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The r esponses of neut r ophi l s t o sol ubl e and i nsol ubl e st i mul i i ncl ude aggr e-

gat i on, chemot axi s, l ysosomal enzyme r el ease, and t he gener at i on of act i ve

oxygen speci es such as super oxi de ani on . These pr ocesses, whi ch have been

descr i bed as st i mul us- r esponse coupl i ng, can be i nf l uenced by i ons, cycl i c nucl eo-

t i des, and met abol i t es of ar achi donat e ( 1) . I n r ecent year s, a r ol e f or adenosi ne

has been descr i bed i n t he st i mul us- r esponse coupl i ng of a var i et y of cel l s and

t i ssues . Adenosi ne r ecept or s and/ or hor mone l i ke r esponses t o adenosi ne have

been r epor t ed i n adi pocyt es, neur ons, hepat ocyt es, smoot h muscl e cel l s, cor onar y
ar t er i es, and hear t muscl e ( 2- 7) . These r esponses have al so been descr i bed i n
ci r cul at i ng cel l s of t he bl ood, i . e . , l ymphocyt es ( 8- 10) , macr ophages ( 11) , baso-
phi l s ( 12) , and mast cel l s ( 13) .

Adenosi ne i n t he pr esence of homocyst ei ne t hi ol act one i nhi bi t s t r ansmet hyl a-
t i on r eact i ons . These r eact i ons ar e r equi r ed f or mai nt enance of hi gh avi di t y
r ecept or s f or t he chemoat t r act ant N- f or myl - met hi onyl - l eucyl - phenyl al ani ne
( FMLP) t on mur i ne macr ophages . Pi ke and Snyder man ( 11) f ound t hat gener a-
t i on of super oxi de ani on by macr ophages i n r esponse t o FMLP was i nhi bi t ed by
adenosi ne . These st udi es suggest ed t hat adenosi ne mi ght r egul at e st i mul us-
r esponse coupl i ng i n neut r ophi l s as wel l . However , Mar one et al . ( 14) wer e
unabl e t o demonst r at e a si gni f i cant ef f ect of adenosi ne on t he r el ease of l ysosomal
enzyme ( bet a- gl ucur oni dase) f r om human neut r ophi l s st i mul at ed by par t i cl e
i ngest i on .

We have t her ef or e exami ned t he r ol e of adenosi ne as a modul at or of super -
oxi de ani on gener at i on, degr anul at i on, and aggr egat i on i n human neut r ophi l s
exposed t o sol ubl e st i mul ant s . We r epor t t hat adenosi ne, at physi ol ogi cal concen-
t r at i ons, i s a pot ent and speci f i c r egul at or of neut r ophi l super oxi de ani on
gener at i on but exer t s l i t t l e or no ef f ect on ei t her degr anul at i on or aggr egat i on .
Fur t her , we demonst r at e t hat t hi s ef f ect i s i ndependent of t he cel l ul ar upt ake of

* Suppor t ed by gr ant s f r om t he Kr oc Foundat i on t o R. H. and G. W. ; f r om t he New Yor k
Ar t hr i t i s Foundat i on t o B. N . C. ; and by gr ant s A1 10343 t o R. H. and AM 11949, HL 19721, and
A1 17365 t o G. W. f r om t he Nat i onal I nst i t ut es of Heal t h .

' Abbr evi at i ons used i n t hi s paper :

	

ADA, adenosi ne deami nase ; Con A, concanaval i n A; cyt o C,
cyt ochr ome C; DCF, deoxycof or myci n ; EHNA, er yt hr o- 9- ( 2- hydr oxy- 3- nonyl ) adeni ne ; FMLP, N-
f or i nyl - met hi onyl l eucyl - phenyl al ani ne ; LDH, l act at e dehydr ogenase ; PMA, phor bol myr i st at e ace-
t at e ; ZTS, zymosan- t r eat ed ser um.
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adenosi ne, does not appear t o depend upon i nhi bi t i on of t r ansmet hyl at i on

r eact i ons, and i s f ound wi t h a var i et y of st i mul i t hat act i vat e neut r ophi l s vi a

di f f er ent mechani sms.

Mat er i al s and Met hods

Mat er i al s .

	

Cyt ochal asi n B was pur chased f r om Al dr i ch Chemi cal Co . , Mi l waukee, WI .
Concanaval i n A ( Con A) , cyt ochr ome C ( cyt o C) ( t ype I I I ) , adenosi ne, 2- chl or oadenosi ne,
2' - deoxyadenosi ne, i nosi ne, hypoxant hi ne, FMLP, 1. - homocyst ei ne t hi ol act one, epsi l on

ami nocapr oi c aci d, xant hi ne oxi dase ( gr ade I I I f r om but t er mi l k) , and cal f i nt est i nal
adenosi ne deami nase ( ADA) ( t ype I i n ammoni um sul f at e) wer e obt ai ned f r om Si gma
Chemi cal Co . , St . Loui s, MO. Zymosan was obt ai ned f r omI CN Nut r i t i onal Bi ochemi cal s,
Cl evel and, OH. Super oxi de di smut ase was obt ai ned f r om Mi l es Labor at or i es, I nc . , El k-
har t , I N and dext r ose ( D- gl ucose) was obt ai ned f r om Fi sher Sci ent i f i c Co . , Fai r l awn, NJ .
Cal ci um i onophor e A23187 ( A23187) , and 6- ni t r obenzyl t hi oi nosi ne wer e pur chased f r om

Cal bi ochem- Behr i ng Cor p . , San Di ego, CA and phor bol myr i st at e acet at e ( PMA) was
obt ai ned f r om Chemal og, S. Pl ai nf i el d, NJ . Er yt hr o- 9- ( 2- hydr oxy- 3- nonyl ) adeni ne

( EHNA) was obt ai ned f r om Bur r oughs Wel l come & Co . , Resear ch Tr i angl e Par k, NC.

( 8- " C) - adenosi ne ( 50 mCi / mmol ) was obt ai ned f r om Schwar z / Mann Di v . , Bect on, Di ck-

i nson & Co . , Spr i ng Val l ey, NY. Deoxycof or myci n ( DCF) was a gi f t f r om Dr . J . Dour os

of t he Nat i onal Cancer I nst i t ut e. A l act at e dehydr ogenase ( LDH) St at zyme ki t was

obt ai ned f r om Wor t hi ngt on Bi ochemi cal Cor p . , Fr eehol d, NJ . DEAE cel l ul ose chr oma-

t ogr aphy paper ( DE 81) was suppl i ed by What man I nc . , Cl i f t on, NJ .

Pr epar at i on of Cel l Suspensi ons .

	

Hepar i ni zed bl ood was obt ai ned f r om nor mal vol un-

t eer s . Pur i f i ed pr epar at i ons of neut r ophi l s wer e i sol at ed by means of Hypaque/ Fi col l

gr adi ent s ( 15) f ol l owed by dext r an sedi ment at i on and hypot oni c l ysi s of er yt hr ocyt es ( 16) .

Thi s pr ocedur e al l owed st udi es of cel l suspensi ons cont ai ni ng 98 ± 2% neut r ophi l s wi t h

f ew cont ami nat i ng er yt hr ocyt es or pl at el et s . The cel l s wer e suspended i n a buf f er ed sal t

sol ut i on consi st i ng of Na y ( 150 mM) , K' ( 5 mM) , Ca 21 ( 1 . 3 mM) , Mg2+ ( 1 . 2 mM) , CI -

( 155 mM) , and Hepes ( 10 mM) , pH 7 . 45 . Rel ease o£ cyt opl asmi c LDH was used as an

i ndi cat or of cel l deat h ( 17) . Rupt ur e of cel l s by det er gent ( Tr i t on X- 100) l ed t o t he r el ease

of t ot al LDH, bet a- gl ucur oni dase and l ysozyme ( 17) .

Pr epar at i on of Zymosan- t r eat ed Ser um ( ZTS) .

	

Ser um was obt ai ned f r om nor mal donor s

and r ender ed 0 . 25 Mwi t h r espect t o epsi l on ami nocapr oi c aci d . The ser umwas i ncubat ed

f or 15 mi n wi t h zymosan ( I mg/ ml ) at 37° C, vor t exi ngat 5 mi n i nt er val s . The suspensi on

was t hen spun at 2, 000 g f or 15 mi n and kept at 4° C unt i l use . A f i nal concent r at i on of

ser um of 10%was used as a st i mul ant i n subsequent exper i ment s ( 18) .

Super oxi de Ani on Gener at i on .

