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SUMMARy 

The uptake and metabolism of [IJ'C]- or [3H]adeno~ine have been studied in 
suspensiom of washed platelets and in pletelet rich plasma. The appearance of radio. 
activity in the platelets and the formation of  radloactive adenosine metabolites have 
been esed to determine the uptake, Adenosine is transported into human blond plate- 
lets by two different systems: a l o w / ~  system (9.8 ~bl) which is competitively in- 
bibited by papaverine, and a b i g h / ~  system (9.4 raM) which is competitively inhibited 
by adenine, Adenosine transported via the low Ka, system is probably directly in- 
corporated into adenine n~leotides, while adenosine transported through the high 
K m system arrives unchanged inside the platelet and is then converted into inosine 
and hypoxanthine or incorporated into adenine nneleotides, 

INTRODUCtiON 

Several platelet functions, adenosine diphosphate- (ADP) induced aggregation 
in particular are inhibited by adenosine, This inhibition has been explained by: 
L Competition between adenosine arid ADP receptors [I]. 2. Competition for 
membrane adenosine tripbosph~te (ATP) which is needed for ADPolnduced aggrega- 
tion and also for adenosine transpolar [2]. 3. Stimulation of cyclic adenosine mono- 
phosphate (cyclic AMP) form ,gion by adenosine [3]. An increase in iutraceUular 
cyclic AMP levels is accompanied by inhibition of platelet agsregation [4]. 

The first explanation is not  likely, because adenosine monophasphate (AMP), 
which is structurally more related to ADP tLan adenusine, is not or is only a ~veak 
inhibitor [2, 5]. The second hypothesis w ~  questioned when it was shown that 
papaverlne, which inhibits adenosine uptake [6], simultaneously potentiated the 
inhibition of  ADP induced agsregation by adenosine [7]. It should be pointed out, 
~hough, that papaverine is a potent inhibitor of cyclic AMP-phosphodlesterase [3] 
thus elevating the cyclic AMP levels (see hypothesis 3). 

The inhibition at a certain level of cyclic AMP is more effective when adenosine 
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is used than when prostaglendin El, which is a ;horn powerful stimulator of the cyclic 
AMP producing enzyme adeny/leyclase, is used [3]. 

The precise mechanism of the inhibition of  ADP induced aggregation by 
adenosine has thus not yet been clarified entirely. I~,tailad information on the adeno- 
sine uptake and metabolism, in human platelets is lacking although this process has 
been studied more intensively in other cells [8-11 ]. The present paper reports on the 
kinetics of  transport of adenosine and its metabcdJsm in human blood platelets. 

MATERIALS AND METHODS. 

[2,8-SH]Adenoslne spec. act. 30 Ci/mmal was purchased from New England 
Nuclear Corp., Boston; [U-14C]adenosine spec. act. 500 Ci/mol was obtained from 
the Radiochemical Centre. Amersham. High voltage paper electrophorasls [12] of 
both radiochemicals showed that at least 92 and 95 ~ ,  respectively, of  the radio- 
activity was adenosine. The adenosine was therefore used without further purification. 
The adenosine was diluted with non-radioactive adenosine before use. Adenosine, 
inosine, adenine, papaverlne, 2-deoxy-v-glucose, p-hydroxymereuribeuzoate, iodo- 
acetamide, 2,4-d~nitrofluorobenzene, N-acetyl imidazole and ouabaln were obtained 
from Sigma Chemical Co., St. Louis; AT.°. ADP, inoslne monophosphate, AMP, 
hypoxenthine end ,9-mercaptoethauol were purchased from Boehrlugsr, Mannheim; 
phlorizin was from Fluke, Switzerland. 

Blood from donors, who had used no drugs, wa~ collected into ethylene- 
dJaminotetsa acetic acid, disodlum salt (EDTA) (I volume 0o027 M EDTA in 
0.12 M NaCI pH 7.4 to 9 volumes blood) or into ciztate (1 volume 0.11 M 
disodium citrate to 9 volumes blood) by venapunc4ure. After centrlfugatien (275 xg  
for 10miu at room temperature) the EDTA supernatant platelet rich plasma was 
washed twice with a buffer containing 0.103 M I~'aCI. 0.04 M NaH2PO~, 0.0047 M 
KH2PO~, 0.005 M glucose and 0.005 M EDTA. adjusted to pH 7.6 with 0.04 M 
NaOH according to Galntner et el. [13|. 5 mg ml - j  bovine albumin was added to 
prevent enzyme leakage from the platelet [14]. Tiffs buffer is referred to as Galntner- 
albumin buffer. Centrifugation during the washing procedure was carried out at 
1000 / g for I 0 min at 4 °C. No adenosine deaminase or adenosine kiuase activity was 
observed in the supernatant of the final suspension of platelets, washed as described 
above, after centrifugatlon: 1000 ×0 at room temperature for 10 rain. 

