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Col l agenases ar e speci f i c neut r al pr ot ei nases whi ch i ni t i at e t he br eakdown of
nat i ve col l agen f i br i l s by cl eavage at a uni que si t e ( 1) . The deposi t i on and l ysi s of

col l agen pl ay an i mpor t ant r ol e i n a var i et y of nor mal and pat hol ogi c condi t i ons,
i ncl udi ng t i ssue r emodel i ng and chr oni c i nf l ammat i on, but t he cel l ul ar sour ces

and r egul at i on of col l agenase act i vi t y ar e st i l l poor l y under st ood .

Recent st udi es have shown t hat r abbi t synovi al f i br obl ast s secr et e hi gh l evel s

of a speci f i c col l agenase i n cul t ur e ( 2) and t hat pol ymor phonucl ear l eukocyt e

gr anul es ar e al so a sour ce of t he enzyme ( 3, 4) . Si nce macr ophages ar e of t en

pr esent i n l ar ge number s i n condi t i ons associ at ed wi t h r api d col l agen t ur nover

and si nce macr ophages can be i nduced t o secr et e ot her speci f i c neut r al

pr ot ei nases whi ch act as pl asmi nogen act i vat or s ( 5) , i t was i mpor t ant t o est abl i sh

whet her macr ophages al so r el ease a speci f i c col l agenase . Sever al br i ef r epor t s

have i ndi cat ed t hat Kupf f er cel l s and ot her mononucl ear phagocyt es may

cont ai n col l agenol yt i c act i vi t y ( 6- 8) .

I n t hi s paper we show t hat pur i f i ed popul at i ons of mouse per i t oneal macr o-

phages, obt ai ned af t er st i mul at i on wi t h t hi ogl ycol l at e br ot h, al so secr et e a

speci f i c col l agenase i n vi t r o. The enzyme has been par t i al l y char act er i zed and

condi t i ons f or i t s secr et i on est abl i shed . Unst i mul at ed per i t oneal macr ophages

secr et e bar el y det ect abl e l evel s of t he enzyme, but t hese cel l s can be st i mul at ed

t o secr et e mor e col l agenase af t er phagocyt osi s of i ndi gest i bl e l at ex par t i cl es .

Whi l e t hi s wor k was i n pr ogr ess, anot her r epor t i ndi cat ed t hat st i mul at ed gui nea

pi g per i t oneal macr ophages al so secr et e col l agenase i n vi t r o ( 9) .

Mat er i al s and Met hods

Reagent s .

	

Reagent s wer e obt ai ned f r om t he f ol l owi ng sour ces: Dul becco' s modi f i cat i on Eagl e' s

medi um, f et al bovi ne ser um( FBS) , I l act al bumi n hydr ol ysat e ( LH) , RPMI medi um, Neumann and

Tyt el l medi um f r om Gi bco- Bi ocul t , Pai sl ey, Renf r ews . , Scot l and ; Br ewer ' s t hi ogl ycol l at e medi um

f r om Di f co Labor at or i es, Det r oi t , Mi ch . ; pol yst yr ene l at ex par t i cl es, 1 . 1 umi n di amet er f r om Mi cr o-

* Suppor t ed by gr ant s f r om t he Medi cal Resear ch Counci l , Nuf f i el d Foundat i on, and The

Rockef el l er Foundat i on .

f Schol ar , Leukemi a Soci et y of Amer i ca, I nc . Repr i nt r equest s t o S. Gor don, The Rockef el l er

Uni ver si t y, Yor k Avenue, NewYor k, N. Y. 10021 .

' Abbr evi at i ons used i n t hi s paper : AT- FBS, aci d- t r eat ed f et al bovi ne ser um; CM, condi t i oned

medi um; 4- CMB, 4- chl or omer cur i benzoat e ; Di p- F, di i sopr opyl phosphor of l uor i dat e ; EDTA, et hyl ene-

di ami net et r aacet i c aci d ; LH, l act al bumi n hydr ol ysat e.
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bi o Labs . Lt d . , London, Engl and ; dext r an sul f at e 2000 was a gi f t of Phar maci a Fi ne Chemi cal s, I nc . ,
London, Engl and ; a, - macr ogl obul i n and l eupept i n- Pr wer e gi f t s of Dr . A. J . Bar r et t , St r angeways

Resear ch Labor at or y, Cambr i dge, Engl and ; peni ci l l ami ne, t r ypsi n i nhi bi t or ( soybean) , 4- ni t r ophenyl
4' - guani di nobenzoat e wer e pur chased f r om Si gma ( London) Chemi cal Co . Lt d. , Ki ngst on- upon-
Thames, Sur r ey, Engl and . Al l ot her r eagent s wer e l abor at or y r eagent gr ade avai l abl e f r om st andar d
commer ci al suppl i er s .

Cel l cul t ur es .

	

Femal e Swi ss mi ce, 25- 30 g i n wei ght , wer e obt ai ned f r om t he col ony mai nt ai ned at
t he Dunn School of Pat hol ogy, Oxf or d, or f r om St r angeways Resear ch Labor at or y, Cambr i dge .
Per i t oneal macr ophages wer e har vest ed f r om unst i mul at ed cont r ol ani mal s or f r om mi ce i nj ect ed
wi t h 1 ml of t hi ogl ycol l at e medi um4 days ear l i er , as descr i bed pr evi ousl y ( 5, 10, 11) . Cel l s wer e
r out i nel y cul t i vat ed i n Dul becco' s modi f i ed Eagl e' s medi um suppl ement ed wi t h gl ut ami ne ( 4 mM) ,
peni ci l l i n ( 100 U/ ml ) , and st r ept omyci n ( 100 ug/ ml ) , as wel l as 15% ( vol / vol ) aci d- t r eat ed FBS
( AT- FBS) . Aci d- t r eat ed ser um was pr epar ed by adj ust i ng ser umt o pH 3. 2 wi t h 2 MHCl i n 0 . 15 M
NaCl f or 120 mi n and r et ur ned t o pH 7 . 4 wi t h 2 MNaOH i n 0. 15 MNaCl . Aci d t r eat ment dest r oys
a, - macr ogl obul i n, a ser um i nhi bi t or of col l agenase ( 5, 12) .

Per i t oneal cel l s wer e pl aced i n medi cal f l at s of 50, 100, and 500 ml si ze and nonadher ent cel l s
r emoved by vi gor ous washi ng af t er 2- 4 h . Fr esh medi umwas added t o t he macr ophage monol ayer and
r epl aced at 24 h . Condi t i oned medi um( CM) was r out i nel y pr epar ed af t er 48 h cul t i vat i on . The cel l s
wer e washed t hr ee t i mes t o r emove ser umand t hen i ncubat ed i n ser um- f r ee Dul becco' s medi um con-
t ai ni ng 0. 2% ( wt / vol ) LH, usual l y f or a per i od of 2- 4 days . Macr ophages have been i ncubat ed i n such
medi um f or up t o 3 wk wi t hout l oss of vi abi l i t y. Al l cul t ur es wer e pr epar ed i n dupl i cat e or t r i pl i cat e .
Ot her medi a used i ncl uded Neumann and Tyt el l ser uml ess medi um, t o pr epar e CM, and RPMI 1640.

For phagocyt osi s exper i ment s l at ex par t i cl es wer e pr epar ed and added t o monol ayer s whi ch had
been cul t i vat ed f or 24 h as descr i bed pr evi ousl y ( 11) . Af t er phagocyt osi s t he cel l s wer e exposed t o
medi um cont ai ni ng AT- FBS f or 24 h bef or e pr epar i ng CM.