	

Super oxi de ani on gener at i on was moni t or ed by det er mi -

nat i on of super oxi de di smut ase- i nhi bi t abl e r educt i on of cyt o C i n t he pr esence or absence

of cyt ochal asi n B. Dupl i cat e r eact i on mi xt ur es cont ai ni ng 2 x 106 neut r ophi l s, 75 nmol

hor se hear t f er r i cyt ochr ome C ( t ype I I I ) , and var i ous i nhi bi t or y compounds ( e. g . , adeno-

si ne) at desi gnat ed concent r at i ons i n a f i nal vol ume of 1 ml , wer e i ncubat ed f or 10 mi n

at 37° C. Cyt ochal asi n B ( 5, ug/ ml ) was added wher e i ndi cat ed and cel l s i ncubat ed at 37 ° C

f or an addi t i onal 5 mi n bef or e exposur e t o st i mul i ( e . g. , FMLP) . 5 mi n af t er st i mul at i on,

cel l s wer e spun down at 4 ° C at 1, 000 g i n a Sor val l RC- 3 cent r i f uge ( Sor val l I nst r ument s

Di v . , Dupont Co . , Newt own, CT) and t he super nat ant s wer e col l ect ed . Absor pt i on at 550

nm was det er mi ned i n a spect r ophot omet er ( Model 25 ; Beckman I nst r ument s I nc . ,

Ful l er t on, CA) and t he nanomol es of super oxi de ani on gener at ed wer e cal cul at ed as

pr evi ousl y descr i bed ( 19) .

Lvsosomal Enzyme Rel ease.

	

For t he det er mi nat i on of enzyme r el ease, neut r ophi l s ( 2 x

10 6) wer e pr ei ncubat ed wi t h i nhi bi t or s ( e . g. , adenosi ne) f or 10 mi n at 37° C. Cyt ochal asi n

B ( 5 Fag/ ml ) was t hen added and t he mi xt ur e was i ncubat ed f or an addi t i onal 5 mi n .

Appr opr i at e st i mul us was added t o a f i nal vol ume of I ml and af t er 5 mi n i ncubat i on at

37° C t he cel l suspensi ons wer e cent r i f uged at 1, 000 g i n a Sor val l RC- 3 cent r i f uge f or 5
mi n at 4° C. Al i quot s of t he super nat ant s wer e t aken f or st andar d det er mi nat i ons of bet a-

gl ucur oni dase ( 20) and l ysozyme ( 21) . Tot al enzyme act i vi t y and r esi dual , cel l - associ at ed
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act i vi t y wer e measur ed i n sel ect ed r eact i on mi xt ur es af t er cel l s wer e l ysed by t he addi t i on
of 0 . 2% Tr i t on X- 100 . Appr opr i at e cont r ol exper i ment s wer e per f or med t o det er mi ne
whet her t her e was pr ef er ent i al l oss of enzyme act i vi t y i n r est i ng or t r eat ed cel l s or whet her
t est r eagent s i nt er f er ed wi t h enzyme assays . Resul t s ar e expr essed as t he per cent of
maxi mal l y st i mul at ed enzyme r el ease f r omcont r ol cel l suspensi ons .

Neut r ophi l Aggr egomet r y .

	

Aggr egat i on was moni t or ed by det er mi ni ng changes i n l i ght
t r ansmi ssi on i n a dual channel aggr egomet er ( Payt on Associ at es, I nc . , Buf f al o, NY) by
t he met hod of Kapl an et al . ( 22) . 90 Al of a suspensi on of neut r ophi l s ( 0 . 25 x 106 ) i n
buf f er wi t h desi gnat ed t est agent and cyt ochal asi n B ( 5 ug/ ml ) wer e added t o a si l i coni zed
mi cr ocuvet t e wi t h si l i coni zed st i r bar , and al l owed t o equi l i br at e a 37° C. The cel l s wer e
t hen st i mul at ed wi t h FMLP ( 0 . 1 AM) and t he r esul t i ng changes i n l i ght t r ansmi ssi on
r ecor ded cont i nuousl y over t i me . The ext ent of t he aggr egat i on was det er mi ned by
measur ement of t he ar eas under t he r esul t i ng cur ves and i s expr essed as t he per cent of
cont r ol aggr egat i on ( FMLP st i mul at ed aggr egat i on i n t he absence of addi t i ves) .

Det er mi nat i on of Adenosi ne Concent r at i on .

	

Super nat ant s of neut r ophi l s wer e pr epar ed
wi t h and wi t hout EHNA ( 10 pM) and adenosi ne at var yi ng concent r at i ons, as f or l ysosomal
enzyme r el ease, and anal yzed i mmedi at el y . Bef or e anal ysi s, pr ot ei ns wer e pr eci pi t at ed
wi t h 2 . 1 N per chl or i c aci d, t he pH r eadj ust ed t o 7 . 0 wi t h 2 . 21 N KOH and t he sampl es
spun i n a Beckman mi cr of uge at 4 ° C ( 900 g) . Adenosi ne concent r at i ons wer e det er mi ned
by r ever se- phase hi gh pr essur e l i qui d chr omat ogr aphy as pr evi ousl y descr i bed ( 23) . I n
br i ef , sampl es wer e appl i ed t o a C18 uBondapack col umn ( Wat er s Associ at es, I nc . , Mi l f or d,
MA) and el ut ed wi t h a 0- 40% l i near gr adi ent ( f or med over 60 mi n) of 0 . 01 M
ammoni umphosphat e ( pH 5 . 5) and met hanol , wi t h a 1 . 5 ml / mi n f l ow r at e . The adenosi ne
peak was i dent i f i ed by r et ent i on t i me, t he 250/ 260 UV r at i o of adenosi ne, and di sap-
pear ance of t he peak af t er i ncubat i on wi t h exogenous ADA ( 0 . 12 I U/ ml f or 2 h at 37' Q.

Det er mi nat i on of " C- Adenosi ne Upt ake by Neut r ophi l Suspensi ons .

	

( 8- " C) - adenosi ne was
added t o suspensi ons of neut r ophi l s or buf f er at a f i nal concent r at i on r angi ng f r om 0 . 1
t o 0 . 5 AM. Suspensi ons wer e i ncubat ed f or 10 mi n at 37° C, st i mul at ed wi t h FMLP ( 0 . 1
AM) i n t he pr esence of cyt ochal asi n B ( 5 wg/ ml ) and super nat es col l ect ed af t er 5 mi n, as
bef or e . An equal vol ume of buf f er or buf f er cont ai ni ng di pyr i damol e ( f i nal concent r at i on
10 AM) was added t o neut r ophi l suspensi ons 5 mi n bef or e t he addi t i on of l abel ed
adenosi ne . Al i quot s of t he super nat es wer e l yophi l i zed and r esuspended i n 50 Al of
di st i l l ed wat er . 20 Al of t he r esul t i ng suspensi on was spot t ed on DEAE cel l ul ose paper
wi t h sol ut i ons of car r i er s ( AMP, hypoxant hi ne, i nosi ne, and adenosi ne) and descendi ng
chr omat ogr aphy was per f or med wi t h 1 mM ammoni um f or mat e . The car r i er s wer e
vi sual i zed under shor t - wave UV i r r adi at i on, cut out , pl aced i n sci nt i l l ant ( PPO- POPOP
i n t ol uene) and count ed i n a Beckman model LS 210 sci nt i l l at i on count er at ^ - 75%
ef f i ci ency ( 23) .

Xont hi ne Oxi dase- Hypoxant hi ne Gener at i on of Super oxi de Ani on .

	

Dupl i cat e t ubes cont ai n-
i ng a I - ml sol ut i on of xant hi ne oxi dase ( 1 : 100 di l ut i on) , hypoxant hi ne ( 2 mg/ 100 ml )
( 100 nM) , and f er r i cyt ochr ome C ( 75 nM) wer e pr epar ed wi t h one of t he f ol l owi ng :
adenosi ne ( 100 AM) , 2- chl or oadenosi ne ( 100 AM) , di pyr i damol e ( 10 AM) , EHNA ( 10 AM) ,
DCF ( 1 AM) , or ADA( 0 . 250 I U/ ml ) . Tubes wer e i ncubat ed at 37' C f or 5 mi n . Super oxi de
gener at i on was moni t or ed as above and expr essed as nanomol es cyt o C r educed .

Pr epar at i on of Adenosi ne Dea mi nase.

	

30- 50 Al of pur i f i ed cal f i nt est i nal ADA ( 1, 000 U/
ml ) wer e di al yzed f or at l east 3 h at 4 ° C agai nst 500 ml of phosphat e- buf f er ed sal i ne .
Af t er di al ysi s t he enzyme was di l ut ed 1 : 40 i n buf f er and 10 Al of t hi s sol ut i on was added
t o a 1 ml f i nal vol ume of cel l suspensi on . I n t hose exper i ment s i n whi ch ADA was
i nact i vat ed, t he di al yzed enzyme was di l ut ed 1 : 40 i n buf f er cont ai ni ng DCF ( 100 AM) .
Thi s mi xt ur e was al l owed t o i ncubat e at r oom t emper at ur e f or at l east ' / 2 h bef or e use.
These condi t i ons wer e f ound t o compl et el y i nact i vat e t he enzyme, as det er mi ned by
spect r ophot omet r i c assay ( 24) .

