and an i n vi vo st udy usi ng wound chamber s ( 14- 18, 23) . I mpor t ant l y, al t hough

t he anal ysi s i s onl y semi quant i t at i ve, t he obser vat i ons t hat i ncr eased number s of

i nf l ammat or y cel l s and f i br obl ast s mi gr at e i nt o i nci si onal wounds dur i ng heal i ng

cor r el at es wi t h t he pr edi ct ed mi gr at i on of t hese cel l s based upon t he opt i mal

doses r equi r ed f or chemot axi s i n vi t r o . Taken t oget her , t hese f i ndi ngs suppor t a

hi ghl y i mpor t ant r ol e of PDGF as a chemoat t r act ant i n f aci l i t at i ng wound heal i ng,

over and above i t s r ol e i n mi t ogenesi s .
The f i ndi ngs of si mi l ar r esul t s i n vi vo usi ng hPDGF, an A- Bchai n het er odi mer ,

and r PDGF- B, a B- B chai n homodi mer , ar e i nt er est i ng wi t h r espect t o t he

pr oposed f unct i on of t he A chai n ( non- si s) of PDGF ( PDGF- A) , whi ch i s 60%

homol ogous t o t he B chai n ( 10) . PDGF- A was r ecent l y shown t o be synt hesi zed
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and r el eased by f i br obl ast s i n cul t ur e whi ch had been act i vat ed by PDGF ( 20) ,

suggest i ng i mpor t ant ext r acel l ul ar aut ocr i ne and par acr i ne f unct i ons of PDGF-

A. The r ecent cDNA cl oni ng of t he Achai n ( 39, 40) shoul d per mi t di r ect anal ysi s

of f unct i onal di f f er ences bet ween A- A and B- B homodi mer i c pr ot ei ns ( 41) and

t he PDGF A- B het er odi mer . Mor eover , t he avai l abi l i t y of pur i f i ed r ecombi nant

human PDGF i n much l ar ger quant i t i es t han t he quant i t i es of PDGF t hat can be

r eadi l y i sol at ed f r ompl at el et s shoul d per mi t eval uat i on of PDGF i n t he t r eat ment

of i mpai r ed wound heal i ng .

Summar y

Human pl at el et - der i ved gr owt h f act or ( hPDGF) i s l i kel y t o be i mpor t ant i n

st i mul at i ng t i ssue r epai r , based upon i t s i n vi vo chemot act i c and st i mul at or y

act i vi t i es f or i nf l ammat or y cel l s and f i br obl ast s and upon t he pr esence of PDGF

and r el at ed pr ot ei ns i n pl at el et s, macr ophages, and act i vat ed f i br obl ast s, cel l

t ypes t hat make up t he mi l i eu of t he heal i ng wound . Recombi nant human c- si s

( r PDGF- B) , homodi mer s of t he B chai n of PDGF, wer e compar ed wi t h hPDGF

i n vi t r o . r PDGF- B was i mmunol ogi cal l y si mi l ar t o hPDGF and, at i dent i cal

concent r at i ons, si mi l ar t o hPDGF i n st i mul at i ng f i br obl ast mi t ogenesi s and

chemot axi s of pol ymor phonucl ear l eukocyt es, monocyt es, and f i br obl ast s . Pur i -

f i ed hPDGF and r PDGF- B wer e al so t est ed i n vi vo f or pot ency i n a model of

t i ssue r epai r usi ng a l i near i nci si on wound t hr ough r at der mi s . A si ngl e appl i ca-

t i on of hPDGF or r PDGF- B ( 2- 20 Ag/ wound) i n a sl ow r el ease vehi cl e at t he

t i me of woundi ng r esul t ed i n a dose- dependent , st at i st i cal l y hi ghl y si gni f i cant

i ncr ease of br eaki ng st r engt h of t r eat ed wounds . Wound heal i ng i n ani mal s

t r eat ed wi t h r PDGF- B was 170% st r onger and accel er at ed by 2 d dur i ng t he

f i r st week over cont r ol wounds and by 4- 6 d over t he next 2 wk . Hi st ol ogi c

eval uat i on of gr owt h f act or - t r eat ed wounds cor r el at ed t he i n vi t r o chemot act i c

act i vi t y and t he accel er at ed heal i ng of wounds wi t h a st r i ki ng i nf l ammat or y cel l

i nf i l t r at e ear l y af t er woundi ng, mar kedl y i ncr eased f or mat i on of gr anul at i on

t i ssue by 4- d, and i ncr eased f i br osi s by 14 d i n compar i son t o cont r ol wounds .

The r esul t s t hus demonst r at e t hat r PDGF- B i s f ul l y act i ve i n i n vi t r o t est s of

mi t ogenesi s and chemot axi s and, f or t he f i r st t i me, demonst r at e di r ect l y t hat

PDGF si gni f i cant l y advances wound heal i ng i n i nci si onal wounds of exper i ment al

ani mal s .
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and t he Jewi sh Hospi t al hi st ol ogy l ab f or t he use of t hei r f aci l i t i es . We t hank Dr s. Ar t

Cohen and Geor ge Br oze f or cr i t i cal r evi ew of t he manuscr i pt . Jane Li ngel bach, Peggy

Gr amat es, and Ozby Kendr i ck pr ovi ded excel l ent t echni cal assi st ance, and War r en Sey-
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