For st udi es on t he ef f ect s of pi nocyt osi s, dext r an sul f at e 2000 was di ssol ved i n Dul becco' s medi um
and st er i l i zed by membr ane f i l t r at i on . Cel l s wer e exposed t o 20 j ug of dext r an sul f at e/ ml , i n t he
pr esence of ser um, f or 48 h .

Pr epar at i on of CMf or Assay .

	

Medi a decant ed f r om t he cul t ur es wer e cent r i f uged ( 500 g, 20 mi n)
t o r emove debr i s and nonadher ent cel l s, t hen used di r ect l y f or assay or di al yzed i n si ze 8/ 32 Vi ski ng
t ubi ng agai nst 100 vol of 10 mMTr i s- HCl buf f er , pH 7 . 6, cont ai ni ng 1 mMCaCl , and f r eeze- dr i ed .
Gener al l y, t he f r eeze- dr i ed CMwas r econst i t ut ed wi t h wat er at 5 or 10% of t he or i gi nal vol ume .
Col l agenase act i vi t y i n t he concent r at ed medi umwas st abl e t o sever al cycl es of f r eezi ng and t hawi ng .
I n a f ew exper i ment s medi a wer e concent r at ed by ul t r af i l t r at i on wi t h a Sar t or i us membr ane f i l t er
( t ype SM12133) f i t t ed i n an Ami con ul t r af i l t r at i on cel l ( Ami con Cor p. , Lexi ngt on, Mass . ) .

Cel l Lysat es .

	

Cel l l ysat es wer e pr epar ed by f r eezi ng and t hawi ng cel l s i n 0. 1% Tr i t on X- 100 . I n
some exper i ment s t he cel l l ysat es wer e di al yzed agai nst 10 mMTr i s- HCl buf f er , pH 7 . 6, cont ai ni ng 1
mMCaCl , , t hen f r eeze- dr i ed i n par al l el wi t h t he CM.

Opt i mal Condi t i ons of Cul t ur e f or Demonst r at i ng Col l agenase Act i vi t y .

	

Thi ogl ycol l at e- el i ci t ed
macr ophages wer e cul t i vat ed under a var i et y of condi t i ons t o det er mi ne t he best condi t i ons f or
mai nt ai ni ng t he cel l s and f or measur i ng t he medi umenzyme . Hi gher l evel s of act i vi t y wer e f ound i n
ser um- f r ee CMobt ai ned af t er pr ei ncubat i on i n AT- FBS t han i n FBS. The pr esence of 15%AT- FBS
i n t he medi um masked col l agenase act i vi t y and was f ound t o i nhi bi t t he enzymi c act i vi t y of
ser um- f r ee condi t i oned medi umon r econsi t ut ed col l agen f i br i l s . However , on di l ut i on AT- FBS was
onl y one- t ent h as i nhi bi t or y as FBS. CMwas t her ef or e al ways col l ect ed as f r ee of ser umconst i t uent s
as possi bl e . Macr ophages t ol er at ed RPMI 1640 medi um wel l but uni dent i f i ed component s i n t he
medi um i nt er f er ed i n t he col l agenase assay. Dul becco' s medi um cont ai ni ng 0. 2%LH mai nt ai ned t he
macr ophages f or l onger t han medi um wi t h onl y 0. 05%LH, and gave hi gher l evel s of enzyme act i vi t y .
Neumann and Tyt el l ser uml ess medi um al so yi el ded opt i mal cel l sur vi val and enzymi c act i vi t y and
was used i n some exper i ment s .

Pr epar at i on of Condi t i oned Medi a f or Enzymol ogi cal St udi es .

	

Cel l s wer e har vest ed f r om 10 mi ce
whi ch had been i nj ect ed 4 days ear l i er wi t h t hi ogl ycol l at e br ot h . About 1 . 5 x 101 macr ophages coul d
be obt ai ned i n t hi s way . Cel l s wer e pl at ed i n t hr ee t o f our 32 oz medi cal f l at s i n Dul becco' s medi um
cont ai ni ng 15%AT- FBS as bef or e . Condi t i oned medi um ( about 100 ml ) was pr epar ed f r om 48 t o 120
h . Medi a wer e di al yzed and l yophi l i zed as descr i bed above and r econst i t ut ed i n 10%of t he or i gi nal
vol ume .



348

	

MACROPHAGE COLLAGENASE

Ot her Cel l Li nes . Pr i mar y mouse synovi al f i br obl ast s wer e gr own f r om expl ant s of mouse

synovi umas descr i bed f or r abbi t synovi um ( 2) . Est abl i shed st r ai ns of mouse cel l s der i ved f r om3T3, L

and mel anoma cel l s wer e obt ai ned f r om Dr . I . Cr ai g, Genet i cs Labor at or y, Oxf or d . For st udi es of

col l agenase secr et i on newl y conf l uent monol ayer s i n 8 oz cul t ur e bot t l es wer e exposed t o ser um- f r ee

Dul becco' s medi um as descr i bed f or macr ophage cul t ur es . Enzyme act i vi t y was assayed di r ect l y i n

CM or af t er t he medi um had been concent r at ed by ul t r af i l t r at i on or f r eeze- dr yi ng as descr i bed f or

macr ophage CM.

Assays .

	

For assay of col l agenase act i vi t y [ 11 C] gl yci ne- l abel ed r at ski n col l agen ( 17, 200 dpm/ mg)

( 2) or [ " C] gl yci ne- l abel ed r abbi t ski n col l agen' pr epar ed i n t he same way ( 7, 092 dpm/ mg) wer e used.

Col l agenol yt i c act i vi t y was anal yzed wi t h t he r adi oact i ve subst r at e i n t he f or m of r econst i t ut ed f i br i l s

wi t h 10 mMCaCl , pr esent dur i ng assay, as descr i bed pr evi ousl y ( 2, 13) . Assays wer e st andar i zed so

t hat r econst i t ut ed f i br i l s f r om r abbi t and r at col l agens woul d gi ve compar abl e r esul t s ; accor di ngl y,

assays wer e per f or med at 37° C and 35° C f or r abbi t and r at col l agens, r espect i vel y . 1 Uof col l agenase

act i vi t y was def i ned as t he hydr ol ysi s of 1 j ug of r econst i t ut ed f i br i l s/ mi n under t hese condi t i ons ( 2,

13) . 4- Chl or omer cur i benzoat e ( 1 mM) ( 4- CMB) was i ncl uded i n assays wi t h unpr ocessed CM. Thi s

r eagent has been shown t o act i vat e col l agenase act i vi t y i n t he pr esence of cul t ur e medi um

component s ( 2, 13) . I ncubat i on was usual l y f or 18 h and al l assays i ncl uded appr opr i at e bl anks and

t r ypsi n cont r ol s t o ensur e t hat t he col l agen was not denat ur ed . Tr ypsi n ( 10 j ug/ t ube) r el eased l ess

t han 6. 1%of t he t ot al r el easabl e count s wi t h r at col l agen and l ess t han 4. 2%of t he count s wi t h r abbi t

col l agen . Onl y val ues f or col l agenol yt i c act i vi t y exceedi ng t hese wer e t aken as si gnf i cant . Onl y assays

gi vi ng l i near r el ease of pr oduct s wi t h r espect t o enzyme concent r at i on wer e used and al l assays wer e

made i n dupl i cat e or t r i pl i cat e .