Citratcd platel~ rich plasm~ was used in exl~erlment~ in which platelets were 
separated from plasma by gcifiltratlon on a Sepharose 2 B (Phasmacia) column 
according to Tengen [I 5]. PJatelet n umbers were determined with the aid of a Coulter 
Counter. 

Adenosine uptake was measured mainly b,/means of two different techniques. 
( 1 ) High 1:oltage elec/rophore~l$, 1,0 nil of the washed pl~lelet suspension was 

prciacubatad for 5 min at 37 °C, 0.25 ml of~t radioactive adenosine solution was added 
end samples of 0.25 ml were transferred to an Eppendorf tube in an ice hath, after 
30 s and 2. 3 and 4 rain of incubation. The Eppendorf tube contained 0.5 ml of a cold 
mixture of  ] relume 0. I M EDTA and 9 volumes ethanol [16]. After thorough mixing 
the resulting mixtures were kept for at least 10 rain at 0 °C, after which the tube was 
centrifuged (9500 × 6' for 2 rain at room temperature) in an Eppendorf 3200 micro- 
centrifuge. A sample of 50/d of the supernatent v/as u~ed for high voltage electropho- 
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rests at 60 V cm" j for 1 h usin 8 a citrate buffer (pH 3.8) [17]. A solution containing 
eight purine compounds, ATI', ADP, IMP, AMP, hypoxanthine (Hyp), inosine, 
adenosine and adenine was used as markers. The different spots were visualized in 
ultraviolet light (259 urn), cut o~Jt and counted in a Packard model 3380 or model 2425 
liquid scintillation spectrometer with a sCintillation fluid consisting of  toluene, 2,5- 
diphenyloxazole (Pl~3, 8 g .  1-i) and 2,2-'p-pbenylen-bis-5.pheuyloxazole (POPOP, 
5,3 rag. l - t ) .  

A parallel electrophore:;is of the radioactive adenosine was carried out for 
each experiment to check the purity. The adenosine uptake was calculated from the 
increase in radioactivity of Hyp+inosine and the adenine nudeutides, luosine and 
hypoxanthine are not separated by the high voltage elactrophoresis. In a series of 
experiments the Hyp+inosine ~pot was cut out, eluted with distilled water, concen- 
trated in a nitrosett stream and ~olved in 0.1 ml water and subjected to electrophoresis 
in a 0.0~ M borate buffer (pH 9.0) for I h at 60 V cm- 1 [8]. In this buffer system 
hypoxanthine was separated from inosine. 

(2) Pellet t¢clmique. 1.0 ml of a platelct suspension was prcincabated for 5 re.in 
at 37 °C. 0.25 ml of a radioacti,/e adenosine solution was then added and samples of 
0.25 ml were tt~msferred to individual Eppendorf tubes after 30 s and 2, 3 and 4 min 
of incubation. The tubes contained 0.25 ml ice cold Galntner-albumin buffer, and the 
mixtures were centrifuged immediately in an Eppendorf 3200 microcentrifuge (9500 × 
g for 30 s at room temperature). The supernatant was discarded and the tube interior 
was rinsed twice with ice cold Gaintner-albumiu buffer. The tube wall was then wiped 
with a cottonwoni tipped stick and the pellet was solubilized in 0.25 ml 0.5 ~ Triton 
X-100 in saline by freezing and thawing twice. 0.l ml portions from this mixture were 
used for liquid sciuti|lutlur~ counting. The scintillation fluid contained 100 g naphtha- 
lene and 5 8 PPO per liter of di,3xane. 50 pl of each incubation mixture was counted 
directly in order to determine the specific radioactivity of the particular adenosine 
solution usual 

