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MOLECULAR BASIS OT MACROPHAGE ACTIVATION. EXPRESSION OF THELOW POTENTIAL CYTOCHROME b AND ITS REDUCTIòN UPON CELLSTIMULATION IN. ACTIVATED MACROPHAGESI
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The expression of the novel b-type cytochrome,
which is part of the superoxide anion (O:-)-generat-
ing system in phagocytes, has been invCslilatea in
populations of mouse peritoneal unacrophales het_
erogeneous in their capability to prodrice Òr-.,Re-
duced minus oxidized differehce §pectra of intact
cells sho.wed the appearance of a b-type cytochrome
with major peaks in the a region af ÉSAio 859 nm
and in the r region at 426-to 429 nm. Resident
yrcrilon93l m_acrophases, as well as thioglycollate
brotl-elicited and Corynebacterir"n parvun-acU-
vatj:d mncroprhagss ana neutrophils expressed
about 50 prnol cytochrome b/l0z- cells. Iri intact
rnacrophages and neutrophilsi, Nadithionite re_
duced ,75% of the cytochrome b meAsurable ia
disrupted cells. No correlation was found between
capability to produce Oz- by different population of
macrophages and their content of cytochrome b.
When stimulated in strictly anaqrobic conditions'rith 

-phorbol myristic acetate, màcrophages acti-
vated in vivo by i.p. injection of Cory:nebàcf6pirrm
Parvurn reduced approximately,4OEo of their total
cftochrorne b. In resident peritoneal macrophages
that produced five tirnes lower astounts of òr-, ty-
tochrome b reduction was instead uncletectable. pL
tentiometria propeÉies of cpochrome b was ipves.
{iglted in macrophage subèelular particles. Both
resident and Corynebacterinrn pair.um-activated
oacrophages revealed the presence of b crom(>
phores with very low potentials of *2ti5 and -244mV, respectively, whose coutent was not difl'ereatin the two populations. These resultg show that
i'esident and activated macrophagesr express tJre
satlte e mount of c5rtocbrome b, but upo,n sti m ulation
*ith PMA, activated rnacrophages iepruit a higber
rruurher of cytochrome b molecules in paralel irith
an enhanced production of Oz-.

Upon lnteraction wlth approprtate silmull, macro-
phages and granulocytes produce reactlve oxygen specle§
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such as srrperoxlde anlon (O1-| and hydrogen peroxlde
(HrOr. whtch exert powerful mlcrobtclàat ind cytotoxic
effects. The molecular basls of thls phenomeno,i,iit"*i-
ally known ars "the resplratory burst. has been àxten_

:L":lI t"":":rgated tn neutrophlls. There ls now a generat
agreement that reduction of oxygen to 01- depeirds on
the acilvity of an oxldase that uses NADPÀ as àubstrate
(1. 2). tixtenslve evldence lras been accumulated tn thelast few years also lndlcailng that a b-type cytochrorne
whose pecullar feature is a low mid-potnt-potenUal (Emr.o- -245 mV) parttctpates ln the tralsibr of rea'ucfng
equivalernts to oxyge,n (g-6).

The molt:ctrlar basls of 02- generatton in rnacrophages
are less known. Eyidence has been provlded by dtiferlnt
lnvesilgators thatiNADpH oxtdase ts the enzyme respon_

. slble for the resptratory burst also ln mononuclea, pirug_
ocytes (7-lg). products dertved by smphocytes'1noithought to reflect the acilon of inlerfer;n-r; 14) or of
bacterlal orlgln (15-17) prlme macrophages to produce
larger amounts of Or- and HzOz upon tirggertng wtttr
phagocytosable parilcles or other approprrateitimllt 1re_vlewed tn Reference l8). Only recently. àata have sta*ed
to be accumulated on the properttes of NADPH oxidase
ln relatlonto the process of maerophage acilvailon. Al_
terailons of the ktneflc proper0es of thAenzyme wlth an
inci:eas€ of the afflnlty for NADpH serm to accompany
macrophage acttvailon (l l-lg).

Because a b-type cytochrome wlth spectroscoplc prop.
erties eilrnllar to thase descrtbed ln neutrophtls has been
also desr:rlbed ln mononuclear phagocyt." fro* dtfferent
specles, we have hvesilgated the properiles of thls cSrto-
chrome ln rela§on to the, phenomenon of macropkrage
actlvation. In thls paper, we present data on the eiprel_
sion of cytochrome b and its reducuon tn lntact ceus after
stlmulatlon wlfh phorbol myrtsilc aeetate {pMA) in mac-
rophase populaUons that dlffer ln thetrabliity to produce
O2* upon trtggering. These data show that maciophage
actlyatlon is ribt accompanled by enhanced expression if
cytochrome b. but tn acttvated macrophages. more clrtr-
chrome b molecules are recrulted tn tire tÉnsfer of eiec-
trons to oxygen upon sUmuliailon by pMA.
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.rill7,('.nrì(ltlìcnw(.rctnculrale«tfor2orntirlntcollagtirasesolrrttorr tirtrìlng 2 mM NaNr' 5 mM §lut'osc' o.5 u/ml heparlrr. and I ntM

iiul.purrngtlrel'r:uba6cli.-i"oo,;u*yg.,rwirstrkrwnovi'rthrsolu- hlDl'A were dlstrlbutcd ltl 3 ml plastlc cuvrttes. alid thtse were

tt()n. Al-ter tràr,lsler ln a telrl dtsh. tl# ltver sllces were brokelr tnlo placed ln thr samplr and reference-holcler of the 576 Perkirt'Ehner

iru.i tu t t,r.." plr.r.es with a muuer lxrllcerrran. the whole suspension spfctrophotofite ter turbld sample§ compartment. The ilppilrltLls was

nu,rs gently plFtted two to threJ ilmes. :tnd flnally was fllterrd thermost;rtcd at 37'C, and thc cell suspenstons ln lhl' samplr were

thr(luÉh a gauze. ftepatocyles wcre washrd ftve ttmeJtn phosphdle- sttrred by a micro-$llrrlnglar drlvtn by an exttrtlal m:rgrtettc fteld

bulfrrert §&llne wlthout a,ni"tr,r, and magilfstum {trtls} cdntalntrìg, I plar-ed under the cuve(tc. Thf samPlf cuvettf was ma-rle ilrlacr()bic