For maxi mal r at es of col l agen l ysi s vi scomet r i c assays wer e per f or med wi t h col l agen i n sol ut i on at

35° C i n t he pr esence of ar gi ni ne, by t he met hod of McCr osker y et al . ( 14) . At t hi s t emper at ur e bot h

pr oduct s of di gest i on of col l agen by speci f i c col l agenase denat ur e spont aneousl y t o gel at i n, whi ch has

negl i gi bl e vi scosi t y and t hus i ni t i t al r at es of t he decr ease i n vi scosi t y gi ve a measur e of t he r at e of

speci f i c cl eavage . React i on mi xt ur es ( 2 ml ) cont ai ned 50 mMar gi ni ne, 600, ug col l agen, 10 mMCaCl 2,

100 mMTr i s- HCI buf f er , pH 7. 6, and 200 mMNaCl . Speci f i c vi scosi t i es ( v . P) wer e det er mi ned i n

Ost wal d U- t ube mi cr ovi scomet er s havi ng wat er f l ow t i mes of 60s and 25s . For anal ysi s of t he r eact i on

pr oduct s of col l agenase, assays wi t h col l agen i n sol ut i on at 24° C wer e made essent i al l y as bef or e ( 2,

13) . Sampl es of condi t i oned medi um( 20 Al of 10- 20 t i mes concent r at ed CM) wer e r eact ed wi t h 100, ug

of col l agen f or 20 h, denat ur ed by heat i ng i n ur ea and r un on pol yacr yl ami de gel s at pH 3. 5 ( 2, 13) .

SDS- acr yl ami de gel s wer e gener al l y unsui t abl e because of t he r el at i vel y hi gh l evel of pr ot ei n i n t he

macr ophage CM.

Pr ot ei n was det er mi ned by t he met hod of Lowr y et al . ( 15) . Cat hepsi n D was det er mi ned usi ng

[ ' H] acet yl - hemogl obi n as subst r at e ( 16) . Buf f er s used i n bi ochemi cal det er mi nat i ons usual l y

cont ai ned 0. 02% sodi um azi de t o pr event bact er i al gr owt h . Resul t s ar e shown as t SEM, and

st at i st i cal t est s of si gni f i cance wer e made wi t h St udent ' s t t est .

Resul t s

Col l agenol ysi s by Medi a f r om Unst i mul at ed and Thi ogl ycol l at e- St i mul at ed

Macr ophages . Col l agenol yt i c act i vi t y of t he ser um- f r ee CMof t hi ogl ycol l at e-

st i mul at ed mouse macr ophages was measur ed usi ng t he assay wi t h r econst i t ut ed

col l agen f i br i l s . Al t hough t he act i vi t y di r ect l y det ect abl e i n t he cul t ur e medi um
was smal l t hi s coul d be measur ed accur at el y i n par t i cul ar l y act i ve pr epar at i ons
i n t he pr esence of 4- CMB. Even smal l amount s of enzymi c act i vi t y i n t he CM
wer e st abl e t o di al ysi s and concent r at i on by f r eeze- dr yi ng, and act i vi t y was
near l y quant i t at i vel y r ecover ed ( Tabl e 1) . I n cont r ast ver y l i t t l e act i vi t y coul d be
measur ed i n CMf r om unst i mul at ed macr ophages and even af t er concent r at i on
t he val ues r ar el y exceeded t he l evel of nonspeci f i c l ysi s seen i n cont r ol assay
mi xt ur es cont ai ni ng t r ypsi n .

'
Wer b, Z. , and M. C. Bur l ei gh . The degr adat i on of r abbi t col l agens by r abbi t col l agenases .

Manuscr i pt i n pr epar at i on .
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TABLE I

St abi l i t y of Macr ophage Col l agenase t o Pr ocessi ng

%Fi br i l l ysi s/

100Al of medi um§

Col l agenase act i vi t y

U/ f l ask
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* 2 . 2 x 10' t hi ogl ycol l at e or unst i mul at ed macr ophages wer e pl at ed ; CMwas col l ect ed f r om48- 120 h

of cul t ur e .

f Assayed i n pr esence of 1 . 0 mM4- CMB.

§ Tr ypsi n cont r ol s wer e 4. 1%f i br i l l ysi s wi t h t he buf f er bl ank subt r act ed .

11 Not si gni f i cant .

Compar i son of Col l agenol yt i c Act i vi t y i n Condi t i oned Medi a and Cel l

Lysat es . An exper i ment was made t o t est whet her t he col l agenase was r el eased

sel ect i vel y i nt o t he cul t ur e medi um of mouse macr ophages . I nt r a- and ext r acel -

l ul ar col l agenase act i vi t y was compar ed f or bot h unst i mul at ed and t hi ogl ycol l at e

macr ophages wi t h t hat of cat hepsi n D, a l ysosomal enzyme . As shown i n Tabl e I I

t he col l agenase act i vi t y was f ound al most excl usi vel y i n t he cul t ur e medi um of

st i mul at ed macr ophages and onl y negl i bl e amount s wi t hi n cel l s, i n cont r ast wi t h

t he pr edomi nant l y i nt r acel l ul ar di st r i but i on of cat hepsi n D i n bot h t ypes of

macr ophage . I n ot her exper i ment s i t was f ound t hat cel l l ysat es of t hi ogl ycol l at e

macr ophages pr epar ed 2 h and 70 h af t er expl ant i ng al so cont ai ned negl i gi bl e

l evel s of col l agenase . Ther ef or e t he appear ance of col l agenase act i vi t y i n t he

medi umdur i ng cul t i vat i on pr obabl y r epr esent ed net pr oduct i on and secr et i on of

t he enzyme .

I n vi ew of t he mar ked di f f er ence bet ween col l agenase act i vi t y demonst r abl e i n

st i mul at ed and unst i mul at ed cul t ur es t he pr esence of i nhi bi t or s of t he enzyme

was t est ed i n unst i mul at ed cel l l ysat es and CM by per f or mi ng mi xi ng exper i -

ment s wi t h CM f r om t hi ogl ycol l at e- st i mul at ed macr ophages . No evi dence was

f ound f or such i nhi bi t or s, nor di d act i vi t y appear i n t he i nact i ve pr epar at i ons

af t er t r eat ment wi t h t r ypsi n, a met hod used t o act i vat e mouse bone col l agenase

( 17) , al t hough a syst emat i c st udy of col l agenase act i vat i on was not done .