Resul t s

Exogenousl y Added Adenosi ne I nhi bi t s Gener at i on of Super oxi de Ani on by Neut r ophi l s
St i mul at ed wi t h FMLP. I ncubat i on of human neut r ophi l s wi t h adenosi ne at



concent r at i ons r angi ng f r om 1 t o 1, 000 AMr esul t ed i n t he i nhi bi t i on of super -
oxi de ani on gener at i on i n r esponse t o FMLP ( Fi g . 1) . I nhi bi t i on was dose
dependent wi t h maxi mal i nhi bi t i on obser ved at 100 AMadenosi ne ( 50 ± 1%) .

At hi gher concent r at i ons ( 1, 000 AM) , no i ncr ease i n i nhi bi t i on was obser ved .
Si gni f i cant i nhi bi t i on coul d st i l l be det ect ed at 1 AM adenosi ne ( 36 ± 6%
i nhi bi t i on) . When i nhi bi t or s of t he enzyme ADA ( EHNA, 10 AM, or DCF, 1 AM)
wer e added t oget her wi t h adenosi ne, modest l y i ncr eased i nhi bi t i on of super oxi de
gener at i on was obser ved ( Fi g . 1) . Addi t i on of DCF al one had no i nhi bi t or y ef f ect
on super oxi de gener at i on, whi l e EHNA al one had a smal l but si gni f i cant i nhi bi -
t or y ef f ect .

Concent r at i ons of Exogenous and Endogenous Adenosi ne i n I ncubat i on Medi a of
Neut r ophi l Suspensi ons . The i ncr eased i nhi bi t i on by adenosi ne of super oxi de
gener at i on i n t he pr esence of EHNA or DCF suggest ed t hat , i n t he absence of
i nhi bi t or s of ADA, exogenousl y added adenosi ne was cont i nuousl y deami nat ed

i n t hese suspensi ons . I nhi bi t i on of ADAby EHNA or DCF coul d have mai nt ai ned

t he adenosi ne concent r at i on . We t her ef or e det er mi ned concent r at i ons of aden-

osi ne i n t he medi a f r om neut r ophi l suspensi ons t hat had been i ncubat ed f or 15

mi n wi t h adenosi ne i n t he pr esence or absence of EHNA bef or e st i mul at i on wi t h
FMLP ( Tabl e I ) . Medi a of cel l s i ncubat ed wi t h var yi ng concent r at i ons of aden-
osi ne ( 1- 100 AM) i n t he absence of EHNA al l cont ai ned l ess adenosi ne t han had
been added i ni t i al l y . When t he cel l s wer e i ncubat ed wi t h adenosi ne i n t he

pr esence of EHNA, t he concent r at i ons of adenosi ne wer e hi gher t han had been

obser ved i n t he absence of EHNA, al t hough i n most cases st i l l l ess t han t hat

added i ni t i al l y . Unexpect edl y, when ver y l ow concent r at i ons ( 0 . 1 AM) of adeno-
si ne wer e added, mor e adenosi ne was r ecover ed t han had been added, suggest i ng

t hat adenosi ne was bei ng gener at ed . I ndeed, medi a of cel l s i ncubat ed wi t hout

any exogenous adenosi ne ( bot h i n t he pr esence and absence of EHNA) cont ai ned
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Concent r ot i on of Adenosi ne ( yM)

FI GURE 1 .

	

Ef f ect of adenosi ne and i nhi bi t or s of ADA on gener at i on of super oxi de ani on by
FMLP- st i mul at ed neut r ophi l s . 2 X 10 6 neut r ophi l s wer e st i mul at ed wi t h FMLP ( 0 . 1 UM) i n
t he pr esence of cyt ochal asi n B ( 5 jug / ml ) af t er 15 mi n of i ncubat i on at 37° C wi t h adenosi ne

( p) , adenosi ne pl us EHNA ( 10 uM) ( 0) , or adenosi ne pl us DCF ( 1 ' M) ( Q) . Resul t s ar e
expr essed as mean i nhi bi t i on ( per cent ) of maxi mal l y st i mul at ed cont r ol super oxi de ani on . Al l
poi nt s r epr esent t he mean of at l east t hr ee separ at e det er mi nat i ons on cel l s f r om di f f er ent
donor s . The mean cont r ol gener at i on f or t hese exper i ment s was 16 . 4 ± 1 . 3 nmol cyt o C-
r educed / 106 cel l s .
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TABLE I

Adenosi ne Concent r at i on i n Medi a of FMLP- st i mul at ed Neut r ophi l s

af t er I ncubat i on i n t he Pr esence or Absence of EHNA and Adenosi ne

Exper i ment 1

	

Exper i ment 2

Adenosi ne concent r at i on was measur ed by hi gh pr essur e l i qui d chr oma-
t ogr aphy as descr i bed i n Mat er i al s and Met hods.

TABLE 11

Ef f ect of ADA and I nact i vat ed ADA ( ADA + DCF) on Super oxi de

Ani on Gener at i on by FMLP- st i mul at ed Neut r ophi l s

Per cent of cont r ol
Tr eat ment

	

n

	

super oxi de gener at i on

	

P val ue*
( ±SEM)

ADA

	

11

	

155 ± 18

	

<0 . 006
ADA + DCF

	

3

	

81 ± 14

	

NS

2 X 10 6 cel l s wer e i ncubat ed f or 10 mi n at 37° C wi t h ei t her ADA ( 0 . 25
I U/ ml ) or ADA i ncubat ed wi t h i t s i r r ever si bl e i nhi bi t or DCF ( 100 AM)
f or 30 mi n . Cel l s wer e st i mul at ed wi t h FMLP ( 0 . 1 j uM) i n t he pr esence
of cyt ochal asi n B. Cont r ol super oxi de gener at i on f or t hese exper i ment s
was 26 . 9 ± 5. 5 nmol cyt o C- r educed/ 106 cel l s .

* P vs . cont r ol as det er mi ned by St udent ' s t t est . NS, not si gni f i cant .

adenosi ne at concent r at i ons r angi ng f r om 0. 14 t o 0. 28 pM ( Tabl e I ) . Si mi l ar

concent r at i ons of adenosi ne wer e f ound i n super nat ant s of cel l s t hat had not

been st i mul at ed wi t h FMLP ( 0 . 17 pM) .

Endogenous Adenosi ne I nhi bi t s Super oxi de Ani on Gener at i on by Neut r ophi l s St i mu-

l at ed wi t h FMLP. To det er mi ne whet her endogenousl y gener at ed adenosi ne

was of si gni f i cance f or t he gener at i on of super oxi de ani on, we i ncubat ed neut r o-

phi l s wi t h cal f i nt est i nal ADA at concent r at i ons cal cul at ed t o be i n excess of

t hose necessar y t o met abol i ze endogenousl y gener at ed adenosi ne. Addi t i on of

0. 125- 0 . 25 I U of ADA t o neut r ophi l suspensi ons l ed t o a consi st ent and

somet i mes dr amat i c i ncr ease i n t he gener at i on of super oxi de ani on by neut r o-

phi l s ( Tabl e 11) as wel l as t he di sappear ance of endogenousl y gener at ed adenosi ne

( Fi g . 2 A) . Enhancement of super oxi de gener at i on was abr ogat ed when t he ADA

was pr ei ncubat ed wi t h i t s i r r ever si bl e i nhi bi t or DCF ( 100 yM) ( Tabl e I 1) , and

adenosi ne was st i l l pr esent i n t he medi a ( Fi g . 2 B) . Addi t i on of ADA t o unst i m-

ul at ed cel l s di d not r esul t i n super oxi de ani on gener at i on ( dat a not shown) .

Si nce deami nat i on of adenosi ne l eads t o f or mat i on of hypoxant hi ne and

i nosi ne, we exami ned t he ef f ect s of t hese compounds on gener at i on of super oxi de

ani on by neut r ophi l s . I ncubat i on of neut r ophi l s wi t h hypoxant hi ne ( 100 / M) or

Concent r at i on of
Concent r at i on of adeno- Concent r at i on of adeno-

adenosi ne added si ne r ecover ed si ne r ecover ed

AM

- EHNA

t al l

+EHNA - EHNA

PM

+EHNA

100. 00 65 . 00 72 . 60 89 . 60 91 . 16
10 . 00 3. 28 8. 70 7 . 60 10 . 20

1 . 00 0. 59 0. 80 0. 71 1 . 10
0. 10 0. 25 0. 30 0 . 20 0. 21
0. 00 0. 28 - 0 . 14 0. 18
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FI GURE 2 .

	

Chr omat ogr ams of neut r ophi l super nat ant s as det er mi ned by r ever se- phase hi gh

pr essur e l i qui d chr omat ogr aphy . ( A) Neut r ophi l s ( 2 X 10 6 ) wer e i ncubat ed f or 10 mi n at 37 ° C

i n t he pr esence of 0. 25 I U of ADA, t hen st i mul at ed wi t h 0. 1 WMFMLP i n t he pr esence of

cyt ochal asi n B( 5 ug/ ml ) . ( B) Neut r ophi l s ( 2 X 10 6 ) wer e t r eat ed as above except t hat t he ADA

was i ncubat ed wi t h DCF ( 100 gM) bef or e i ncubat i on wi t h cel l s . Adenosi ne i s pr esent at a f i nal

concent r at i on of 0. 18 j uM. The f i r st ar r ow i ndi cat es t i me of i nj ect i on, t he second ar r ow t he

el ut i on t i me of aut hent i c adenosi ne .