The adenosine uptake in l~latelet rich plasma was measured by a rapid separation 
technique described by Karpatklu [18]. 0.75 ml of a mixture 0f9.6 ml dibutylphtaiate/ 
0.4 ml Apiezon A was pipetted into each of four Eppendorf tubes. 0.45 nO platelet 
rich plasma was layered carefully on this mixture and after a preineubation for 5 rain 
at 37 °C 0.05 ml radioactive adenosine solution was added to the tubes° After respec- 
tively 90, 60, 30 and 10 s incubation the tubes were centrifuged in an Eppeadorf 3200 
microcentrifuge (9500×g for ~.Os at room temperature). The supernatants were 
discarded and the tube walls were wiped twice with a cottouwoul tipped stick. The 
pellet was solubillzed in 0.5 ~ Triton X-100 in saline by freezing and thawing twice. 
From this suspension 0.1 ml w ~  used for the determin~tlon of the radioactivity as 
outlined above. The adenosine uptake was expressed as pmol/min/109 platelets and 
calculated as initial rate from the linear part of the time course by taking points duff ng 
the first 4 rain (see results time ~ourse). 

RESULTS 

Time seqtwnce and validity o f  the hiOY voltage eleetrophoresis and pellet technique 
The study of adenosine ~ptake ,:,as hampered by the observation that radio- 

active hypoxanthine and/or i~tosine and f, slnall ar~ount of adenine nuclcotides 
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Fie. l .  MoLcbolism of adcrtosine at 60 I~M. The pellet as well = the supcrna(ant of  a s u s l ~ o n  of  
w.~he~l plat~|¢ls (9. ] • I 0 s m! )-  I incubate] accordin$ to ~¢ pellet t~hniq l~,  were s , b j ~  to E DTA 
eth~,'tol extf=ctJon ~Jtd high voltage ele~lropJwres|$. 0 - 0 ,  adetdlte ,uokotJdes Jn pellet; l']--r~, 
hypoxa~nhin¢ and inosine in pellet; ~ - , %  adenosing in p¢1101; 0 - 0 ,  adenine nu¢lcotid~ if'. super- 
natant; II.-II, hypoxanthJn# and ip.osJne iN supegrlataRt. 

appeared in the supernataot after fast separation of the platelets from the medium by 
centrlfugatlon at 9500× 0 (Fig. I). 

These metabolites were derived from intracellnias conversion because no 
significant adenosine deaminase or adenosine klnase activity was observed in the 
supernatant (see Methods). Neglecting these metabolites would therefore lead to 
underestimation of the actual transport velocities. No free adenosine accumulated in 
the platelet pellet in the micromolar range. It was therefore passible to measure the 
transport velocity by carrying out high voltage eleetrophorasis of ethanol/EDTA 
extracts of the platelet suspension at the different time points after the addition of 
radioactive adenosine. The different radioactive motabolites wore added and converted 
into pmol by comparison with a known amount of adenosine. Initial velocities were 
computed by drawing a llne through time points obtained at 30 s and 2, 3 and 4 mln 
incubation. This was justified by the linearity of the uptake during the first minutes 
(Fig. 2a). Fig. 2b shows that the uptake is lower when measured with the pellet 
technique. The differences in uptake measured by the high voltage eleetrophorasis 
and the pellet tedmique at 60/tM were in general not as large as in Fig. 2 (see also 
Fig. s). 

The situation at high adenosine concentrations is different. Free adenosine 
accumulates inside the platelet and the contribution ofextracefiular Hyp-+-inosine and 
adenine nucleetides was relatively unimportant (Figs. 3a and b).This made it possible 
to use :.he pellet technique in the milfimolar range.The uptake was linear with time 
during the first 4 rain (Fig. 4). The leakage of the metabolites from the pletelets was 
~tken into account in experiments in which, more detailed information about the 
kinetic parameters was sought, by adding the metabolites found by high voltage 
eleetrophoresJs of the ~upernatant. The difference was not verylerge however (Fig. 5). 