Ti me- Cour se of Secr et i on of Col l agenase f r om Thi ogl ycol l at e- St i mul at ed

Macr ophages . The exper i ment s descr i bed above suggest ed t hat col l agenase was

secr et ed f r om st i mul at ed macr ophages . The capaci t y of t hi ogl ycol l at e-

st i mul at ed macr ophages t o cont i nue t o pr oduce and r el ease t he enzyme dur i ng i n

vi t r o cul t i vat i on was next exami ned . Macr ophages wer e cul t ur ed i n Dul becco' s

medi um cont ai ni ng 15%AT- FBS f or 48 h, t hen pl aced i n Dul becco' s medi um

Thi ogl ycol l at e macr ophages

None$ 5. 1 0. 46

Di al ysi s 5 . 3 f 0. 2 0. 47 t 0. 07

Lyophi l i zed and r econst i t ut ed at 10 x concen- 46 . 2 4 . 5 0. 42 0. 04

t r at i on

Unst i mul at ed macr ophages

None$ 0 0

Di al ysi s 1 . 60 11

Lyophi l i zed and r econst i t ut ed at 10 x concen- 1 . 72 0 . 0211

t r at i on
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TABLE I I

Di st r i but i on of Col l agenase i n Cel l s and Condi t i oned Medi um*

* 2 . 1 x 10' unst i mul at ed macr ophages ( 0 . 78 mg cel l pr ot ei n at end of exper i ment ) and 2. 3 x 10'

t hi ogl ycol l at e- st i mul at ed macr ophages ( 1 . 55 mg cel l pr ot ei n) wer e pl at ed i n medi cal f l at s . Ser um- f r ee

medi um was condi t i oned bet ween 48 and 120 h af t er expl ant i ng and pr ocessed as descr i bed i n t he

t ext .

t Cel l s and medi um wer e r econst i t ut ed i n 2 . 0 ml and 100 ul al i quot s assayed wi t h r econst i t ut ed

col l agen f i br i l s f or 18 h as descr i bed i n t he Mat er i al s and Met hods sect i on .

§ Val ues l ower t han t r ypsi n cont r ol ( 4. 3% l ysi s i n t hi s exper i ment ) wer e not si gni f i cant .

suppl ement ed wi t h 0. 2%LH, wi t h change of medi umever y 24 h . As shown i n Fi g .

1, t he secr et i on of col l agenase ( 0 . 012 U/ 24 h) r emai ned near l y l i near f or 7 days . At

t he end of t hi s per i od i n t he absence of ser um t he cel l s r emai ned vi abl e and

wel l - spr ead .

I n anot her exper i ment t he ef f ect of ser um on t he cont i nued secr et i on of

col l agenase was exami ned . Thi ogl ycol l at e- st i mul at ed macr ophages wer e cycl ed

on al t er nat e days bet ween medi um cont ai ni ng 15%AT- FBS and medi um wi t h

0. 2%LH. When t he CMf r om t he per i od i n ser um- f r ee medi umwas t est ed f or

col l agenase i t was f ound t hat t he enzymi c act i vi t y secr et ed ( 0. 018 U/ day)

r emai ned const ant f or f our al t er nat e cycl es and was si mi l ar t o t he enzymi c

act i vi t y secr et ed f r ommacr ophages mai nt ai ned i n ser um- f r ee medi um al one f or

t he ent i r e per i od ( 0 . 020 U/ day) .

The t i me when col l agenase act i vi t y f i r st appear ed was al so det er mi ned . 10

r epl i cat e cul t ur es of t hi ogl ycol l at e- st i mul at ed macr ophages wer e pl at ed i n

Dul becco' s medi um cont ai ni ng 15%AT- FBS. Dupl i cat e cul t ur es wer e pl aced i n

Dul becco' s medi um cont ai ni ng 0. 2% LH f or 48 h i mmedi at el y af t er r emovi ng

nonadher ent cel l s ( day 0) or subsequent l y, on days 1, 2, 3, or 4 . The col l agenase

act i vi t i es f ound i n CM wer e 0. 010, 0. 010, 0. 015, 0. 022, and 0. 010, f or col l ect i on

per i ods st ar t i ng on day 0, 1, 2, 3, and 4, r espect i vel y . Hence, col l agenase i s

secr et ed even by newl y expl ant ed macr ophages . The cont i nued and r el at i vel y

const ant l evel of r el ease of col l agenase suggest ed t hat st i mul at ed macr ophages

pr oduce and secr et e t he enzyme i n vi t r o .

Requi r ement f or Pr ot ei n Synt hesi s . The ef f ect of cycl ohexi mi de on t he

cont i nued secr et i on of macr ophage col l agenase was t est ed . I n t he r ange of 1- 2

, g/ ml pr ot ei n synt hesi s i s i nhi bi t ed but t he cel l s r emai n vi abl e f or up t o 24 h ( 10) .

When cycl ohexi mi de ( 0 . 4 ug/ ml ) was added t o t hi ogl ycol l at e- st i mul at ed macr o-

phages at t he begi nni ng of t he per i od i n ser um- f r ee medi um, t he medi um

cont ai ned l ess t han 8%of t he cont r ol l evel s of col l agenase at 11 h, and l ess t han

2%of cont r ol s at 22 h.

Sour ce of macr ophage enzyme

Col l agenase

%Fi br i l l ysi s$

act i vi t y

U/ f l ask

Cat hepsi n D/ ( U/ f l ask)

Cel l s

Unst i mul at ed 1. 6§ <0 . 05 0. 82

Thi ogl ycol l at e 2. 7§ <0_05 1. 23

Medi um

Unst i mul at ed 2. 0§ <0 . 05 0. 22

Thi ogl ycol l at e 25 . 3 0. 47 0. 43
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Ti me i n ser um- f r ee medi um ( days)

Fi G. 1 . Ti me- cour se of col l agenase secr et i on f r om st i mul at ed macr ophages . Cumul at i ve

t ot al s of t he col l agenase secr et ed f r om t hi ogl ycol l at e- st i mul at ed macr ophages ( 1 . 5 x 10 7/ 125

ml f l ask) wi t h dai l y medi umchanges ar e shown f or t wo separ at e cul t ur es . Condi t i oned medi a

wer e pr ocessed t hen r econst i t ut ed at 5%of t he or i gi nal vol ume f or assay.

Rel at i onshi p of Col l agenase Secr et ed t o Macr ophage Number .

	

The r el at i on-

shi p bet ween t he number of t hi ogl ycol l at e- st i mul at ed macr ophages pl at ed and

col l agenase secr et i on was next exami ned . Up t o 7 x 10 8 cel l s wer e pl at ed i n 50- ml

medi cal f l at s wi t h r esul t i ng cel l densi t i es of 0. 2- 0 . 8 mg cel l pr ot ei n per cul t ur e .

The col l agenase secr et ed dur i ng a 4- day col l ect i on per i od was pr opor t i onal t o cel l

pr ot ei n wi t h an aver age secr et i on of 0 . 061 zi z 0. 011 ( SEM, n = 11) U

col l agenase/ mg cel l pr ot ei n .

Char act er i zat i on of Macr ophage Col l agenase

ASSAYS WI TH RECONSTI TUTED COLLAGEN FI BRI LS .

	

Rel ease of r adi oact i vi t y f r om

col l agen f i br i l s by macr ophage col l agenase was l i near t o al most 70%f i br i l l ysi s

( Fi g . 2) . Sol ubi l i zat i on of f i br i l s al so pr ogr essed i n a l i near f ashi on wi t h t i me

bet ween 6 and 24 h of i ncubat i on .

The col l agenase i n CM was t est ed f or i nhi bi t i on by a number of pot ent i al

i nhi bi t or s ( Tabl e I I I ) . Met al - i on chel at or s i ncl udi ng EDTAand 1, 10- phenant hr o-

l i ne wer e ef f i ci ent i nhi bi t or s . The i nhi bi t i on by di sul f i de- r educi ng r eagent s

i ncl udi ng cyst ei ne was pr obabl y due t o t hei r met al - i on chel at i ng pr oper t i es .

I nhi bi t or s of ser i ne pr ot ei nases such as Di p- F and soybean t r ypsi n i nhi bi t or wer e

wi t hout ef f ect . The col l agenase was ef f ect i vel y i nhi bi t ed by a2- macr ogl obul i n .