TABLE I I I

Ef f ect of Met abol i t es and Anal ogs of Adenosi ne on Super oxi de Ani on

Gener at i on by FMLP- st i mul at ed Neut r ophi l s

2 X 106 cel l s wer e i ncubat ed wi t h agent s f or 15 mi n at 37° C, t hen st i mul at ed

wi t h FMLP ( 0 . 1 pM) i n t he pr esence of cyt ochal asi n B ( 5 wg/ ml ) . Cont r ol

super oxi de gener at i on f or t hese exper i ment s was 26 . 9 ± 5 . 5 nmol cyt o C-

r educed/ 10 6 cel l s .

* P vs . cont r ol as det er mi ned by St udent ' s t t est . NS, not si gni f i cant .
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i nosi ne ( 100 t , M) nei t her i ncr eased nor di mi ni shed t he gener at i on of super oxi de

ani on by FMLP- st i mul at ed neut r ophi l s ( Tabl e I I I ) .

Adenosi ne I nhi bi t i on of Super oxi de Ani on Gener at i on i s Rever si bl e .

	

Neut r ophi l s

wer e i ncubat ed i n t he pr esence of 100, uM adenosi ne f or 15 mi n and ADAadded

at var yi ng t i mes bef or e st i mul at i on wi t h FMLP . Addi t i on of ADAas l at e as I mi n

bef or e st i mul at i on wi t h FMLP compl et el y el i mi nat ed i nhi bi t i on of super oxi de

ani on gener at i on . Enhancement of super oxi de ani on gener at i on by ADA was

al so i ndependent of t he dur at i on of i ncubat i on wi t h enzyme bef or e st i mul at i on

wi t h FMLP ( Tabl e I V) .

St r uct ur al Requi r ement s f or Adenosi ne I nhi bi t i on of Super oxi de Ani on Gener a-

t i on . To i nvest i gat e t he st r uct ur al r equi r ement s f or adenosi ne t o i nhi bi t gen-

er at i on of super oxi de ani on gener at i on, t he ef f ect s of t wo adenosi ne anal ogs

wer e det er mi ned . 2- Chl or oadenosi ne, a synt het i c anal og modi f i ed on t he pur i ne

r i ng, r esembl ed adenosi ne wi t h r espect t o i nhi bi t i on of super oxi de ani on gener -

at i on ( Fi g . 3 and Tabl e 111) . Addi t i onal l y, at l ow concent r at i ons ( 0 . 1 t 4M) si mi l ar

t o endogenous adenosi ne concent r at i ons, 2- Chor oadenosi ne, whi ch i s not met ab-

ol i zed by ADA( 25) , r ever sed t he enhanci ng ef f ect s of ADA( 98 ± 15%of cont r ol

super oxi de ani on gener at i on) . I n cont r ast , 2' - deoxyadenosi ne, a nat ur al l y occur -

Agent ( 100 pM) n

Per cent of cont r ol
super oxi de gener a-

t i on ( ± SEM)
Pval ue*

Hypoxant hi ne 3 93 ± 10 NS

I nosi ne 3 102 ± 8 NS

2' - Deoxyadenosi ne 3 91 ± 10 NS

2- Chl or oadenosi ne 5 27 ± 7 <0 . 0007
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TABLE I V

Ef f ect of ADA on Super oxi de Ani on Gener at i on by FMLP- st i mul at ed Neut r ophi l s :

Rever si bi l i t y of Adenosi ne I nhi bi t i on

Tr eat ment and t i me bef or e st i mul at i on

2 X 10 6 cel l s wer e i ncubat ed at 37° C wi t h agent s f or t he i ndi cat ed per i od of t i me bef or e

st i mul at i on wi t h FMLP ( 0 . 1 t t M) i n t he pr esence of cyt ochal asi n B ( 5 ag/ ml ) . Super oxi de

gener at i on by cel l s i n t he absence of adenosi ne or ADAwas, r espect i vel y, 19 . 5, 31 . 3, and 12 . 7

nmol of cyt o C- r educed/ 106 cel l s .

w
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FI GURE 3.

	

Ef f ect of adenosi ne and 2- chl or oadenosi ne on super oxi de ani on gener at i on by

FMLP- st i mul at ed neut r ophi l s. 2 X 106 neut r ophi l s wer e st i mul at ed wi t h FMLP ( 0 . 1 AM) i n

t he pr esence of cyt ochal asi n B ( 5 r ug/ ml ) af t er a 15 mi n i ncubat i on at 37° C wi t h ei t her

adenosi ne ( A) or 2- chl or oadenosi ne ( 0) . Al l poi nt s r epr esent t he mean of at l east t hr ee separ at e

det er mi nat i ons on cel l s f r om di f f er ent donor s . The mean cont r ol super oxi de gener at i on f or

t hese exper i ment s was 26 . 9 ± 5. 5 nmol cyt o Cr educed/ 10 6 cel l s .

r i ng anal og modi f i ed i n t he r i bose moi et y, di d not i nhi bi t neut r ophi l gener at i on

of super oxi de ani on i n r esponse t o FMLP ( Tabl e I I I ) .

Ef f ect of Adenosi ne on Super oxi de Ani on Gener at i on i n Response t o A23187, Con A,

AMA, and ZTS. To det er mi ne whet her t he ef f ect of adenosi ne was speci f i c t o

FMLP, we exami ned t he ef f ect of adenosi ne on neut r ophi l s st i mul at ed by Con

A ( 30 t ag/ ml ) , t he i onophor e A23187 ( 5 AM) , and t he t umor - pr omot i ng agent

PMA ( 1 Ag/ ml ) . I ncubat i on of neut r ophi l s wi t h adenosi ne at concent r at i ons

var yi ng f r om 1 t o 100 AMi n t he pr esence of EHNA ( 10 , AM) l ed t o si gni f i cant

dose- dependent i nhi bi t i on of super oxi de ani on gener at i on st i mul at ed by FMLP,

Con A, and A23187 ( Fi g . 4) . Gener at i on of super oxi de ani on i n r esponse t o

PMA ( 1 Ag/ ml ) was much l ess af f ect ed by adenosi ne and a dose- dependent

r el at i onshi p coul d not be demonst r at ed ( Fi g. 4) . ZTS st i mul at ed neut r ophi l s t o

Adenosi ne 100 j uM, ^- 15 mi n 46 18 50

Adenosi ne 100 j M, ^- 15 mi n + ADA, ^- 10 mi n 157 143 271

ADA, ^- 10 mi n 153 139 317

Adenosi ne 100, uM, ^- 15 mi n + ADA, ^- 5 mi n 157 137 274

ADA, ^- 5 mi n 163 142 296

Adenosi ne 100 AM, - 15 mi n + ADA, ^- 1 mi n 164 141 301

ADA, ^- 1 mi n 164 145 294
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FI GURE 4.

	

Ef f ect of adenosi ne pl us EHNA on super oxi de gener at i on by neut r ophi l s st i mu-

l at ed wi t h A23187, PMA, Con A, or FMLP. 2 X 10 6 neut r ophi l s wer e st i mul at ed wi t h FMLP

( 0 . 1 AM) ( 0) , PMA ( 1 ag/ ml ) ( EI ) , Con A ( 30 ag/ ml ) ( 0) , or A23187 ( 5 AM) ( A) , i n t he pr esence

of cyt ochal asi n B ( 5 Ag/ ml ) af t er a 15 mi n i ncubat i on at 37° C i n t he pr esence of adenosi ne

and EHNA ( 10 AM) . Al l poi nt s r epr esent t he mean of at l east t hr ee separ at e det er mi nat i ons

on cel l s f r om di f f er ent donor s . The mean cont r ol super oxi de ani on gener at i on f or t hese

exper i ment s was 16 . 4 ± 1 . 3 nmol cyt o Cr educed/ 106 cel l s f or FMLP- st i mul at ed cel l s, 21 . 8 ±

6 nmol cyt o Cr educed/ 10 6 cel l s f or PMA- st i mul at ed cel l s, 13 . 9 ± 0 . 7 nmol cyt o Cr educed/

106 cel l s f or Con A- st i mul at ed cel l s, and 16 . 4 ±6. 5 nmol cyt o Cr educed/ 10 6 cel l s f or A23187-

st i mul at ed cel l s .

gener at e super oxi de ani on ( 3 . 6 ± 0 . 7 nmol cyt o Cr educed/ 10 6 cel l s) . Adenosi ne

( 100 AM) pl us DCF ( 10 AM) i nhi bi t ed t hi s r esponse by 52 ± 10%( n = 7, P <

0. 001) and ADA i ncr eased gener at i on of super oxi de ani on f r om 134 t o 319%

of cont r ol .