Some attention was given to the question of whethar a bacldlew of transported 
but not metabolized adenosine might lead to under estimation of the transport velocity 
and even to a pseudo saturation-~urve for the concentration dependence at high 
adenosine levels. The latter possibility seems unlikely because of the linearity of tl',e 
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Incui~l~i t~ne fmln) 
Fill. 2, T;me d~pendcn~ of adonosinc upta~ Jn Ihe mic romo l~  ~'ange, Comparison between the up- 
take of adeno:;ine in a suspension of washed plalelets when studied by (a) the high voltage ¢l~tgo- 
phor~Js te~hitiqt~ (open symbols) afld (b) the pellet tochniqu¢ (closed symbols) at 1.5 pM. (0 -O 
and Ill-Ill) arid at 60/~M ~ - ~  and H ) ,  

uptake vs, time curves (Fig. 4). TJ,e problem was taclded in an experiment in which 
5 mM radioactive adenosine was added to platelets. The radioactive platelet suspen- 
sion was then diluted in 5 volunm of the buffer solution containing 5 mM "cold" 
adenosine. The aceumulatcd radio~'tivity lit the pellet showed no difference over the 
following 5 rain and remained stable at the level already obtained after 3 rain. 
(goseltl not shown.) 

Coneentra#on depende~e of  the adenositw uptake 
a, Mlcromo/ar range. The rate of  adenosine uptake seemed to be linearly 

related to the adenosine concert*ration above 30~M, whereas, a steeper slope was 
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Fig. 3. Time dependence and metabolism of adenosine transport at 5 raM. For ~ h m l  UWd ~ee 
Fig. I. The amount of free adenmine in the pellet was cosrecf~ for trapped adenosine ~,.~th the help 
ofpuallel expuimen~ with |~'CJinufin. PJatekts st~'nded in Gnintncr-~dbumin (1.6. |091ml). The 
uplahe osperJrnents do not eo through the origin becatme of the time delay invoiced in rJnslng the 
pellet. (at ~-f_7, hypoxanthine and inoslne in the pellet; O-O, adenine nucleml0es in pellet; A_.~, 
adenosine in pellet, (b) al--~, hypoxsnthine and inosine In, supernatant; 0 - 4 L  adcmne ntecl~otld~s in 
sw~cr~atan¢, 

obtained at lower concentrations (Fig, 6). Them appeared to he two components: 
a rectilinear and a carvilinear part, Subtraction of  the rectilinear part was performed 
by drawing a line through the origin parallel to the observed rectilinear part of the 
,ptake curve. A curvilinear part remained which conformed to a Mkhaelis-Menten 
curve. This allowed replotfing of the remaining data in an Eadie Hofstee plot and 
a K m value of 9.8-4-1.6 (S.E.) pM and a V o f  797.6d:79°5 (S.E.) pmol" rain " t .  10 "9 
platelets was calculated out of  6 experJmfnts (Fig. 6). This transpert sy~em is further 
referred to as the low K m system. 

bo MII/imo/ar range. The rectilinear part of  the concentration dependen~ curve 
of  the adenosine uptake was further studied by using adenosine concentrations in the 
milfimolar range, A re~'tangular hyperbola was obtained which converted to a atraisbt 
line in an Eedle Hofs~e plot (Fig. 5), AKm of 9.4±].4 (S,E,) mM and ~t V of  IIM,5 
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Fig. 4. Time depertdence ofadeno$ioc uptake in the millirrtolar ranlge. Adenosine uptak= in the milli- 
mo]zr raxll;e as measured by the pellet technique: Q-J3, | raM; O-~t ,  5 raM; A . A  ~.0 raM. 

~3o gYe~nte~s 

~ . ~  

FJS. 5. CoJlcclltratloN dependoll~ o f  adeno~bltO tlpt~ko in the i 1 ~ l a f  r~0tlle. • -  • ,  pellet technique: 
Q-C], pello| te~hnlqtm inv~tigated with bish voltaic ¢l~troplu~rcs:s, A suspension of  w ts~d  
platclc4s in Gaiatner-~lbumin w~ts used, Imtet, Eadie Hofstce plot of ~he ~ve~. A typical experi- 
ment Is shown, 

-;-14,7 (S,E,) nmol • mln "1" 10 -9 platelets were calculated, This tra~.lsport system is 
further referred to as the high K m system. 