I nhi bi t or s of t hi ol pr ot ei nases such as l eupept i n and 4- chl or omer cur i benzoat e

( 18) had no ef f ect on t he macr ophage col l agenase and 4- ni t r ophenyl 4' -

guani di nobenzoat e, an i nhi bi t or of macr ophage pl asmi nogen act i vat or ( 15) al so

had no i nhi bi t or y ef f ect . Pol yani ons had l i t t l e ef f ect on t he act i vi t y of t hi s

enzyme . Thus, t he macr ophage col l agenase i s a met al pr ot ei nase l i ke ot her

ver t ebr at e col l agenases ( 1) .

VI SCOMETRI C ASSAYS WI TH COLLAGEN I N SOLUTI ON.

	

The col l agenol yt i c act i vi t y of

CMf r om st i mul at ed and unst i mul at ed macr ophages was assayed wi t h col l agen

i n sol ut i on at 35° C . Thi s assay measur es onl y t he r at e of cl eavage of t he col l agen
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Li near i t y of t he r el ease of ' ° C- l abel ed pept i des f r om r econst i t ut ed col l agen f i br i l s by

mouse macr ophage col l agenase . Two pr epar at i ons of concent r at ed condi t i oned medi um f r om

t hi ogl ycol l at e- st i mul at ed macr ophages wer e used as sour ce of enzyme . Assays cont ai ned 104

gg col l agen and wer e i ncubat ed f or 18 h at 37 ° C. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , condi t i oned medi um f r om 4 x 10'

macr ophages concent r at ed t o 2 . 5 ml ; O, condi t i oned medi um f r om 3 x 10 , macr ophages ( 1 . 4

mg cel l pr ot ei n) concent r at ed t o 1 . 0 ml .

TABLE I I I

The Ef f ect of Pot ent i al I nhi bi t or s on Macr ophage Col l agenase

Concn . i n assay*

	

Act i vi t y

* Al l assays wer e made i n t he pr esence of 15 mMCaCl z ; macr ophage CM
gi vi ng 34%f i br i l l ysi s i n 18 h was added t o each t ube .

mol ecul es i ndependent of r el ease f r om an i nsol ubl e f i br i l l ar st r uct ur e whi ch

mi ght be ai ded by ot her pr ot ei nases, and gi ves a mor e accur at e r ef l ect i on of t he

col l agenol yt i c act i vi t y pr esent i n CMf r om t he t wo t ypes of macr ophages .

As shown i n Fi g . 3 t her e was consi der abl e col l agenol yt i c act i vi t y i n t he CM

None 100
Tr i sodi umEDTA 30 mM 2

10 mm 5
Cyst ei ne 10 mm 19
Peni ci l l ami ne I MM 17
Di t hi ot hr ei t ol 1MM 0
1, 10- Phenant hr ol i ne 1MM 4
Leupept i n- Pr 0. 1 mg/ ml 97
Di p- F 1 mm 96

Soybean t r ypsi n i nhi bi t or ( Kuni t z) 1 mg/ ml 108

a, - Macr ogl obul i n 250 pg/ ml 3

4- Chl or omer cur i benzoat e 1 mm 96

I odoacet ami de 10 mm 94
Hepar i n 0. 5 mg/ ml 123
Dext r an sul f at e 2000 0 . 1 mg/ ml 100

0 . 5 mg/ ml 132

4- Ni t r ophenyl 5 x 10 - ' M 102
4' - Guani di nobenzoat e



100

20

ZENA WERB AND SAI MON GORDON

	

35 3

Cont r ol

Unst i mul at ed

Macr ophages

Thi ogl ycol l at e

Macr ophages

f - - - ~ Gel at i n

0

	

5

	

10

	

15

	

20 I80

Ti me ( ksec )

FI G. 3 .

	

Reduct i on of t he speci f i c vi scosi t y of col l agen i n sol ut i on at 35° C by col l agenases f r om

st i mul at ed and unst i mul at ed macr ophages . Assays cont ai ned 600 Wg col l agen and: O, no

enzyme ; O, 300 dal of medi umf r om unst i mul at ed macr ophages [ condi t i oned medi um( 1 . 0 ml

af t er pr ocessi ng) f r om 2. 1 x 10° cel l s ( 1 . 6 mg pr ot ei n) f or 72 h] ; A, 300 j ut enzyme f r om

t hi ogl ycol l at e- st i mul at ed macr ophages [ condi t i oned medi um( 1 . 0 ml af t er concent r at i ng) f r om

2. 3 x 10' cel l s ( 2 . 1 mg pr ot ei n) f or 72 h] . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" , cont r ol cont ai ni ng 600 jug gel at i n ( made by heat i ng

col l agen t o 50° C f or 30 mi n) i nst ead of col l agen .

f r om t he st i mul at ed macr ophages, but ver y l i t t l e i n t he medi um f r om un-

st i mul at ed cel l s . The i ni t i al r at es of hydr ol ysi s of r abbi t col l agen at 35° C wer e

12 . 6 and <0 . 1 j i g col l agen/ mi n/ ml enzyme f or t he CM f r om st i mul at ed and

unst i mul at ed macr ophages r espect i vel y . Thi s can be compar ed wi t h t he act i vi -

t i es of t he same enzyme pr epar at i ons on r econst i t ut ed r abbi t col l agen f i br i l s ( at

37 ° C) , whi ch wer e 0. 64 and 0. 02 Ag col l agen/ mi n/ ml enzyme . Ther ef or e t he t r ue

r at i o i n t he col l agenase act i vi t i es of t hi ogl ycol l at e- st i mul at ed and unst i mul at ed

macr ophages i s mor e t han 100 : 1 .

CHARACTERI ZATI ON OF THE REACTI ON PRODUCTS OF MACROPHAGE COLLAGENASE WI TH

COLLAGEN I N SOLUTI ON AT 24° c . The r eact i on pr oduct s of macr ophage col l agenase

on col l agen i n sol ut i on wer e det er mi ned at 24° C wher e t he f r agment s r emai n

nat i ve and t hus r esi st ant t o degr adat i on by cont ami nat i ng pr ot ei nases . As shown

i n Fi g . 4 a t he enzyme f r om t he medi um of st i mul at ed macr ophages gave t he

t ypi cal speci f i c r eact i on pr oduct s of mammal i an col l agenases . The bands der i ved

f r om i nt act si ngl e subuni t s of col l agen a, and t he cr oss- l i nked di mer s, , Q chai ns,

gave r i se t o t he appr ox . t hr ee- quar t er l engt h A f r agment s and t he appr ox .

one- quar t er l engt h B f r agment s ( 2) . Al t hough cont ami nat i ng pr ot ei nases wer e

pr esent i n t he CMt he cr oss- l i nk r egi on of t he col l agen mol ecul e was not cl eaved

under t hese condi t i ons ( i . e . no 0 t o a conver si on was obser ved . )

The CMf r om unst i mul at ed macr ophages whi ch had i nsi gni f i cant act i vi t y on

assay wi t h r econst i t ut ed col l agen f i br i l s showed t r aces of speci f i c pr oduct s .