;;,MiaòiA Éy.entrtfugu§on at 50 x c'i.or I tn 2 nrln, anct finilty by flushlng ox1'gen-frcc nltr{Rfn through a l.l x ilo nrnt tttrdlr
*"i ,""i,rp"i.r.ted ln pI}S. iympho.'yres wrre obtatned from nrousc lnserttd ln-a rlbùon plugthat stoplxred the cuvettt. Outlet o[ rtltro-

,pr*",ii rri standard pr,*à',irii, und oft"r rv:F 9{ contamlnailng gcn was :rllowed through anothcr needle ol thr :itme ditttctrslorrs'

cryrhrocyres, were cutttvaied-ioi z t r at 37"c7so,i co; (;;. u.tot ) tìi iht"h "l* ".*ed 
for tÈc varlor:s addltlorls. .qlter addltion oi t{lut ose

left contarnlrratrrrg *""ropÀu[." uan.r.. Red cells were obtati«l oxldase (25 mg/ml] to ensure complete anaeroblo§i', the sample was

i;rri À.piii"rr.o fi',r-.r, rrioool'cells vtabtllty was checked by trypan sttrr_ed fo( a couple of nìlnutes, and after lnterruptlotr oi the stlrrlng.

bluc excluslon the ftrst sSxctnrm tn a range.between 4O3 and 433 rrm wa s rerorded.
-'l;ri;;;;;;;nuclear leukoe.yre deplerton o! nocrophage Wpr- spectra *eré then aulornatlcally rcr:orded every 38 s€c by serlln,.l

lar{o^. Macropnrg." *er. r"i}à inrtiar",.ri after rrarveJt oi aiter tÈe spctrophotom€tcr.on repctttlve scan. Every 20 to 30 sec. the

culuvailon on normal ,, gJ.ir*"ùied ttssrje culture plasfic {sre *mpìet*rsm.glnetlcallystlrredforafewseconds,andthereference
belowl. tn .he former cad, pcrltoneal washouts *ire "entrif,rgeo' 

c,rrirte was agftated mlngflY; After 15 mln from the additlon of

.rncl r m. , jlts were ,."u"p"ndJ in pts at lo x I oc/ml. NeutropÈtls glucose oxldase, 2oo ng/ml PMA were lnJected ln th€ sample cuvette,

*.i" ""puirt.o 
f .o,. ,runlni"i*"i ""I" by centrtfugaiton on Ficoll- and othcr spcctra wcrt iccorded..when thc reductlon of cytochrome

Hypaque. Contanìlrìagng-;.ytùro.it." i..ry ,{5i O, hypotonlc b reached a plateau. total cytochromc b was mea§urd by adding

shcrk. ancl thc cells were ftnJuy reslspended tn Krebs ninger pfros- few gratns of Nadtthtonltc to thc aample cuvette. Cytochrome b was

Dhdte bufler or pBsi for *.tuÉU" or lprctroscoplc studlei resfrc- calcllatcd from OD at 4lO mlnus 426 nm as descrlbed at»ve. Or-

f,.j:[ §...'5"i;*,yliru"crupr,agc poputatron* .on't in.rt betwecn 2s r.r..". uy thc macrophagp poprrlrtton assaycti !s dcscrtbed above

and 45% Iymphocytes ""à 
n.!rr!rui. amounis of rrt.utroph,lls. - . was meaiurerl ln tttc sam. KRP mlxture ln aeroblc condltlons and' 

Macropiwge.uit{rottor,. Mlciophages_were cultivated for,4 to 24 wlthout the addltlon of glucosc oxldasc.

hr at S7,'C tn-the presence of S% CO: [n Dulbccco's modlflcatlon of Mlscelraneous. To_study the effect of phagocytosl§ on cytochrom€

Eagle's mlnlmum esscnttal medtum iFtow Laboratorles) con^talnlng b exprcsslon, 2 x lO' nracrophages ln 25trn2 gelatln-coated flasks

iò7; n.ut-rnu"ttvated (56oC for 30 mlnl horse scnrm and 5O rglml weri overlayed wlth ccild KRP plus_S mM glucose and O'5 mM CaClz

ài p."i.rif r" and streptomycln. Macrop^hage cultlvatlon was Per- contalntng I to S mg qf^zymsan (Slgma, Taufklrchen,.FRG). After
formed elther ln ttssue cult-ure plasttc iO mm dlshes (Flow labora- tncubattoi at 4"C for 3O mln to let zymosan,settle on-the cells' the .

i;;i;+; rn 25 crn2 gelatrn-co'aìed flasks from the same source. ln flasks werc transfemcd to 37"C for l5 to 3O mtn, After extcnslve

if,. foi*.r."".. adhàent macrophages were washed twlce wlth PBS washtng wlth cold PBS. thc cells were detached wtth trypstn'EDTA
and were detached by scraptn[ wtih a rubber pollceman.-When (sce abovc] at 4'C. aurt! cytchrome b was measured at.descrtbed
*r"roptr"g." were culitvated lnhasks coated wlth gelaun.(2O), they above. Control cclls wcrc trc3ted ln parallel exactly as descrlbed but
*.r" à.t"ir,.a after washlng of nonadherent cells with, lO mM omttttng the addttlon of zymosan- ln some exPeriments. lrypsh-
lldocalne (201 or 0.196 trypstn plus l.5 mM EDTA. , EmA tieatment was prolonged up to 30. mln at 4'C' Protelns were