In/dbldon by papaoedn¢ and adenine of the adenoalne upta':e 
The low K~ system was almost completely inhibited by papaverin¢ at a concert- 
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Fig. 6, Concentration dependence of ~ten~i=m uptake in the micromolar range, 0 - 0 ,  total adeno- 
sine taken up, O-O, adenosjn© Pransportcd after sublra~ion of the reclJJJnear part. Inset, E~di© 
Hofsl~ plot of the 0 - 0  curve. The high vo!lage eJectrophor~Js tefhniqne was used. A typiea! ex .  
perlment is given. 

tration of 100 pM (Fig. 7). The effect of this concentration on the high Km system was 
negligible./'.t 5 mM adenosine a slight inhibition was obtained with concentrations 
of 100 pM papaverine and above, The mode of  inhibition of the low Km system was 
further investigated, Papaverlne acted as a comlJetitive inhibitor of the tow K,. system 
with a Kf of  26.6-t-4,0 (S.E.) pM (n = 3). 

The high Km system in the mlcromolar range was completely inhibited by 50 
pM adenine (Fig. 7). The possibility t l~t  this was due to an inhibition of adenosine 

12~O, 

" ~ o ~ o  3o 4o---~ 6o--~o'---~ 
~ c . M , 3  

Fig, 7, lnlluen¢~ Of" adenine and pal~verine on Ihe u ~ k ¢  o ¢ adenosine Jn tl~ mtcromo~r ran~, 
G-O, adenosine uplakc in • suspension of waebed p]alclcts was measured by the h i~  volm~ 
¢~trophoresis technique. Z~-~, upt=ke in the presenr.~ of ~,0/zM adenine; IIFa, uptake I~ the 
pre~ence of 100/zM pap~vedne (final co~'.~nlr~lon), 
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Fig• 8. Comparison of the uptake of adenosine in the micromolar range as measured with the high 
vollase ¢leetrophor~is ~..eh niqne and the pellet te~hdique. O-O. high voltaire ¢leetrophorcsis lath. 
nique of stmpension of washed platelets; Q--CI, peJlet tachr~ique of same suspension; 0 - 0 .  high 
.iol~tge ¢l~trophorc~s te~hmqu~ after subtraction of rectilit~ear part; 1-41, pellet technique after 
subtraction of regCllineitr part. Inset, Lirteweaver Burk plot of the low £m system. No differences in 
KM and only some dJfferer~ i~t V values were observed. 

metabolism after transport was excluded in experiments in which adenine and labelled 
adenosine were added to platelet lysate. No inhibition ofadenasine kinase or adenosine 
deaminase activity was observed (results not shown). 

The eharac'ter of the adenine inhibition of transport was investigated in the 
millimolar range by means of the pellet technique. This was justified because the 
differences found between the high voltage eleetrophoresis technique and the pelle~ 
technique for the high K ,  system in the mieromohr range were of much less impor- 
tance in the millimolar range (Fig. 5). A competitive type of inhibition by adenine 
was observed with ~ Kw value of 5.84-2.9 (S.E.) pM in the three experiments per- 
formed (Fig. 7)° 

Inhibition by metabolic inhibitors 
The glyeolytic inhibitor 2-deoxy-D-glucase (7 rnM and IO rain preinenhation) 

and the oxidative phasphorylation inhibitor antimy~in A (250 ~g/ml, no preirtcaba- 
~ion) inhibited the uptake through the low K~ system (Fig. 9a) in a non competitive 
way. The high K,n system was inhibited in a similar way (Fig. 9b). 

lntran¢llular metabolism of  adenosine 
(a) Mleromolar range. The amount of  adenosine incorporated into Hyp+  

inosiue increased nearly linearly with the a~anasiue concentrations be t~en  0 and 
80 pM (Fig. I0~), 

Hypoxanthiue and inosine are not ~,parated by the high voltage et~tropho- 
rests procedure. In a series of experiments (not shown) we detected, that 80 % of the 
Hyp+ino~ine spot was hypoxanthine. "+his distribution was found, both in the 
micromolas and the milllmolar range. The relative proportion of  hypoxantbine in- 
creased slightly with time. 
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Fi~ 9. Influ~rtt~ of 2 deoxy-v.glueose and Ant|mycbl A, Washed platelet~ were i~t~lt4mded in 
G~nmer.albumln buffer and ~reinetlbat~d wilh 7 mM 2.-d,mxy.l~.glucow for 10 rain..tmlinlycin A 
was thea uddud to a fln,~i concentration of 250 nfJml and adenosine tranSpOrt stodied, tit) Uptake 
in Ike mlcromo[~ ranlge, stadied with hJlglt voltal~ clectropholr~is le.cJiniqne. Opt'n ~ymbol~t live 
control values. (b) Uptake in the millimolar range studied wlth pellet technique, ~losed ~ymhels sire 
control, 