Adenosi ne Does Not Af f ect Neut r ophi l s by I nhi bi t i on of Tr ansmet hyl at i on Reac-

t i ons . The addi t i on of homocyst ei ne t hi ol act one ( 100 AM) t o EHNA ( 10 AM)

and adenosi ne has pr evi ousl y been shown t o i nhi bi t gener at i on of super oxi de

ani on by mur i ne macr ophages i n r esponse t o FMLP ( 11) . Thi s combi nat i on of

compounds i nhi bi t ed t r ansmet hyl at i on r eact i ons and di mi ni shed t he avi di t y of

r ecept or s f or FMLP i n t hese cel l s . Neut r ophi l s wer e t her ef or e i ncubat ed wi t h

adenosi ne and EHNA ( 10 AM) wi t h or wi t hout homocyst ei ne t hi ol act one . I n

cont r ast t o f i ndi ngs i n mur i ne macr ophages, t he addi t i on of homocyst ei ne di d

not i ncr ease t he i nhi bi t i on of super oxi de ani on gener at i on over and above t hat

f ound i n t he pr esence of adenosi ne and EHNA al one ( Fi g . 5) .

Cel l ul ar Upt ake of Adenosi ne I s Not Requi r ed For I nhi bi t i on of Super oxi de Ani on

Gener at i on . Di pyr i damol e ( 10 AM) i nhi bi t s adenosi ne t r anspor t i n a var i et y of

cel l s ( 26) . When t hi s agent was added t o suspensi ons of neut r ophi l s 5 mi n bef or e

t he addi t i on of l abel ed adenosi ne ( 0 . 1 AM) , upt ake of l abel ed adenosi ne f r om

t he medi um by neut r ophi l s was compl et el y i nhi bi t ed ( Tabl e V) . When hi gher

concent r at i ons ( 0 . 25- 0 . 5 AM) of l abel ed adenosi ne wer e added, no consi st ent

i nhi bi t i on of upt ake coul d be demonst r at ed ( dat a not shown) . Essent i al l y al l

r adi oact i vi t y count ed i n t hese super nat es was pr esent as adenosi ne and l i t t l e or

none was f ound as i nosi ne, hypoxant hi ne, or adeni ne nucl eot i des . Al t hough

di pyr i damol e bl ocked upt ake of adenosi ne f r om t he medi um, i t di d not appear

t o i nhi bi t ef f l ux of adenosi ne f r om neut r ophi l s i nt o t he medi um, si nce t he
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Ef f ect of adenosi ne, EHNA ( 10 AM) , and homocyst ei ne t hi ol act one ( 100 AM) on
super oxi de ani on gener at i on by FMLP- st i mul at ed neut r ophi l s . 2 X 10 6 neut r ophi l s wer e
st i mul at ed wi t h FMLP ( 0 . 1 AM) i n t he pr esence of cyt ochal asi n B ( 5 Pg/ ml ) af t er a 15 mi n

i ncubat i on at 37° C i n t he pr esence of adenosi ne pl us EHNA ( 10 AM) ( 0) or adenosi ne pl us
EHNA ( 10, uM) pl us homocyst ei ne t hi ol act one ( 100 KM) ( 0) . Al l poi nt s r epr esent t he mean of

at l east t hr ee separ at e det er mi nat i ons on cel l s f r om di f f er ent donor s . The cont r ol super oxi de
ani on gener at i on f or t hese exper i ment s was 16 . 4 ± 1 . 3 nmol cyt o Cr educed/ 10 6 cel l s .

TABLE V

Ext r acel l ul ar " C- Adenosi ne Remai ni ng i n t he Medi umAf t er I ncubat i on Wi t h

Neut r ophi l s i n t he Pr esence and Absence of Di pyr i damol e

2 X 10 6 cel l s wer e i ncubat ed wi t h di pyr i damol e ( 10 AM) f or 5 mi n at 37 ° C. 1 ' C-
adenosi ne was added and t he cel l s i ncubat ed f or 10 mi n bef or e st i mul at i on wi t h
FMLP ( 0 . 1 AM) i n t he pr esence of cyt ochal asi n B ( 5 Ag/ ml ) . Super nat ant s wer e
col l ect ed and assayed as descr i bed i n Mat er i al s and Met hods .

* PMN + adenosi ne vs . PMN+adenosi ne + di pyr i damol e ( St udent ' s t t est ) .
$ PMN + adenosi ne + di pyr i damol e vs . bl ank ( St udent ' s t t est ) .

pr ei ncubat i on of neut r ophi l s wi t h di pyr i damol e l ed t o much gr eat er concent r a-

t i ons of adenosi ne ( l abel ed and unl abel ed) i n t he medi um ( Tabl e VI ) . Si nce

di pyr i damol e di d not i nhi bi t t r anspor t at hi gher concent r at i ons of adenosi ne,

t he dr ug does not appear t o af f ect vi abi l i t y . When neut r ophi l s wer e i ncubat ed

wi t h hi gh concent r at i ons of adenosi ne ( 10 yM) af t er pr ei ncubat i on wi t h di pyr i -

damol e ( 10 j uM) t her e was no si gni f i cant ef f ect on t he gener at i on of super oxi de

ani on by neut r ophi l s st i mul at ed wi t h FMLP ( Fi g . 6) . At a concent r at i on of added

adenosi ne at whi ch upt ake was bl ocked ( 0 . 1 / AM) , di pyr i damol e si gni f i cant l y

enhanced t he ef f ect of adenosi ne on super oxi de ani on gener at i on . Di pyr i damol e

( 10 uM) had no si gni f i cant ef f ect on super oxi de ani on gener at i on by neut r ophi l s

st i mul at ed wi t h FMLP i n t he pr esence of buf f er al one. Si mi l ar l y, t he enhance-

ment of super oxi de ani on gener at i on f ound af t er i ncubat i on of neut r ophi l s wi t h

' t
Count s per mi nut e

( ±SEM)
Per cent bl ank

( ±SEM)
Pval ue

Bl ank 3 3, 050 ± 82

PMN + 0. 1 AMadeno- 3 1, 335 ± 338 45 ± 12 <0 . 03*
si ne

PMN + 0. 1 AMadeno- 3 2, 791 ± 225 92 ± 7 NS$

si ne + 10 AMdi pyr -
i da mol e



TABLE V1

Adenosi ne Concent r at i on i n Medi a of FMLP- st i mul at ed Neut r ophi l s

Af t er I ncubat i on i n t he Pr esence or Absence of Adenosi ne and

Di pyr i damol e ( DI P)

Concent r at i on of
adenosi ne added
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Concent r at i on of adenosi ne r ecover ed

Exper i ment 1

	

Exper i ment 2

- DI P +DI P - DI P +DI P

0. 10 0. 12 0. 42 0. 18 0 . 58

0. 00 0. 11 0. 29 0. 18 0 . 55

Neut r ophi l s ( 2 x 10 6 / ml ) wer e i ncubat ed wi t h buf f er or buf f er cont ai ni ng
di pyr i damol e ( f i nal concent r at i on, 10 j uM) f or 5 mi n at 37 ° C. Equal
vol umes of buf f er or buf f er cont ai ni ng adenosi ne at t he i ndi cat ed concen-
t r at i ons wer e added and cel l s wer e i ncubat ed f or 10 mi n at 37° C. Cel l s
wer e st i mul at ed wi t h FMLP ( 0 . 1 uM) i n t he pr esence of cyt ochal asi n B ( 5
jug/ ml ) . Super nat ant s wer e col l ect ed and adenosi ne concent r at i on meas-
ur ed by hi gh pr essur e l i qui d chr omat ogr aphy as descr i bed i n Mat er i al s
and Met hods .

FI GURE 6.

	

Ef f ect of adenosi ne on super oxi de ani on gener at i on by FMLP- st i mul at ed neut r o-
phi l s af t er bl ockade of adenosi ne upt ake . 2 x 106 neut r ophi l s wer e i ncubat ed f or 5 mi n at
37 ° C i n buf f er al one ( open bar ) or i n t he pr esence of di pyr i damol e ( 10 AM) ( hat ched bar ) .
Adenosi ne, at t he i ndi cat ed concent r at i on, an equal vol ume of buf f er , or buf f er cont ai ni ng
ADA was added and cel l s wer e i ncubat ed f or 10 mi n at 37 ° C. The cel l s wer e t hen st i mul at ed
wi t h FMLP ( 0 . 1 uM) i n t he pr esence of cyt ochal asi n B ( 5 jug/ ml ) . Resul t s ar e expr essed as t he
per cent i nhi bi t i on of cont r ol super oxi de ani on gener at i on . Mean cont r ol super oxi de gener a-
t i on f or t hese exper i ment s was 14 . 2 ± 1 . 3 nmol cyt o Cr educed/ 106 cel l s and 21 . 4 ± 3 . 8 nmol
cyt o Cr educed/ 106 cel l s f or ADA- t r eat ed cel l s .