C|2'producilon. The G--dep€ndent cytochrome c.reductlof w_al assay€d wtth thc rncthod of towry and PMA and zymosan were
meaiuied as orlglnally descrlbed bv Bablor ct al' (2 t ) fii:fiJ}Tff prcpared as dcEcrtbcd {2'U.
were asuayed linmediately after trirvest or aftcr
recovery tn suspenslon tn'a reactlon mlxture prepared as descrlbcd
(131. The assav was oorreln pUsuc tub€s tniuUatea ln a shaklng REsllLT§

Hi;r';il ts?tci'"ir"-i *i pÉstlc cuvettes' ln the former casc' [hè ^ t,,otlnn nt trùrhrnmo h rtrtth Nrt-titthtontte
reac,on was s,ropped afrer's0 mrn wtth tce-cold 

'iliii;:.iif;fì; Reductton ol c$t'or'hronw b tutth lYr..-dtthtontte tn dtJi-

ccnrrtfui;ia,uorr, trre supernlitnrù" *.r. read at 55o t]m. ilj:l.:1.:l , Jerent poput,,,tlCIns oJ fiIolcrophagcs. Reductlon of intact
the ktneitcs of Oz- rel,easc wa§ morrll.ored at 37oC ln a 576 Perkln- ceills wlth NadlUhhntte has been used to deteCt a unlque
t'3il:,H::"§T,i.T[?ii::?IeJlr;,th,o,,*cl.d.,:..t"rr!1"-u- IYf.Yflf:1::T3,i:::::f"::51?:],*: §hown

tdlzed dtfference spccrra of tnract cells were mer:s"rà *ritr-, a.ck ln Flgure l, al§o reducted mlnu§i oxtdtzed dfferenee spec-

*.,ibu-e spectrophotomerer. Sampls contahlnS, 10 tg ?q:, t9: traof resldenf perttonealmacrophage§revealedthepres-
ceus were aialyzcà ln a glass mlcrocuvette ln a final vol::,ti}: ence of a ma1or cytochrome b-type chromophore wtth

:*.:ffit:f}flS.[ i,T-[X?ì*ifi',fff".11,U;r"X,;;;: ma1orpeaks ri t111,esro:at 558 to 55e nm and rn the

tarion. controls donc wttir macropnagee sirowea that thls dld not ? one at 426 t§ 428 nm. These §pectral characterlstlcs
affecr the assay. Absorbancq of sample§ ln the "IqqT-_"5I:1t dld not change slgntflcantly upon dlsruptton of the cell
ftrst measured and was memorlzcd ln thc computer,ilffT ,T.I by sonicailoi. *Èr"t, enhancd the cylochrome b-llke
àuctron of samples was then accompllshcd by a
Éralns'f Na-dlthlonlte,andthedtflcren"e"pecirumlreduccdmtnus spectmm by leso than 25% (see Table I for addttlonal
oxldlzed) was lmmedlately recorded. detalls).

oxtdatton'reductton potentto,t meo.surem*' 
,I*i"?.1il,ff1tJ; faUle t show§ that thc b-type cytochrome reduced from

mlned in nracrophage subcellular partlcles wlth. pt

as porenrrat lndlcaror ";";;;G [" lrgr,t .t ur. tàiil-nÀra*ii,r the outstde of thc crell tn dlfferent populatlons of rnacro-

òo.vn"b."rerrum parvum-acttvàted màcrophagcs weré washed. ln phages and neutrcphùs was comparable. Thls wa§ ap-
PBi. and after lysts of contamlnatlng erythrocyt*,d5"1':.T,§ prox-lmately 5O pmn[l,? cells tn perltoneal neutrophtts
30 mm Perrl dls-hes, and wcre cultlvated as descrl

r B hr culrlva.ron. the adh€renr cclre werc ",u"n.a'fri.fii*;"';i 
h and resldent. thloglycotlate-eltctted and corynebact'erlum

pg§-uÀd *.r. or.rt.y.a-iittr sò mu Na-phosphatcbuffer pH ?.o Parvum-acuvatd macrophages. a value slmtliar to that

"..,t"rni"g 
I mu ppie' I mM phcnvlmcthv§Étfoy,\lt::t-dc:.i:1 pre rlously reportcd fon truman blood neutrophlls and

3"Xì*,§i;;,?::: #: filffi,l'Àà fi,1,]?H#il"trT"#i.l: Iio*o"p." rzàr. rn 1rr th. popurauons studted;the cvto-

and then were cenrrlfuged ar 4o0 x G for ro -r" to ii.ove nuclel chrcime b measured tn lntact cells accounted for 75 to

"nO ".rf"rr.Oubrls. 
Aftàr centrlfugatlòn at IOO'OoO x C for T ttl" 9O% of that detectabte ln cell sonlcates.

&ìtrJ,5::#":itTÉfffii';::.*H.lfjti,'rtr3#"-i,ìllllTo Expressron or cvtochrym€ b rn dtrrerent macrophase

perkrn-Elmer double-beam spcctrophgtpmeter. uctaiisof rhe proce' populattons and neutrophtls was not correlated wtth the

dure used wtlt be r.portio it".t"à.r. (231. The concentratlon.:j iapaUitlty to produce o.r- upon challe,nge with approprl'
proterns tn thc sarnpÉ^was o.5 mg/ml. g4fftSboTrTi8'trtll3 ate sttmutl. As shown tn Table II. Corynehrct§rlum Par-

i!$.nl§':§[:;:ff,Hl#fi:,cfrcy,tateo 
tro," 

vum-activated rnacrophages and neutrophtls produced

.J
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flgure l. Reduced nunus oxldlud dlfference spectra of tntact (upper
traceland s{)nl(:atcd (lou,€r aroce } macrophagcB. Restdcnt lxrltoncal mac-
mphages were asraycd lmrìcdtately after harvestlng after centrtfugatlon
on Flcoll-llypaque gradlents to remove posslbly contamlnatlng granule.
cytee. Thf, concentratlon of cells was 45 x lotlml fn P&S, and O.3 ml
§,ere assayed. Reductlon was accompllshcd by addltlon of a few gralns of
Nadlihlonlte.