Si mi l ar l y a t r ace amount of speci f i c pr oduct s coul d be seen when col l agen i n

sol ut i on was r eact ed wi t h concent r at ed cel l l ysat es f r om t hi ogl ycol l at e-

st i mul at ed macr ophages al t hough act i vi t y coul d not be det ect ed i n t he assay

wi t h col l agen f i br i l s . The f or mat i on of t he speci f i c pr oduct s was i nhi bi t ed by t he

pr esence of EDTA or 1, 10- phenant hr ol i ne i n t he r eact i on mi xt ur e, and was

unaf f ect ed by t he pr esence of Di p- F ( Fi g . 4 b) .
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Gel el ect r ophor et i c pat t er ns of t he denat ur ed pr oduct s of r eact i on of macr ophage

col l agenases wi t h col l agen i n sol ut i on at 24° C . Pr oduct s wer e denat ur ed by heat i ng i n 5 Mur ea

and r un on pol yacr yl ami de gel s at pH 3. 5 . Mi gr at i on was downwar ds t owar ds t he cat hode.

Bands ar i si ng f r om si ngl e subuni t s of col l agen ( a) and cr oss- l i nked di mer s ( / 3) wer e degr aded t o

appr ox . t hr ee- quar t er s l engt h f r agment s ( a" and , B" ) bel ow t hei r r espect i ve i nt act subuni t s

and appr ox . one- quar t er l engt h f r agment s ( co) f ur t her down t he gel as descr i bed f or ot her

ver t ebr at e col l agenases ( 1) . ( a) Compar i son of t he pr oduct s pr oduced by i ncubat i ng col l agen

wi t h condi t i oned medi umf r om ( i ) st i mul at ed and ( i i ) unst i mul at ed macr ophages . ( i i i ) cont r ol

col l agen . For det ai l s of enzyme pr epar at i ons see l egend f or Fi g . 3 . ( b) Ef f ect of pot ent i al

i nhi bi t or s on r eact i on pr oduct s usi ng t he col l agenase f r om t hi ogl ycol l at e- st i mul at ed macr o-

phages . ( i ) Col l agen cont r ol ; ( i i ) enzyme ; ( i i i ) enzyme + EDTA ( 30 mMi n t he pr esence of 20

mMCaC10; ( i v) enzyme + 1, 10 phenant hr ol i ne ( 1 mM) ; ( v) enzyme + Di p- F ( 1 mM) . f

buf f er f r ont .

Regul at i on of t he Secr et i on of Col l agenase f r om Macr ophages

EFFECT OF STI MULATI ON. As not ed al r eady t hi ogl ycol l at e- st i mul at ed macr o-

phages secr et ed mor e col l agenase t han unst i mul at ed macr ophages . Si nce t he

secr et i on of pl asmi nogen act i vat or f r om t hi ogl ycol l at e- st i mul at ed macr ophages

al so exceeds t hat f r om unst i mul at ed macr ophages t hi s di f f er ence was compar ed

f ur t her .

Secr et i on of col l agenase by t hi ogl ycol l at e- st i mul at ed macr ophages was ob-

ser ved i n ni ne i ndependent exper i ment s over 6 mo . Al t hough var i abl e l evel s of

st i mul at i on wer e obser ved ( 0 . 03- 0. 18 U/ 10' cel l s/ 24 h) , t hese val ues wer e

appr eci abl y hi gher t han col l agenase secr et i on obser ved f or unst i mul at ed cel l s

( 0 . 001 t o 0. 005 U/ 10' cel l s/ 24 h) . Thi s di f f er ence was hi ghl y si gni f i cant ( P G

0. 001, n = 37) , even t aki ng i nt o account a t hr ee- t o f i vef ol d hi gher pr ot ei n cont ent

of t he t hi ogl ycol l at e- st i mul at ed macr ophages .

EFFECT OF PHAGOCYTOSI S OF LATEX.

	

Phagocyt osi s of nondi gest i bl e l at ex par t i -

cl es has been f ound pr evi ousl y t o st i mul at e t he secr et i on of col l agenase f r om



ZENA WERB AND SAI MON GORDON

	

355

r abbi t f i br obl ast s ( 13) and of pl asmi nogen act i vat or f r om macr ophages ( 11) .

Accor di ngl y, t he ef f ect of i ngest i on and i nt r al ysosomal st or age of l at ex par t i cl es

by unst i mul at ed macr ophages was exami ned . As shown i n Tabl e I V macr ophages

exposed t o l at ex par t i cl es secr et ed at l east t wi ce as much col l agenase as t he

nonphagocyt osi ng cont r ol s . However , t he amount of enzyme secr et ed was st i l l

l ess t han t he l evel s obser ved f or t hi ogl ycol l at e macr ophages cul t ur ed at t he same

t i me .

The l evel of col l agenase secr et ed by unst i mul at ed. cel l s af t er l at ex phagocyt osi s

was r el at ed t o t he amount of mat er i al i ngest ed . Unst i mul at ed macr ophages ( 4 . 5

x 10 8/ cul t ur e) wer e exposed t o l at ex par t i cl es ( 2 . 5 mg/ cul t ur e) f or 0, 30, 60, or 120

mi n, t hen pl aced i n 10%FBS i n Dul becco' s medi umf or 24 h, f ol l owed by 6 days

i n Dul becco' s + 0. 2% LH. The macr ophage cul t ur es whi ch had i ngest ed 0, 280,

690, and 1, 030 ug l at ex secr et ed 0, 0. 03, 0. 13, and 0. 34 U col l agenase/ 6 days,

r espect i vel y.

TABLE I V

Ef f ect of Phagocyt osi s on Secr et i on of Col l agenase f r om Macr ophages

* Assay of 100 Al of 20 t i mes concent r at ed ( f r om 6 ml / f l ask) condi t i oned medi um. Val ues shown ar e

t he aver age of t wo cul t ur es and ar e t r ange .

t Di f f er ence bet ween unst i mul at ed and l at ex- f ed macr ophages st at i st i cal l y si gni f i cant ( P < 0. 05) .

Af t er i ngest i on of l at ex t he secr et i on was mai nt ai ned at t he newi ncr eased l evel

f or mor e t han 2 wk . I n t he exper i ment i l l ust r at ed i n Fi g . 5 an ei ght f ol d

st i mul at i on was sust ai ned f or at l east 10 days . Var i at i on i n t he l evel of

st i mul at i on bet ween exper i ment s coul d have been due t o di f f er ences i n l at ex

l oadi ng and/ or t he l evel of macr ophage act i vat i on i n cont r ol ani mal s ( 11) . For

f our exper i ment s t he i ncr eased r at e of col l agenase secr et i on i n macr ophages

cont ai ni ng l at ex was si gni f i cant l y hi gher t han t he secr et i on f r om nonphagocyt os-

i ng cont r ol s ( P < 0. 001) .

EFFECT OF PI NOCYTOSI S OF DEXTRANSULFATE.

	

The speci f i ci t y of t he st i mul at i on

of col l agenase secr et i on af t er endocyt osi s was t est ed . Dext r an sul f at e gr eat l y

i ncr eases pi nocyt osi s by macr ophages and r esul t s i n t he accumul at i on of

di st ended l ysosomes ( 19) . Al t hough t he net r esul t of i ncr easi ng t he number and

si ze of secondar y l ysosomes i s t he same f or bot h l at ex and dext r an sul f at e, t her e

ar e a number of di f f er ences . Det r an sul f at e i s ver y ani oni c, i s t aken up by

pi nocyt osi s, and i nhi bi t s a number of l ysosomal hydr ol ases ( 16, 19) .