ADAwas not af f ect ed by di pyr i damol e .

Adenosi ne I nhi bi t s Super oxi de Ani on Gener at i on i n t he Absence of Cyt ochal asi n

B. Each of t he pr evi ous exper i ment s had been done i n t he pr esence of cyt o-

chal asi n B i n or der t o enhance super oxi de gener at i on and l ysosomal enzyme

r el ease . Essent i al l y si mi l ar r esul t s wer e obt ai ned f r omexper i ment s per f or med i n

t he absence of cyt ochal asi n B. Adenosi ne i nhi bi t ed gener at i on of super oxi de

ani on by non- cyt ochal asi n B- t r eat ed neut r ophi l s st i mul at ed wi t h FMLP ( Tabl e

VI I ) . A dose- r esponse cur ve of adenosi ne i nhi bi t i on was not f ound i n t hese

exper i ment s . ADA t r eat ment of neut r ophi l s al so pr oduced enhancement of
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TABLE V11

Ef f ect of Adenosi ne and ADA on Super oxi de Ani on Gener at i on by FMLP- st i mul at ed Neut r ophi l s

i n t he Pr esence and Absence of Cyt ochal asi n B

2 X 106 cel l s wer e i ncubat ed f or 15 mi n at 37 ° C i n t he pr esence of adenosi ne or ADA wi t h and
wi t hout cyt ochal asi n B ( 5 bg/ ml ) bef or e st i mul at i on wi t h FMLP ( 0 . 1 AM) . Mean cont r ol super oxi de
ani on gener at i on i n t he pr esence of cyt ochal asi n B was 16 . 4 ± 1 . 3 nmol cyt o C r educed/ 106 cel l s .
Mean cont r ol super oxi de ani on gener at i on i n t he absence of cyt ochal asi n B was 5. 4 ± 1 . 4 nmol of
cyt o C- r educed / 106 cel l s .

* 11 vs . cont r ol as det er mi ned by St udent ' s t t est .

super oxi de ani on gener at i on i n t he absence of cyt ochal asi n B. Si nce st i mul at ed
neut r ophi l s gener at ed f ar l ess super oxi de ani on i n t he absence of cyt ochal asi n B,
t he ext ent of i nhi bi t i on or enhancement cannot be quant i t at i vel y compar ed wi t h
t he r esul t s obt ai ned i n t he pr esence of cyt ochal asi n B.

ADA Enhanced Super oxi de Ani on Gener at i on i n t he Pr esence of Gl ucose .

	

One
possi bl e sour ce of endogenous adenosi ne i n our pr epar at i ons was br eakdown of
i nt r acel l ul ar ATP i n neut r ophi l suspensi ons i ncubat ed wi t hout gl ucose . The
addi t i on of gl ucose ( 5 mM) di d not enhance super oxi de ani on gener at i on by
FMLP- st i mul at ed neut r ophi l s . When cel l s wer e i ncubat ed wi t h ADA i n t he
pr esence of gl ucose, t her e was 161 ± 15%of cont r ol super oxi de ani on gener at i on
( 14 . 7 ± 4 . 5 nmol cyt o C r educed/ 10 6 cel l s, n = 3) . Cel l s f r om t he same donor s
i ncubat ed wi t h ADA i n t he absence of gl ucose gener at ed 187 ± 32%of cont r ol
super oxi de ani on ( 14 . 6 ± 5 . 0 nmol cyt o Cr educed/ 106 cel l s) .

Cont r ol s f or Vi abi l i t y and Super oxi de Ani on Gener at i on .

	

Adenosi ne, 2- chl or o-
adenosi ne, and ADA had no ef f ect on cel l vi abi l i t y, as det er mi ned by LDH r e-
l ease . I n t hr ee separ at e exper i ment s, cont r ol cel l s r el eased 3 . 0 ± 0. 9%, and adeno-

si ne- , 2- chl or oadenosi ne- , and ADA- t r eat ed cel l s r el eased 3. 2 ± 1 . 0%, 2. 5 ±
1 . 2%, or 3 . 3 ± 0 . 7%, r espect i vel y, of t ot al cel l LDH. Nor di d t hese t hr ee

compounds af f ect super oxi de ani on gener at i on i n t he si mpl e i n vi t r o gener at i ng

syst em usi ng hypoxant hi ne and xant hi ne oxi dase . I n t he pr esence of adenosi ne,
2- chl or oadenosi ne, and ADA, t her e was 99 ± 1, 87 ± 10, and 107 ± 3%,
r espect i vel y, of cont r ol super oxi de gener at i on ( 23 ± 6 nmol of cyt o C r educed) .

Ef f ect of Adenosi ne on Lysosomal Enzyme Rel ease and Aggr egat i on .

	

Rel ease of
l ysosomal enzymes and aggr egat i on by neut r ophi l s i n r esponse t o FMLP ( 0 . 1

j M) was much l ess af f ect ed by adenosi ne, ADA, or 2- chl or oadenosi ne t han was
t he gener at i on of super oxi de ani on . No st at i st i cal l y si gni f i cant ef f ect of adenosi ne
( 100 , Mor 10 AM) pl us EHNA ( 10 I AM) , ADA, or 2- chl or oadenosi ne on l ysozyme
r el ease coul d be demonst r at ed ( Tabl e VI I I ) . Bet a- gl ucur oni dase r el ease was
modest l y i nhi bi t ed by 100 uMor 10 pMadenosi ne pl us 10 t i M EHNA as wel l as
by 100 j uM2- chl or oadenosi ne ( Tabl e VI I I ) . ADAdi d not have a si gni f i cant ef f ect
on bet a- gl ucur oni dase r el ease . Nei t her t he r at e nor t he ext ent of neut r ophi l

Tr eat ment
+cyt ochal asi n B

Per cent

n

of cont r ol

Pval ue*

super oxi de gener at i on

- cyt ochal asi n B n P val ue*

Adenosi ne 100 AM 50 ± 1 4 <0 . 006 29 ± 11 3 <0 . 015

Adenosi ne 10 AM 53 ± 5 4 <0 . 006 26 ± 11 3 <0 . 015

Adenosi ne 1 AM 64 ± 6 5 <0 . 006 23 ± 8 3 <0 . 009

Adenosi ne 0 . 1 AM 93 ± 4 4 NS 27 ± 16 3 <0 . 03

ADA 155 ± 18 12 <0 . 03 251 ± 23 4 <0 . 015
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TABLE VI I I

Ef f ect of Adenosi ne, 2- Chl or oadenosi ne, and ADA on Rel ease of Bet a- Gl ucur oni dase

and Lysozyme by FMLP- st i mul at ed Neut r ophi l s

Di scussi on

2 x 10 6 cel l s wer e i ncubat ed at 37° C wi t h agent s f or 15 mi n bef or e st i mul at i on wi t h
FMLP ( 0 . 1 AM) i n t he pr esence of cyt ochal asi n B ( 5 ug/ ml ) . Super nat ant s wer e
col l ect ed and assayed as descr i bed i n Mat er i al s and Met hods.

* P< 0. 001 vs. cont r ol as det er mi ned by St udent ' s t t est .
$ P< 0. 01 vs . cont r ol ( St udent ' s t t est ) .
g P <0. 02 vs . cont r ol ( St udent ' s t t est ) .

TABLE I X

Ef f ect of Adenosi ne, 2- Chl or oadenosi ne, and ADA on Aggr egat i on of Human Neut r ophi l s

St i mul at ed by FMLP

Per cent of cont r ol aggr egat i on

Agent

	

Exper i ment I

	

Exper i ment 11
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0. 25 x 10 6 cel l s wer e i ncubat ed wi t h agent s i n t he pr esence or absence of cyt ochal asi n B ( cyt o B) ( 5
jug/ ml ) f or 3 mi n bef or e st i mul at i on wi t h FMLP ( 0 . 1 AM) . Aggr egat i on was measur ed as descr i bed
i n Mat er i al s and Met hods .

aggr egat i on i nduced by FMLP was al t er ed by adenosi ne, 2- chl or oadenosi ne, or

ADA( Tabl e I X) .

These exper i ment s demonst r at e t hat adenosi ne pr ef er ent i al l y i nhi bi t ed gen-

er at i on of super oxi de ani on by neut r ophi l s st i mul at ed wi t h FMLP, Con A,

A23187, and ZTS. The ef f ect s of adenosi ne wer e evi dent at concent r at i ons

r angi ng f r om 1 t o 1, 000 pMwi t h maxi mal i nhi bi t i on at 100 AM. Cel l ul ar upt ake

of adenosi ne was not r equi r ed f or adenosi ne- i nduced i nhi bi t i on si nce i nhi bi t i on

was mai nt ai ned despi t e t he addi t i on of di pyr i damol e, whi ch bl ocks nucl eosi de

upt ake . Nor was deami nat i on of adenosi ne r equi r ed f or i nhi bi t i on si nce bot h

DCF and EHNA, i nhi bi t or s of ADA, di d not i nt er f er e wi t h adenosi ne i nhi bi t i on

of super oxi de ani on gener at i on . Fur t her subst ant i at i on t hat t he met abol i sm of

adenosi ne was not necessar y f or i nhi bi t i on was pr ovi ded by t he i nhi bi t or y ef f ect

of 2- chl or oadenosi ne, whi ch i s not si gni f i cant l y met abol i zed ( 25) .