TABLE I

Expresslon o! cAtoÉhrome b by d4llerent populotloris J[ macrophoges

."nd "e"trrI!t|""
pmolqnehrcre

b/ I 07 C€lIg

lntact ccll! Sontatcd cclb

I 395

. versely, we have been able to detect a cytochrome tr-ltke
spectrLlm ln tntact human. gulnea plg. and mou§e neu-
trophlls. and gulnea plg and m()use macrophages. Con-
troverslal data were obtained. however. when \À,e trierl to
selectlvely remove thls putailve plasma membrane-lo-
cated cytochrome b from the cell sqrface by protease
dlgestton or phagocytosla. Trypsln treatment (l mg/ml at
4"C for 30 to 6O mln) of lntact macrophages actually
lncreased the cytochrome b expresslon reducible from
ttp outslde by 33 and 487o tn two lndependent experl-
ments. whereas phagocytÀsls of zymosan reducd cyto-
chrome b expresslon ln lntact macrophagcs by 34 and
4OVo ln two lndependent experlments, wlthout caustng
any decrease ln the amount measurable ln macrophage
sonlcates (not shown).

Reductton oJ cgtochrame b ln tntact macrophages
, upoà sttmu latton aJ a2- prductton by ?MA. Sttmulation
of neutrophlls resplratory burst ln anaeroblc condlilons
ls accompanled by reducilon of cytochrome b {5, 25). As
shown ln Ftgure 2. tn Corynebacterlum parvum-ac$vated
macrophages èlso. the sttmulatlon wlth PMA ln anaero-
blc condttlonò caused the lncrease of a b-type chrorno-
phore wlth a peak of abeorptton at 426 to 42g nm,
comparable wlth that revealed by Na-dlthlonlte.

Flgure 3 shows the Èhettcs of cytochrome b reducilon
ln macrophages sUmul,ated wtÈh PMA. When the cells
were malntalned ln anaeroblc condlilons tn the absence
of PMA, à small lncrease of b-type chromophores spectra
was detected both tn resldent and Corynebactertum par-
vum-actlvated macrophages. These dld nqt change wlth
tlme up'to 3O mln (not shown) and could posslbty be due
to anaeroblc reducilon of mltochondrlal cytochromes.
Addltton of maxlmal stlmulatory concentrailons of pMA
to Corynebactertum Parvum-acttvated .nacrophages
caused reductlon of cytochrome b, whtch lncreased §'lth
tlme up to lO mln after the addlUon of the sUmulant at
whlch tlme a plateau was reached. Reduction of cyto-
chrome b was not detectable when the same nuryber of
resldent macrophages was used. Thts was not due to a
complete lack of resplratory burst acilvatloll ln resldent
macrophages. In fact, whentested ln an aèsay:n klne§cs
ln a stmllar reactlon mlxture {see Mafer{als and Jket,r"
ods) but, ln aeroblc condlUons, resldent macrophages
produced 3.1 t 1.5 (* t §D; n = 3) nmol Or-lmin/l0?
cells compared wlth 16"6 * 5.7 {f t SD; n = 3}nmot Oz-l
.mln/lo7 eells produccd by Co4mebacterlum Pannrm-ac-
tlvated macrophages. UndetecUon of cytochromc b re-
ducttqn after PMA stlmulatlon of resldqnt macrophages
was probably due to the senstUvlty Umlte of the assays.
In fact, wht:n we used a lower number of Corynebacte-
rlurn Paryum-actlvated macrophages, whlch produced an
amount of Or- comparable wtth that of resldent oracro-
phages, reductlon of cytochrome b upon addlUon of PMA
was also undetectable.

In Corynebacterlum Pannrm-acilvated macrophages,
PMA reduced le.ss than 4O% of the total cytochmme b
measurahle wlth Nadlthlonlte. In three tndepei[dent ex-
perlments,, we obtalned a value of 21.2 t 3.4 pmol cyto-
chrome'b/l07 cells (* t SD) compared wtth 58.4 t I1.1

' (X t SD) pmol cytochrome b/l0? cells after reduc§on wlth
Na-dlthlonlte.

Axtdatton-reductlon ptentlaloJ the cgtochrome b oJ
mouse macraphages. Oxldation-reductlon potential o{
cytochrome b of mouse macrophagee was measured ln

I,OW I'O'TENTIAI. (-ì'TOCIIROM!] b IN ACTIVATED MA(-'ROPHAGF:S

Resldent macrophage§

Corynebactcrtum Par-
11lm-actlvated macro-
phages

Thtoglycouat. broth-
cllctted macrophagca

NeutrophllE

49.5 * 9.6
t8)

53.8 * 8.1
(§t

54.3 t 6.7
t2l

52.4,r t2.O
(4)

62.0 r 13.7

m.E r 2.O

60.2 I 3.4

68.5 t l3.t

'Macrophages wcre cultlvated as descrlbed ln thc text and werc de-
tachcd by scraplng wlth a rubbcr pollceman after rcmoval of nonadhercut
cell§. Neutroplìll§, wcre freed of contamtnatlng erythreytes by hypotonlc
shock and wcre puflfled by eentrlfugatlon on Flcoll-Hypaque. Detecl.lon
of cytochromc b ln lntact macrophages wae not affacted by the procedure
us€d to ob{aln ihrm as a suspanslon of cells. ln resldcnt macropha{46
purlfled on Flcoll-Hypaque and assayed lmmedlately after harvBtlng
from )I- ^rrl.)neal cavlty, cfochrome b was 53.8 t l2.O (X t SD: n * 3)
pmcillO' cells. In tt.lo*lycolla(e-eltelted macrophag€s cultlvated on gela-
tln and detached by rdocalne, cytochrome b was 54.O t 5.2 (X t SDI n -
3) pmolltoT cclls. Thc mran resul§ t SD of the number o{ expcrhcnts
shown ln parcnlhrscs are reporttd, 

.

four to slx tlmes more Oz- ln response to PLIA or zymoÉ)an
than perltoneal resldent macrophage§, but expreased
comparable amourits of cytochrome b.