The cel l s exposed t o dext r an sul f at e had 340%of t he col l agenase act i vi t y i n

t hei r CMcompar ed wi t h cont r ol s . Thi s was much hi gher t han any di r ect ef f ect of

dext r an sul f at e on t he enzymi c act i vi t y ( see Tabl e I I I ) . Thus, t he st i mul at i on

af t er endocyt osi s i s not speci f i c f or t he i nduci ng par t i cl e . I t i s wor t h not i ng t hat

Macr ophages Cel l number

Col l agenase

U/ f l ask/ 72 h

secr et ed

Fi br i l l ysi s*

Unst i mul at ed 1 x 10' 0. 016 t 0. 002 6. 8

Unst i mul at ed+ l at ex 1 x 10' 0. 029 t 0. 002 11 . 4

Thi ogl ycol l at e 0. 8 x 10' 0. 081 31 . 8
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FI G. 5 . Ef f ect of phagocyt osi s on t he secr et i on of col l agenase f r omunst i mul at ed macr ophages .

Macr ophages wer e exposed t o l at ex par t i cl es as descr i bed i n t he Mat er i al s and Met hods

sect i on . I n t hi s exper i ment t he condi t i oned medi a wer e concent r at ed by ul t r af i l t r at i on and

col l agenase assays made i n t he pr esence of 1 . 0 mM4- CMB ( 2, 13) . The col l agenase secr et i on

achi eved i n t hi s exper i ment was hi gher t han usual f or unst i mul at ed macr ophages . ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"- " ) , 1

x 10 7 macr ophages ; ( 0 - " ) , 4 x 108 macr ophages .

t hi ogl ycol l at e- st i mul at ed macr ophages cont ai n i ncl usi ons of agar and ot her

undi gest ed mat er i al s and t hus t he var i abl e l evel of col l agenase secr et ed may wel l

be due t o di f f er ences i n t he amount s of mat er i al s st or ed wi t hi n cel l s f r om

di f f er ent bat ches of ani mal s .

CELL SPECI FI CI TY OF COLLAGENASE SECRETI ON.

	

Si nce pl asmi nogen act i vat or s ar e

secr et ed f r om st i mul at ed macr ophages as wel l as ot her cel l s ( 15) and si nce

col l agenase i s al so secr et ed f r omnor mal r abbi t f i br obl ast s ( 13) , ot her mouse cel l s

wer e exami ned f or t hei r capaci t y t o secr et e col l agenase . As shown i n Tabl e V

st i mul at ed mouse macr ophages r egul ar l y secr et ed col l agenase, but f ar l ess t han

t hose r abbi t f i br obl ast s whi ch secr et ed enzyme . Rabbi t synovi al f i br obl ast l i nes

whi ch di d not secr et e col l agenase have al so been i sol at ed ( Wer b, unpubl i shed

obser vat i on) . A si ngl e pr i mar y cul t ur e of mouse synovi al f i br obl ast s was al so

shown t o secr et e a speci f i c col l agenase and t he I R mouse f i br obl ast cel l l i ne at

t i mes secr et ed a l i t t l e col l agenol yt i c act i vi t y . Ot her est abl i shed mouse endo-

t hel i al and mel anoma cel l l i nes wer e i nact i ve al t hough t he capaci t y of t hese cel l s

t o secr et e col l agenase under di f f er ent condi t i ons of cul t i vat i on was not i nvest i -

gat ed.

Si nce t hi ogl ycol l at e- st i mul at ed macr ophage cul t ur es may cont ai n up t o 5%

f i br obl ast s cont r ol exper i ment s wer e made t o ensur e t hat t he col l agenase

det ect ed i n macr ophage CM was not due t o a hi ghl y act i ve subpopul at i on of

cont ami nant f i br obl ast s . Macr ophage cul t ur es wer e t r eat ed wi t h 0. 25% t r ypsi n-

ver sene ( 30 mi n, 37° C) i n t he absence of ser um and washed t hor oughl y . Thi s

pr ocedur e ef f i ci ent l y r emoves f i br obl ast s, wher eas macr ophages r esi st det ach-

ment by t r ypsi n . Af t er f ur t her i ncubat i on f or 1 day i n AT- FBS, CMwas col l ect ed

f r om t r ypsi ni zed and unt r eat ed cul t ur es and showed no r educt i on i n t he l evel of

col l agenase .
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* Cel l s wer e cul t ur ed f or 72 h i n ser um- f r ee medi um as f ol l ows : Macr ophage CMas descr i bed i n t he

met hods sect i on ; 3T3 TK- , 1R HGPRT- , PG19 HGPRT- wer e est abl i shed l i nes devel oped f r om t he

par ent l i nes 3T3, L- cel l s and PG19 r espect i vel y ; MS2/ 1 was a pr i mar y out gr owt h f r om nor mal mouse

synovi um. CMwas pr epar ed by i ncubat i ng t he conf l uent cel l s i n Dul becco' s medi um f or 48 h ; dat a

f or t he r abbi t synovi al f i br obl ast s f r om Wer b et al . ( 2, 13) .

Di scussi on

These st udi es show t hat macr ophages i n cul t ur e can pr oduce and secr et e a

speci f i c col l agenase whi ch cl eaves nat i ve, hel i cal col l agen i nt o t ypi cal t hr ee and

one- quar t er f r agment s by l i mi t ed pr ot eol ysi s at neut r al pH. The macr ophage

enzyme i s a met al l opr ot ei nase whi ch r esembl es ot her mammal i an col l agenases

( 1) si nce i t i s i nhi bi t ed by chel at i ng agent s and i t i s unaf f ect ed by i nhi bi t or s of

ser i ne and t hi ol pr ot ei nases . I t can be di st i ngui shed. f r om t he pl asmi nogen

act i vat or al so secr et ed by st i mul at ed macr ophages ( 5) by i t s i nhi bi t or pr of i l e,

i ncl udi ng r esi st ance t o 4- ni t r ophenyl 4' - guani di nobenzoat e, and i t s pl asmi nogen

i ndependence . Ot her pr ot ei nases pr esent i n macr ophage cul t ur e medi um di d not

i nt er f er e wi t h t he col l agenase assay, but may cont r i but e t o f ur t her degr adat i on of

col l agen f r agment s t o l owmol ecul ar wei ght pept i des at 37° C, t hough not at 24° C.

Ther e was no cl eavage seen of t he col l agen cr oss- l i nks l ocat ed i n t he nonhel i cal

r egi on of t he mol ecul e, t o pr oduce t he f i - t o a- conver si on of col l agen subuni t s

obser ved i n ot her st udi es ( 9) . Fur t her char act er i zat i on of t he mouse macr ophage

col l agenase i s necessar y t o compar e i t wi t h t he enzyme secr et ed by r abbi t

f i br obl ast s and t he enzyme of human gr anul ocyt es .

The ext r acel l ul ar accumul at i on and l ow l evel s of act i vi t y i n cel l l ysat es suggest

t hat act i ve col l agenase i s not st or ed wi t hi n macr ophages, but i s pr i mar i l y a

secr et or y pr oduct . Pr ol onged secr et i on over many days and t he i nhi bi t i on of

secr et i on by cycl ohexi mi de pr ovi de some evi dence f or new synt hesi s of enzyme

pr ot ei n i n cul t ur e, al t hough t he pr esence of an i nact i ve pr ecur sor wi t hi n t he cel l

cannot be excl uded ( 17, 20) .