The most st r i ki ng f i ndi ng i n t hi s st udy was t hat endogenousl y gener at ed

adenosi ne was pr esent i n t he ext r acel l ul ar mi l i eu i n amount s t hat i nhi bi t ed

super oxi de ani on gener at i on . Adenosi ne was pr esent i n t he medi a of suspensi ons

Tr eat ment r t
Per cent of

Lysozyme

cont r ol r el ease of :

Bet a- gl ucur oni dase

Adenosi ne 100 uM + EHNA 10 uM 4 79 ± 11 73 ± 6*
Adenosi ne 10 AM+ EHNA 10 uM 4 99 ± 9 75 ± 9*
2- Chl or oadenosi ne 100 AM 4 88 ± 10 70 ± 6§
ADA 4 150 ± 30 135 ± 19

+Cyt o B - Cyt o B +Cyt o B - Cyt o B

Adenosi ne 100 uM 90 97 88 110

2- Chl or oadenosi ne 100 AM 91 88 87 88

Adenosi ne deami nase 0. 125 I U/ ml 93 91 89 78
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of neut r ophi l s at concent r at i ons of 0. 1- 0 . 3 , AM. El i mi nat i on of t hi s adenosi ne by

i ncubat i on of cel l s wi t h exogenous ADA l ed t o mar ked enhancement of neut r o-

phi l gener at i on of super oxi de ani on i n r esponse t o FMLP. Si nce i nhi bi t i on of

ADA wi t h DCF abr ogat ed t he enhancement ( and pr event ed degr adat i on of

adenosi ne) , t he enhancement was not due t o a nonspeci f i c ef f ect of added pr ot ei n .

Nor was t hi s enhancement due t o t he gener at i on of hypoxant hi ne or i nosi ne by

t he deami nat i on of adenosi ne, si nce t he addi t i on of t hese compounds at 100 AM

di d not af f ect neut r ophi l super oxi de gener at i on . The i ncr ease of super oxi de

ani on gener at i on t hat we f ound af t er r emoval of l ow l evel s of endogenousl y

gener at ed adenosi ne was unexpect ed and suggest ed t hat pr evi ous measur ement s

per f or med under si mi l ar condi t i ons under est i mat ed t he capaci t y of neut r ophi l s

t o gener at e super oxi de ani on i n r esponse t o var i ous l i gands .

I n vi vo pl asma concent r at i ons of adenosi ne ar e at l east 0 . 3 AM ( 27) . The

concent r at i ons of adenosi ne pr esent i n pl asma ar e gr eat er t han or equal t o t hose

we have f ound i n vi t r o i n neut r ophi l suspensi ons . Si nce r emoval of t hese l ower

concent r at i ons of adenosi ne f ound i n vi t r o enhanced gener at i on of super oxi de

ani on by neut r ophi l s, t he concent r at i ons of adenosi ne f ound i n pl asma ar e

suf f i ci ent t o exer t an i nhi bi t or y ef f ect i n vi vo .

An equi l i br i um bet ween cel l ul ar upt ake of adenosi ne and ef f l ux of adenosi ne

i nt o t he medi um must be pr esent i n t hese cel l pr epar at i ons . Despi t e t he di sap-

pear ance f r om t he medi um of mor e t han hal f of t he l abel ed adenosi ne added t o

neut r ophi l suspensi ons, hi gher concent r at i ons of adenosi ne t han t hose added

wer e f ound i n t hese super nat es . Adenosi ne coul d have been r el eased i nt o t he

ext r acel l ul ar medi um by cont ami nat i ng pl at el et s, di sr upt ed cel l s, or t he i nt r acel -

l ul ar met abol i smof ATPt o adenosi ne. Bor r egaar d and Her l i n ( 28) have r ecent l y

demonst r at ed t he pr esence of l ar ge concent r at i ons of adeni ne nucl eot i des i n

human neut r ophi l s ( 1 . 9 f mol ATP/ cel l ) . The cel l ul ar ATP concent r at i on r ep-

r esent s an equi l i br i um bet ween cat abol i sm t o adenosi ne and adeni ne nucl eot i des

and phosphor yl at i on of t hese compounds ( 0 . 75 f mol ATP gener at ed/ cel l / mi n)

( 28) . These f l uxes of adenosi ne and adeni ne nucl eot i des coul d r esul t i n l eakage

of r el at i vel y modest amount s of adenosi ne i nt o t he ext r acel l ul ar mi l i eu as wel l as

upt ake of adenosi ne f r om t he sur r oundi ng medi um. The concent r at i ons of

adenosi ne f ound i n t he ext r acel l ul ar medi um of t hese suspensi ons r epr esent s

^ - 5%of t he cel l ul ar ATPpool . Massi ve cat abol i sm of ATP t o adenosi ne i n t hese

pr epar at i ons was not a l i kel y sour ce of ext r acel l ul ar nucl eosi de si nce gl ucose, an

exogenous ener gy sour ce abl e t o pr event t he l ar ge scal e cat abol i sm of ATP i n

neut r ophi l s, di d not af f ect t he abi l i t y of ADA t o enhance super oxi de ani on

gener at i on ( 29) . Al t hough, i n vi t r o, nei t her pl at el et s, di sr upt ed cel l s, nor f l uxes

i n nucl eot i de met abol i sm wer e el i mi nat ed as a sour ce of adenosi ne i n t hese

pr epar at i ons, i n vi vo, mul t i pl e t i ssue sour ces ar e abl e t o cont r i but e t o adenosi ne

concent r at i ons i n pl asma ( 30) .

The combi nat i on of adenosi ne, EHNA, and homocyst ei ne t hi ol act one has

been shown t o i nhi bi t t r ansmet hyl at i on r eact i ons i n mur i ne macr ophages ( 11) .

Tr ansmet hyl at i on r eact i ons have been shown t o be necessar y f or mai nt enance

of hi gh avi di t y r ecept or s f or FMLP i n t hese cel l s . Thus, when t r ansmet hyl at i on

r eact i ons wer e i nhi bi t ed by adenosi ne, EHNA, and homocyst ei ne t hi ol act one,

r esponses t o FMLP, such as t he gener at i on of super oxi de ani on, wer e f ound t o
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be di mi ni shed . We di d not f i nd any addi t i onal ef f ect of homocyst ei ne t hi ol act one

on t he gener at i on of super oxi de ani on by neut r ophi l s . Al t hough we used con-

cent r at i ons of adenosi ne, EHNA, and homocyst ei ne t hi ol act one t hat i nhi bi t

t r ansmet hyl at i on r eact i ons i n mur i ne macr ophages ( 11) , we di d not demonst r at e

di r ect l y t hat t r ansmet hyl at i on r eact i ons wer e i nhi bi t ed . Pi ke and Snyder man ( 31)

have al so been unabl e t o demonst r at e t hat i nhi bi t i on of t r ansmet hyl at i on r eac-

t i ons al t er ed t he i nt er act i ons of human neut r ophi l s wi t h FMLP.

Our exper i ment s suggest t hat adenosi ne exer t ed i t s ef f ect s at t he cel l sur f ace,

possi bl y at a speci f i c r ecept or , si nce addi t i on of an agent shown t o bl ock adenosi ne

upt ake di d not i nt er f er e wi t h t he i nhi bi t or y ef f ect of exogenous adenosi ne or

wi t h t he enhanci ng ef f ect of r emoval of endogenous adenosi ne. I ndeed, di pyr i -

damol e i ncr eased t he i nhi bi t i on of super oxi de ani on gener at i on at a l ow concen-

t r at i on of exogenous adenosi ne at whi ch i t compl et el y i nhi bi t ed upt ake of t he

nucl eosi de . Upt ake of adenosi ne does not appear t o be a r equi r ement f or

i nhi bi t i on of neut r ophi l f unct i on, whi ch i s st r ong evi dence i n suppor t of an ef f ect

at t he cel l sur f ace .

Adenosi ne had no ef f ect on neut r ophi l aggr egat i on or secr et i on of l ysozyme

and onl y mi ni mal ef f ect on r el ease of bet a- gl ucur oni dase . These exper i ment s

i ndi cat ed t hat adenosi ne di d not af f ect t he ent i r e sequence of st i mul us- r esponse

coupl i ng i n t he neut r ophi l but exer t ed, i nst ead, a sel ect i ve ef f ect on gener at i on

of super oxi de ani on gener at i on . These f i ndi ngs agr ee wi t h t hose of Mar one et

al . ( 14) who wer e unabl e t o demonst r at e si gni f i cant i nhi bi t i on by adenosi ne of

bet a- gl ucur oni dase r el ease f r om neut r ophi l s t hat had been exposed t o par t i cl es .