S.lthough the klnetlcs of permeatlon of Na-dlthlontte ln
phagocytes ts not known and the appearancìe of a b
chromophore upon lts addltlon to lntact cells could reflect
reductlon of lntracellular chromophores, we tryed to ob
tatn posslble evldence that Na-dtthlonite reduced a
unlque cytochrome b on the surface of macrophages,
Addltlon of Na-dlthtonlte to other cell types rlch ln tntra-
cellular chromophores such as erythrocytes, hepatocytes.
and L929 cells. ''educed only a mlnor amount (at most
257olof t"hese chromophores (not shown). Also spleen and
perltoneal lymphocytes were negatlve for the presence of
chromophores reduclble from thè outslde of the cell. Con-
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-* '1ìll,:,ì:'"l:\lx'f lrrì('rri NU l'MA zylrr{Bn b/lo'etttg

I R"srÀi,iìno"rophttg*s o 5 2'7 NtÌ so 3

(lorynebactertum Par- O'9 10'6 ND 4ti' I

vum-activated lnac'
roPhage§

2 tlcsident lnacrophagec 3 'l 5'6 l ' l 5l '3

Corynebacterlum Par' l'5 2l'6 4'8 53'('

vuln'actlvated tnac-
roPhages

Ncut rophlls i . 3'6 29' l 7 '7 40'6

3 Re§ldent macrophage§ o'l' 6 O ND 69'4

Neutrophlls I lo .28't ND 61 o ---
" ...;i; *.* ,rr,Jn.a u"o 

"vrochrome 
b was measured rn tnract càus as descrlbcd ln the legend to Ta^bfe l'

o .lhe assay of C)i releaes wis done tn l o ml plastle tubcs ln a shaklng watcr bath {tempcraturc * 37"C} as de§crlM in

' ND. not dciec(ed.

^ 
accumulated that productlon of these toxic oxygen mol-

/ \ ecules ls correliated wlth macrophage capability to klll
/ \ ':' r4tracellular pathogens {271and tumor cells (28}' A great

/ \ r deal has been also learned about faòtors capable of re§-

' I \ lo:' ulattng the release of toxlc oxygen molecules in vlvo and
t 
V \ [ ^ ' ln vltro (see Reference l8 for revtew]'

, . *Maroc .'ffi,I.ff'#yili,*?ffir:§i§s*Hi:",xgi,i'":
/ \ become tÉe obJect of tntenslve lnvesttgations. In vlvo and

lh ,.^ ffiltffi:;:H§;r,f.$f*Ti,:[ffii':?,,y;Tis:r
fucose iàceptors {Mf'R) (29. 30) and the type I receptors

-4m-6--m for Fc of fmmunoglobulln G (31). Enhanced expresslon

Ftgure 2. Itcductlon of cltmhrome b ln lntAct macrophàd§s upon of anttgens w!r9Se- fUnCtlon lS Sttll unknown has been

silmulatton d the resptratoi'uri"i *ttt' PMA corynebacterturn Parvum- also reported {32' 33)'
àctlyatd ùacrophages weré atsaved lmmedtatcly after ha,rvesthg,a[ter lt is nOW Clear that the Capabtllty Of dlfferent receptOrS

::tl#:*::U,I':+[IJ#*T,f#ll':i"":i'JTi!t.i'!liJ,:lEH to rrrsser the resptratory burst varres consrrlerabrv' For

rion!nrhrran*e +oeroluunilìs"no*n.u""", lSmtnajtcrlncu-batton .*"*[e, lhe type I Fc receptor ts very elficient {31).
i" .".ir"n'" c-ondtuonc: tlne b. s mln: llne c, l5 mln arter 

T,iltTX,,:. wheréas receptors for C3 fragments are rrot (34). Al-
i;iaìfo.sr.gimrhandltned,eftcraddltlonof afewgralnr 

though maerophage acttvattori ls accompa;tied by en-

subcellular pargcles of resldent and Coryne§acterlum hanÀd cxpresslon of type I Fc receptors (31). capablllty

paryum-acttvated 
"*ff" 

Li 
"*i"g 

pn""osafrantn as poten- of actlvated macrophages to produce htghe r amounts ol'

tial lndlcaror. as snown Uy otirlrs (24) and by us wtth toxtc oxygen molecules clearly reflects events btyi:nd

dulnea plg macrophug." tZ3t' phenosafranin ts a partlc- receptor àxpresslon' There ts ln fact no correlation be-

il;'rG;i?;l;;;àrca;.r for these measurements. Figure tween enhanced capabillty of activated macrophage to