The r equi r ement f or t hi ogl ycol l at e st i mul at i on and endocyt osi s t o st i mul at e

secr et i on of col l agenase shows t hat i t s r egul at i on i n t he macr ophage cl osel y

par al l el s t hat of t he pl asmi nogen act i vat or ( 11) . The i nduced secr et i on of t hese

speci f i c neut r al pr ot ei nases can be cont r ast ed wi t h t he const ant secr et i on of

l ysozyme ( 10) , i ndependent of cel l st i mul at i on and phagocyt osi s, and t he

Cel l t ype*

Col l agenase

U/ 24 h/ 10' cel l s

secr et i on

U/ 24 h/ mg cel l

pr ot ei n

Thi ogl ycol l at e- st i mul at ed mouse macr ophages 0. 15 ( 0 . 08- 0 . 21) 0 . 11

Unst i mul at ed mouse macr ophages 0. 01 0. 03
Mouse endot hel i al cel l st r ai n ( 3T3 TK - ) 0 0
Mouse f i br obl ast st r ai n ( 1RHGPRT- ) 0. 02 ( 0- 0 . 04) 0. 013

Mouse mel anoma cel l s ( PG19 HGPRT- ) 0 0

Pr i mar y mouse synovi al f i br obl ast s ( MS2/ 1) 0. 6 ( 0- 1 . 2) 0 . 3

Rabbi t synovi al f i br obl ast s 12 ( 0- 31) 1 . 8



358

	

MACROPHAGE COLLAGENASE

pr edomi nant l y i nt r acel l ul ar r et ent i on of ot her macr ophage enzymes such as

cat hepsi n D. Al t hough we di d not st udy t he r ol e of endot oxi n i n i nduci ng

secr et i on of col l agenase by mouse macr ophages ( 11) , Wahl and co- wor ker s ( 9)

have demonst r at ed t hat oi l - i nduced gui nea pi g per i t oneal macr ophages secr et e

col l agenase af t er exposur e t o endot oxi n i n vi t r o . The t r ansi ent r el ease of enzyme

obser ved i n t hei r st udi es i s pr obabl y t he r esul t of endot oxi n degr adat i on by t he

macr ophages si nce nondi gest i bl e par t i cl es such as l at ex and dext r an sul f at e

st i mul at ed pr ol onged secr et i on of t he mouse macr ophage col l agenase, as not ed

pr evi ousl y f or secr et i on of col l agenase and neut r al pr ot ei nase f r om r abbi t

f i br obl ast s ( 13) and f or pl asmi nogen act i vat or f r om mouse macr ophages ( 11) .

The pr esent st udi es suggest t hat macr ophage col l agenase coul d pl ay an

i mpor t ant r ol e i n col l agen degr adat i on i n vi vo . Macr ophages ar e pr esent i n l ar ge

number s dur i ng wound r epai r ( 21, 22) and i n gr anul omat ous l esi ons caused by

nondegr adabl e i r r i t ant s such as car r ageeni n ( 23) , whi ch ar e of t en associ at ed wi t h

col l agenol ysi s . Dur i ng i nvol ut i on of t he ut er us macr ophages may cont ai n

f r agment s of col l agen f i br i l s i n i nt r acel l ul ar vacuol es ( 24) and macr ophages may

secr et e speci f i c col l agenases f ound i n t hese t i ssues at t he same t i me as col l agen

degr adat i on pr oceeds wi t hi n l ysosomes . I ndeed, upt ake of col l agen f i br i l s by

macr ophages coul d st i mul at e f ur t her secr et i on of t he enzyme .

Si nce f i br obl ast s and macr ophages ar e of t en f ound t oget her i n gr anul at i on

t i ssue and chr oni c i nf l ammat i on, bot h cel l t ypes coul d cont r i but e t o col l agen

br eakdown . I n cul t ur e t he f i br obl ast s secr et e col l agenase wi t hout f ur t her

st i mul at i on wher eas secr et i on by macr ophages r equi r es an addi t i onal i nduci ng

st i mul us . Si nce macr ophages ar e al so mor e avi d phagocyt i c cel l s t han f i br o-

bl ast s, t he ext ent of l ocal phagocyt i c act i vi t y coul d det er mi ne t he cont r i but i on

by macr ophages t o col l agenol ysi s i n vi vo .

The secr et or y act i vi t y of macr ophages under goes consi der abl e modi f i cat i on

af t er macr ophage act i vat i on . Pr evi ous st udi es wi t h [ 3 H] Di p- F suggest ed t hat

sever al ot her ser i ne pr ot ei nases can be secr et ed by st i mul at ed macr ophages ( 5) .

At l east t wo ot her secr et ed pr ot ei nase act i vi t i es have now been f ound whi ch ar e

r egul at ed si mi l ar l y t o col l agenase and pl asmi nogen act i vat or , an el ast ase ( 25)

and a neut r al pr ot ei nase( s) 3 act i ve agai nst azocasei n, gel at i n and denat ur ed

f i br i nogen . Thus, col l agenase i s but one of a spect r um of i nduced pr ot ei nases,

and per haps ot her pr oduct s, by whi ch t he st i mul at ed macr ophage modi f i es i t s

ext r acel l ul ar envi r onment .

Summar y

Thi ogl ycol l at e- st i mul at ed mouse macr ophages r el ease a speci f i c col l agenase

i nt o t hei r medi um dur i ng i n vi t r o cul t ur e . The macr ophage col l agenase has been
char act er i zed as a t ypi cal met al pr ot ei nase whi ch cat al yzes t he cl eavage of t he

nat i ve col l agen mol ecul e i nt o t hr ee and one- quar t er f r agment s . The ext r acel l ul ar

accumul at i on and l ow act i vi t y i n cel l l ysat es suggest t hat col l agenase i s a

secr et i on pr oduct of t he st i mul at ed macr ophage . Pr ol onged secr et i on of t he

enzyme at a const ant r at e f or mor e t han 7 days i n cul t ur e and i t s i nhi bi t i on by
cycl ohexi mi de pr ovi de evi dence f or bi osynt hesi s i n vi t r o . I n cont r ast , secr et i on

e
Wer b, Z . , and S. Gor don . St udi es on t he secr et ed neut r al pr ot ei nase of mouse macr ophages .

Manuscr i pt i n pr epar at i on .



of col l agenase i s bar el y det ect abl e f r om unst i mul at ed macr ophages whi ch can,

however , be st i mul at ed t o secr et e t he enzyme by i ngest i on and i nt r al ysosomal

st or age of l at ex par t i cl es or dext r an sul f at e . Macr ophages l aden wi t h l at ex, an

undi gest i bl e par t i cl e, cont i nue t o r el ease col l agenase f or at l east 20 days . Sever al

est abl i shed mouse cel l l i nes have al so been exami ned f or t hei r capaci t y t o secr et e

col l agenase . Col l agenase i s one of a cl ass of i nduci bl e neut r al pr ot ei nases by

whi ch t he act i vat ed macr ophage can modi f y i t s ext r acel l ul ar envi r onment .

We t hank Mr s . Wendy Bear d f or excel l ent t echni cal assi st ance and Mr . Gar y Dew f or hi s hel p i n
pr epar i ng t he phot ogr aphs and Mr s . E. Br oad f or pr epar at i on of t he manuscr i pt . We t hank our
col l eagues i n t he Ti ssue Physi ol ogy Depar t ment f or encour agement and hel pf ul suggest i ons and
Pr of essor W. Bodmer f or pr ovi di ng f aci l i t i es whi ch made t hi s wor k possi bl e .
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