Based on obser vat i ons i n mur i ne macr ophages, Tr i t sch and Ni swander ( 32,

33) have pr oposed t hat f l uxes t hr ough t he pur i ne sal vage pat hway ar e essent i al

f or t he gener at i on of super oxi de ani on gener at i on . They suggest ed t hat t he

act i vi t y of i nt r acel l ul ar ADA, t he pr i mar y enzyme i n t hi s pat hway, was di r ect l y

cor r el at ed wi t h and quant i t at i vel y cr i t i cal f or gener at i on of super oxi de ani on.

Thus, an i ncr ease i n t he concent r at i on of adenosi ne, i nosi ne, or hypoxant hi ne,

t he subst r at es i n t he pr oposed cascade, shoul d enhance super oxi de ani on gen-

er at i on . However , we have shown t hat super oxi de ani on gener at i on was i nhi bi t ed

by adenosi ne and not af f ect ed by hypoxant hi ne or i nosi ne . I f ADA wer e cr i t i cal

f or super oxi de gener at i on, t hen i nhi bi t i on of t hi s enzyme shoul d have i nhi bi t ed

super oxi de ani on pr oduct i on . We demonst r at ed mi ni mal i nhi bi t i on of super oxi de

ani on gener at i on by EHNA and no i nhi bi t i on by DCF. Ther ef or e, i nt r acel l ul ar

f l uxes t hr ough t he pur i ne sal vage pat hway cannot be di r ect l y i nvol ved i n super -

oxi de ani on gener at i on by t he human neut r ophi l .

Al t hough adenosi ne was a pot ent i nhi bi t or of neut r ophi l s st i mul at ed by

A23187, Con A, FMLP, and ZTS, i t had mi ni mal ef f ect on super oxi de ani on

gener at i on i n r esponse t o PMA. Thi s i s not sur pr i si ng si nce PMA act i vat es

neut r ophi l s by mechani sms t hat di f f er f r om ot her st i mul i ( e . g . , l ack of enhance-

ment by ext r acel l ul ar cal ci um [ 35] and di f f er ent pat t er ns of membr ane r e-

model l i ng [ 35] ) . The dat a suggest ed t hat act i vat i on of t he super oxi de ani on-

gener at i ng syst emby A23187, Con A, FMLP, and ZTSbut not by PMA i nvol ves

an adenosi ne- sensi t i ve st ep, t he nat ur e of whi ch i s as yet undet er mi ned .

The most consi st ent expl anat i on f or our r esul t s i s t hat a r ecept or f or adenosi ne

i s pr esent on human neut r ophi l s . Two maj or t ypes of adenosi ne r ecept or s have
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been descr i bed ( 36) . The P r ecept or , whi ch i s best demonst r at ed i n cel l l ysat es,

i s act i ve at hi gh ( mi l l i mol ar ) concent r at i ons of adenosi ne and i s speci f i c f or

adenosi ne anal ogs t hat have not been modi f i ed i n t he pur i ne por t i on of t he

mol ecul e . The R r ecept or i s act i ve i n whol e cel l s, pr esent i n cel l membr anes,

act i ve at l ow concent r at i ons of adenosi ne, and i s speci f i c f or adenosi ne com-

pounds t hat have not been modi f i ed i n t he r i bose por t i on of t he mol ecul e . The

i nhi bi t i on of super oxi de ani on gener at i on by adenosi ne sat i sf i es a number of

cr i t er i a f or r ecept or - l i gand i nt er act i ons i ncl udi ng t he f ol l owi ng : ( a) adenosi ne

act s at t he cel l sur f ace ; ( b) t her e i s a maxi mum i nhi bi t i on achi eved despi t e

i ncr easi ng adenosi ne concent r at i on, i . e . , sat ur abi l i t y ; and ( c) adenosi ne and 2-

chl or oadenosi ne ar e equal l y ef f ect i ve i nhi bi t or s f or neut r ophi l s, wher eas 2' -

deoxyadenosi ne i s not , i ndi cat i ng st r uct ur al speci f i ci t y . The dr amat i c ef f ect of

2- chl or oadenosi ne and t he l ack of i nhi bi t i on of neut r ophi l s by 2' - deoxyadenosi ne

woul d ar gue st r ongl y f or t he pr esence of an R r ecept or . We have not , as yet ,

under t aken bi ndi ng st udi es of l abel ed l i gand t o neut r ophi l s t o f ur t her i nvest i gat e

t hi s hypot hesi s .

The pr oduct s of act i vat ed neut r ophi l s ar e pot ent i al l y t oxi c t o t he host . The

exi st ence of ci r cul at i ng ant i pr ot eases and i nact i vat or s of act i ve oxygen speci es

at t est s t o t he need f or pr ot ect i on f r om i nf l ammat or y medi at or s r el eased by

neut r ophi l s . I t i s not sur pr i si ng, t her ef or e, t hat a mechani sm exi st s t o r egul at e

t he pr oduct i on of super oxi de ani on. We have demonst r at ed t he r ol e of adeno-

si ne, at physi ol ogi cal concent r at i ons, as a speci f i c i nhi bi t or of super oxi de ani on

gener at i on by st i mul at ed neut r ophi l s . We concl ude t hat al t er at i ons of l ocal

adenosi ne concent r at i ons may i nf l uence t he gener at i on of pot ent i al l y t oxi c

oxygen met abol i t es by neut r ophi l s .

Summar y

The ef f ect s of adenosi ne wer e st udi ed on human neut r ophi l s wi t h r espect t o

t hei r gener at i on of super oxi de ani on, degr anul at i on, and aggr egat i on i n r esponse

t o sol ubl e st i mul i . Adenosi ne mar kedl y i nhi bi t ed super oxi de ani on gener at i on

by neut r ophi l s st i mul at ed wi t h N- f or myl met hi onyl l eucyl phenyl al ani ne ( FMLP) ,

concanaval i n A ( Con A) , cal ci um i onophor e A23187, and zymosan- t r eat ed

ser um; i t i nhi bi t ed t hi s r esponse t o PMA t o a f ar l esser ext ent . The ef f ect s of

adenosi ne wer e evi dent at concent r at i ons r angi ng f r om 1 t o 1, 000 AM wi t h

maxi mal i nhi bi t i on at 100 AM. Cel l ul ar upt ake of adenosi ne was not r equi r ed

f or adenosi ne- i nduced i nhi bi t i on si nce i nhi bi t i on was mai nt ai ned despi t e t he

addi t i on of di pyr i damol e, whi ch bl ocks nucl eosi de upt ake . Nor was met abol i sm

of adenosi ne r equi r ed, si nce bot h deoxycof or myci n ( DCF) and er yt hr o- 9- ( 2-

hydr oxy- 3- nonyl ) adeni ne di d not i nt er f er e wi t h adenosi ne i nhi bi t i on of super -

oxi de ani on gener at i on . The f i ndi ng t hat 2- chl or oadenosi ne, whi ch i s not met ab-

ol i zed, r esembl ed adenosi ne i n i t s abi l i t y t o i nhi bi t super oxi de ani on gener at i on

added f ur t her evi dence t hat adenosi ne met abol i sm was not r equi r ed f or i nhi bi -

t i on of super oxi de ani on gener at i on by neut r ophi l s . Unexpect edl y, endogenousl y

gener at ed adenosi ne was pr esent i n super nat ant s of neut r ophi l suspensi ons at

0 . 14- 0 . 28 AM. Removal of endogenous adenosi ne by i ncubat i on of neut r ophi l s

wi t h exogenous adenosi ne deami nase ( ADA) l ed t o mar ked enhancement of

super oxi de ani on gener at i on i n r esponse t o FMLP. I nact i vat i on of ADA wi t h
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DCF abr ogat ed t he enhancement of super oxi de ani on gener at i on . Thus, t he

enhancement was not due t o a nonspeci f i c ef f ect of added pr ot ei n . Nor was t he

enhancement due t o t he gener at i on of hypoxant hi ne or i nosi ne by deami nat i on

of adenosi ne, si nce addi t i on of t hese compounds di d not af f ect neut r ophi l

f unct i on . Adenosi ne di d not si gni f i cant l y af f ect ei t her aggr egat i on or l ysozyme

r el ease and onl y modest l y af f ect ed bet a- gl ucur oni dase r el ease by neut r ophi l s

st i mul at ed wi t h FMLP. These dat a i ndi cat e t hat adenosi ne ( at concent r at i ons

t hat ar e pr esent i n pl asma) act i ng vi a cel l sur f ace r ecept or s i s a speci f i c modul at or

of super oxi de ani on gener at i on by neut r ophi l s .

We wi sh t o t hank Dr . Hel en Kor chak f or her pat i ent advi ce, wi t hout whi ch t hi s wor k

coul d not have pr oceeded . We ar e i ndebt ed t o Ms . Joann Thompson and Mr . Roger
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