4 reports the poten0ometric drttation of cytochrome b tn prortuce, Oz- upon trtggering and expression of receptors

macrophage subcettuiar particles,. The 
-Ernzo 

ot' cyto- such ds type li Fc recèptors (3i), MrR (3o), anJ ,-rìrerbol

chromi U was -244 and -255 mv ln Corynebacterlum dlester§ receptors (13)'
parvum-acgvated and resldent macrophage$. respec- pata oÉtained ln three dtfferent laboratorles (ll-13)
ifu*fy. When the reduced c3rtochrome- b was quantlfled at haùe recently hdlcated a carrelatlon between the capa-

poi.r.r,*r" arounrl 11t 

" 
*rapornt (-25O mv), Ye calculated bll§ to produce Oe- and/or_H2O2 upon triggerlng and the

ifr"t U"tf, resld,:nt and òorynebacterlum Parvum-actl' ktneuc propertles of NADPH oxldase, the enzymatlc sys-

vated macrophages contatned about l5O pmol cyto- tem responstble for the generatlon of Or- ln leukocytes'

chrome b/mgproielns. thus con{trmingthat populatlons We found that NADPH oxtdase actlvity,.in macrophage

of macrophigàs neterogenous ln thelr capabtltty to pro- lysates lncreased in parallel wlth 02- productlon by lntact

duce Ou- contaln comfrrable amounts of the low poten- cells and could account for dlfferences between re§ldent

ttal cytochrome n. and Coiynebacterlum Parvum-actlvated perltoneal mac-

rophages (13). The afftnity of the oxtdase for NADPH also
DrscussloN tncreÀea, the Mlchaells-Menten constant (km) belng five

Macrophages are heterogeneous tn thelr caPablllty to to seven ttmes lowdr ln actlvated macrophages' The same

produce oz- and Hro2 uporistimulailon.writr approprrate alterattoris of the oxidase afflnity for tts substrate has

stimull. ln the last few years, extenstve.-;rià.r,". n"r been reported for macrophages activated wtt$.lipopoly-

*à
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f'tgurt.l. -l'ilnr'(.()rlrs(. ol rcdlellott ol '
cyto(lrrrxtrr l) lil ln(ir{'t nur|roplritges ulxrn
gllnìrilartloir ol tlì(' t"(.spirilt()ry burst wlth
PMA. I,t"n errt ol cyt(rllrollle b retlucct
taklngit:i lOOr'; thal rt{lrrced bydllhlolllle.
O. (lrryrrt,tr.rr.lr.rlunt I,irrvuin-ut.llvaled
macrollltagr.s: L rosldcnl rnacrophages.
'fhe results ol orrc ol'three slnrllai exper-
lmcnls l§ rrtxlrted. Cyto(.hrome b reduced
by Na-dlthtonlte in lntact nìacrophages ln
thls group ()l cxtx.rlments was 59.^t i'l l.l
pmol/lO' crlls f or Corynebucterlum par-
vum-activatrd macrophages and S4.O t
{.5 pmol/tO' r.rtls (or rèsldent macro-
phages. Assitys (y)ndltions were descrlbd
ln lhe legcnd to F-igure 2.

aa+
ltar$O.

'2;N

"e60

a

]l:::t'.*." " '"frf "' "

TIU§ (m,n )

:f:^Ii:r."t tn gutnea prg periloneal macrophages lnwnlch tt repres€nts the major cellular chromophoie" co_purrftes wlth NADPH oxlda§€ acuvtty after §olubrlization
and gel fltrailon, and ls characteàzed by a mfrfpoinipotenfial of -Z4T mV.

The main concluslons-that embrge from the data pre-sent.{ ln thls paper érre fimt that microphages and neu_trophlls hEerogeneous tn thetr capabtlis to produce 02_

Ilol :haltfnge with pMA or zymosan eipress coriipara-
Dte. amounts of cytochrome b as measuied by sodtum-
dtthionite reducilon of tntact cells. and then n:acrophage
activailon ls apparently ùot accompanied Uy ennàncàa
expression of thts oxtdase componènt. Second, the en-
hanced producilon of O"- by Corynebacterlum paryum-

l:Ur:.t".d macrophages tsparalteled by a htgher reducHon
oI c1rtochrome b when thecells are silmulied by pMA lnanaeroblosis. Thls suggests that ln activated macro_
ph.g.*, a hlgher number of cytochrome b molecules areinvolved in the transfer of reduclng equlvalents from
IADPH to oxygen. pm§lbly due to ,É.uttorr" tn the ac-tlvlty of the NADpH lJtl"g "o*ponent 

as rcvealed by
kineUc studles (l l-131. Thtrd. thi cytochrome b of both, resident and Corynebacterlum parvum-acilvated mouse
macrophages ls characterlzed as those of neutrophtls {4)
1nd guinea ptg macrgph4ges (29) by a low midpotnt po-
tenttal of -255 and -244 mV. respecttvety. Specìftc màa-
suremept of the low poten$al cytochromÉ b showed thatits amount was comparable tn resident and activated
macrophages, thus sirengthening the concluslon that
maclophage acUvaUon ls not accompanled by enhanced
expression of thls oxtdase component.

,RedricUon of lntact cells by Nadtthlonite was orlglnally
used to detect cytochimme b ln neutrophils and was used
as evldencÉ of lts surfacs locallzaHon (25). Subsequenily.'evldence has been produced that ln resting neutiophlls.
cytochrome b is assoclatd wtth ttre speitftc granutes
t37). A comparative study tn neutrophtl; and mònocltes
has revealed that although tn neutrophlls cytochrome b
shows a blmodal dlstrlbutton tn the speclfic granules and
the plasma membrane,'monocSrtes selectively expres§
cytochrome ù on the cell surfacC 13A;.

- The data presented ln thls paper are tn accord with thls
last observailon. We observed that Na-dithtontte easlly

't:l"

-a{

.300

-02 0.4 0 B

- Ftgure 4,. Potenilornetrlc utratlon of cyto.hrome b of Corynebactirtum
l:]-Y:_!^-^ Po,net A). and resident ma"ropn^ju" (a:À. panet Bl.
r lrralone were done wlth macrophage subcellular panlcles as describcdln the text. The ah(n llne shows ihe fotenttometrtc utrailon of phenoea-phrònln, whtch was used as an lndlcàtorof reducilon-oxldaUon potcnttÀl-

Absctsso, log cytochromc b oxldlzed/cytochrome b reduced. Oàinate. E(mvl. 
,,i,:

saccharlde (l l)or lnflammarory silmult (12).

.. 
T!:{ ls now a general agreernent thai in.neutrophils.

the NADPH oxldase acilvtty also depends on the parttct-
patton of a pecriltar b-llke cytochràrne wlth a viry tow
(-2a5 mV) mtdpotnt porenrial. The presence of a thro,
mophore wlth slmtlar spectroscoplc charactertsflcs has
been also observed ln human monocl4es (26), and the
promelocytic cell llne HL6O upon dlfferenilation ln vttro
{35}, mouse macrophage cell llnes (39), an l perttoneal
macrophages. We recently completed expe,jment§ (29)
showlng that the typlcal cytochrome b of neutrophtls ts
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ilon ls accompanied by alterattons of the NAQPH-depend-
errt flavoproteln that transfers elàctrons frorh NADPH to
c,ytochrome b. Thls suggestlon ls ln accord wlth data
obtalned by others (ll. 12) and by us {13) that showed
that the NADPH oxldase of actlvated macrophages chal-
lenged wlth PMA dtsplays a hlgher afflnlty for lts sub-
strate.
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Eupcroxldc-gencratlng NADPH oxldase of human polymorphonuclear

rcdrx'('(i it ('ytochrome b tn lnl:lct Inacrophilges. wltlch
iì('(.ounlr.(l Ior nrore ttran 7596 ol' the b-like chromophore
rrrt:rsrrrt'd lrr dlsrrrpted cells. slgntflcantly. ln {he satne..

:rssay (-()tìditlons, Na-dlthlonlte dld not reduce lntracel'
Itrlar chrontoplìores of other cell types §uch as erythro-
cytes. t-929 cells, and epatocytes. Prellmlnary expert'
rnents lncllcated that phagocytosl§ of zymosan Partly af-
fected the reductlon o[ cytochrome b frorn the outslde of
the cell. arìd ln§elr$lttvlty of c)rtochrorne b to trypsln
t reat {nent can be concetved ln t he llght of functlonal data
that showed that treatment of macrophages wlth pro-
,teases actually lncreased thelr capactly to produce Oe-

upon challengè (39). Additlonal studlesàre reqirlred- how-
ever. to establlsh a pos§lble surface localtzatlon of cyto'
chronle b.

As rneasured by total chemlcal reductlon wtth Na-dl-
ttrlorìlte , cytochrorne b content fb comparable ln popula'
tlons r:l' rnacrophages heterogeneou§ ln thelr capability
of produclng O2*. lt ls therefofe llkely that heterQgenelty

o[ macrophages tn respondtng to environmental stlmull
wlth 02- productlon ls not due to a quantltattve altera'
tlon of cytochronre b expresslon, Thls conclu§lon l§

strengthened by the observatlon that when,speclflcally
measured durtng potentlometrlc tltratlon. the amount ol

the low potentlàl cytochrome b tn cellfree parttcles of

resldent ànd Corynèbacterlum Parvum-actlvated macro-
phages was the same.' fÉe oxldatlon-reductton mtdpolnt potentlal of leuko-
cyte cytochrome b ls unusually low for a btype cyto'
clrrome" Ttrls property ts ln favor of the partlclpatton of
cytochrome b in 02- formaiton as a termlnal oxidase.

Écause the Or/Or' couple a§ a -33b mV potenttal' There-
fore the dlfference of Oz- pr(Uuctlon between macro-
phages ln dlfferent states of actlvatlon could theoretlcally
Ue aitrtbtrtabte to dtfference§ of thetr cytochrome b. Our
ttndtngs of stmllar oxldatlon-reductlon propertle§ of res-

ldent and Corynebactertum Parvum'actlvated macro' '

phages exclude the posslblllty that the regttlatlon of the

Sesptratory burst actlvlty ltes at thls level. Other qualt-

iattve alteratlons such as the CO blndtng propcrtles, ho*
ever. have been reported tn the cytochrome b of plasma

me mbrane-e nrtchd fractlons from macrophage cell llnes
varlant§, whlch do not undergo a resplratgr{ burst upon

oc[rrome u re-On the basis of the hypothesis that eytt

ductlon tn intact cells reflects the actlvatton of the Oz-

generatlng system {5. 25}. u'e have lnvestlgated posslble

atff.r.,rce! ln the cytochrome b reductlon ln dfferent
macrophage populatlons' The results presented In thls
paper demonstrate that tn actlvated macroPhages' a

i,rgf,er numkr of cytochrome b molecule§ t§ reduced

auitng stlmulatlon of the resplratol? burst.
A prectse model of the oxldatlve-reductlve sy§tem re'

sponslble for the generatlon of Oz- ln Phagocyte§. whlch
càn help ln lnterprettng these re§ults ts stlll lacklng' It ts
wtdely Ltteved that thè NADPH oxldasc ls comPosed of
a flavoproteln and cJ4ochrome b-2.0. W€ have presènted

substanttal evldence that the molecular ratldof thts two

component§ ls ln large favor of cytochrome both in neu-

tropirils (40) and maèrophages (23)' Taken together' the

observattons that activated macrophages do not expre§s

a hlgher number of cytochrome b molecules but are able

to rfouce them moré effectlvely upon trlggerlng of the

resplratory burst could suggest Lfrat macrophage actlva-



l.()w l,()'n:N'ilAt. ('\"r(x ltR()ML

k'ilko{'vtfs. IìrrIlrr.rnrsrlrl .]Or I J{ili.
:,3. Ilcrton,(}., E. Papini, M. A. Cassatella, P. Bcllavite, arrdlF,ftoqoi.

l!rHS. l'itrtl.rl l)ilrllhitltilil il, tltf slll)cr0\llk.-l.lcllsr,tilnB s1'.{ent'bl
rrt.rcrrtl)lurgr.r. l,ossltrlt, .t5s(x.l.tlt()n r)f lllt. NAI)l)ll t,rlJ;rse .r[.ttvlty
wlllì a low lxltrlltlitl [*2.17 ttlV] ('yt(xltrorrtr: b, ]il(x.hlnt. lJlophgs.
Ar'trt tilO: l(i.1.

?{. Bcrton. G.. und S. Gordon. l9llll. lX.serrsttlziltt()n of ul.rcrophaÉes Lo
sti[ìull whiclt irrrllrr.t scr'rcilorr of sltlxr(rxldr. anloll. l)o\ilrì-reg,ulalùon
<rf recepltrrs lìrr plrortxrl ntyrlst.rlf acetilte. È,ur. J. lmmunol. l3:6?O.

25. Scgsl. A, W.. and O. T. G. JoneE. lgtto. Absrnce ol ryr(rhromc b
rfdurtlorì llr stlrnulal«l ntrclrophlh; lrorn both fentale and malc
l}rue.lts wlth chronllc §ratìulolnatous dtscasc. I'[BS Lett. I lo:1 I l.

?6. S€gal, A. W.. R. Garcia, A. H. Coldstonc. A. R. Crosa. and O, T. G.
Joncs. lgtll" Cyt(x-hrome b-xr of neutrophlls ts Àlso pres€nt ln
hurnan nrtlntxytes nratrophàges and eoslnophlls. Elochern. J.
196138J.

27. Uufray, H. W,, and Z. A. Cohn. I 98O. Macrophage oxygen.dependent
anttlrrtcroblal a{'tlvlty. lll. Enhanced oxldauvc rnetdboltsm as an
f xpren§lÒn t>l macrophiqgc actlvatlon. J, Exp. Med, 152; I596.

?8, l{&than, C. f., §, C. §ilvérstcln, L. H. Brukrci. and Z, A. Cohl.
197$. tixtrJcrlluliìr rylolystc by ilctlvatcd rrracrophugru dnd gr,.1lìu-
locytcs. Il. It)-drogen trroxlde as medlator of cyroloxlclty. J.'Exp.
Med. 149; l0r).

29. Ezchowitz, R. A. 8., J. Austyn. P. D, Sthal. atrd §, Cordoo. 198t.
Surface pròperties of t}ìctllus Calmettc-Gucrln actlvated mousc mac-
rophages. Retluccd expreesion of mannoie-slxclflc endocytosl§, Fc
rcceptorc and anilgen F.1/8O accompanle§ lnducilon of la. J. gxp.
M*tl. 154;ti0,

i0, Bcrton, O., and S. Gordon, 1983. Modulatlon of macrophage man-
nÀeyl-§peclfic receptors by cultlvatlon on lmmglulzed zymosan. Ef-
fect§ on sulxroxlde anlon releasc and phagodytosts. ,mmunologg
49:7A5.

b rN AC1'IVATI.ìP MA(-ROPHACES l 399
3 I . Ezckowitre , R.rA. 8.. X, &rm!{on. and S. Gordon. I gt}l}. Macroplrogr

.rc l l v.t t lo n selÈrt l vely enhat&res expff rlrlon of l'(' rr('ept ors lirr gg6 ;..
J. C.tp. Mrd. lStir(i70.

lì2. Taniyama. T.. and T. ìyrtaorE. t!)tt2. Establishnlrnt ol a hvbrtd-
orna se('rflltrg a lnofirhlral anilh)dv gpcctflc lor activatr.d tumort.
cldal rnaeroph:q{es. J. L..rp. Med. ISti:l2ttti.

33. Kocstlcr. T. P.. D. Ricnan. K. Uuirhe.d. R. G. Grcig. Bnd C. po6tc.
198.1. ldentlflsatlon and .haracterlzrilon of a monmlonal anubodv
to an alrtlgen cxpress(d on actlvat(d nta(rophages. proc'. Norl. Acad.
S.'i. llSA 8I:45O5.

3:1. Wright. S. D,. and S, C, §Ivcrei.ein. 1g83. Receptors for C3b and
- C3bl promote phagocltocls but n,ot thc releasc of toxtc ox}gen from- human phaÉocytes. J. Exp. Med. 158:2Ot6.
35. Rob.rts, P. G.. A, R. Crocc. O. T, O. Joue§. and A. W. scg&I. I 9S2.

Develop,ment of cytochromc b-u and an acuve oxldase systera ln
asfflatlon wtth maluratÀon ol'a human promyrlocyue {HL-6O) cell
llnes. J. Cell. Btol" 95:7N.

36. Kiyotall, C., J. Pcis.ch. rod B. Blooo. 1g84. Oxygen nretaboltsm
in cloned rnacroprelp r.rll llncs: gluc«xc dependenie of supcroxlde, ' productlon. metaboltf, and spc«ral analytsl8. J, lmmunol, 122:1157,

37. Borrcgarrd. N.. J. X. H.,plc, E- R. Slmonr, rnd R. A. Cl6rk, l9gg.
Subccllular locallrauon o{ thc brytochromc conrponcnl. of the hu-
mani neutrophll mtcroblctdal oxtdaae: translea§on during acilva-
tlon. J. Ccal. Btol.97:.52-

38. Gsrcia, R, C.. 88rl tW. scgrt. 19g4. changes ln the subcellular
dlstrlbutlon of thc c!flochrfinc b_s on stimulàilon of human neutro,
phrls. B{c)chem. J- 219:233.

39. Joh$ston, R. 8.. Jr.. D. ]L Chadrtct, aod Z, A. CohE. I 96 l. prlmlng
o( nracrophagcr lfi cnhancùd oxldÀuvc metabollsm by exporure ti
proteolyttc enzymet. J- Exp. Md, 153: t678.

4O. Bcllavitc. P., O. T" G. JM, iL R- CrG§. E, paplnl, atrd p, Roèsl.
1984. §ompaslttoo of prrrtally purfled NADpfi oxldasc from ptg
ricutrophlls. BloEhe$,- J. 223: fro.

+".t'