The h~corporation of  ~Jenosine into ~dcnlne nu¢Icotides followed a satur,,bic 
Michaells-Menten llke curve (Fig. 10b), Comparison of  the curies nbtaincd by sub- 
traction of the high g m system and the incorporation into aderd~., nuclcotlde~ show.Ji 
that the incorporation into adenine nuclcotJdes corresponded to the low K,. system, 
whereas the incorporation into Hyp+inosin¢ was responeJble for the linear part of fne 
curve (FiSs. 10a and b). Adenine had a negli#ble effect on the incorporation of 
adenosine into adenine nucleetide$ whereas, it inhibited strongly the appearance of 
Hyp+inoslne as metabolites. Papaverine, 100 #M, strongly decrea~.d the incorpora- 
tion of adenosine in the adenine nuclcotide but had also some effect on the incorpora- 
tion in Hyp+inoslne, 

(b) Mtllimolar range. The ~ te  of  adenosine taken up at bil~h adenosine con- 
centrations could not he completely followed by the high voltaf, e ekctropharesis 
tc~hniqne because a consi&~rable part~ of adenosine taken up w ~  present as free 
adenosine (Fig. 3a). The dater obtained v,,ith high voltage electrophoresi~ of  the pellet 
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Fig. 10, Metahellun of adenosine in the micromolar range, Waehed platelets suspended in Galmner- 
albumin (a) depicts incorporation into hypexanthine and inosine, (b) shows the incorporation into 
ad~ninc nuckotid~, O-O ~ 0 - 0 ,  control; Q--CJ and E-II, uptake in the presence of X00pM 
pitptverine; Z~ ~ and A - A ,  uptake in the prc~nce of 50 pM adcnJJl¢o 

and supernatant showed that there was not only Hyp+iflosine formation as with the 
high Km system in the mi~ronmlar range but also a considerable adenine nueleotJde 
formation at 5 mM (Fig. 3b). 

Influence of pi.l, temperature, p/atelet eoncentration and suspending medium 
Investigation of the various experimental conditions with the high volta|ge 

©lectrophorcsis techeique was not feasible because of  the time-consuming nature of 
the technique, The pellet technique was therefore also used at low adenosine concen- 
trations (I-100 pM), Separate experiments had shown that the K,, for both techni- 
ques was the ~ama but that the V found for the pellet technique was lower than the V 
found for Ore hiigh voltage ele~qrophor~is tr~hnique (Fig, S). At  5 pM which w ~  
chosen in mamy experiments as the "low" adenosiue concentration the difference in 
uptake was ~egligible, 
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The influence of the pH was studied with the pellet technique. The platelets 
were resuspeaded after twice washing in isotonic Gaintner-albumin buffers of different 
pH values. Optima were found at pH 7.5 both at 5 taM 0ow K= system) and at 5 mM 
(high Km system). The curves had a symmetrical form. 

Qlo values were obtalued from Arrhenios plots at 5 taM and 5 mM with the 
pellet technique. The Qlo at 5taM : 1.77:k0A4 (S.E.M), was significantly different 
from the Q,o at 5 mM : 1.31&0.05 (S.E.M.); (Student's t test 0.005 < P < 0.001). 

The rate of uptake varied linearly with the #atelct number. Storage of a washed 
platelet suspension made no d;fferenee between i and 4 h after blood collection. 
Contaminating red blood cells (in general 0.5 %-I % of the platelet number) only had 
influence when the percentage rose above 10 %. 

No difference in uptake kinetics was observed between platelet rich plasma 
and washed platelets (studied with rapid separation according to Karpatkln [18]) 
and between gel filtered platelcts and centrifuged platelets. The uptake in Tris- 
buffered saline with or without glucose added was the same as in Gaintner-albumin 
buffer. EDTA as an anti~oagniant had no obse=¢able influence as may he concluded 
from the experiments with gel filtered platelcts in which citrate was used as anti- 
congulant. 

lnfluo.nce of different agents 
A number of  substance~t with an effect on cell metabolism and #ueose ~raosport 

were studied (Table I). No powerful effect of any of these substaness was observed. 
Pros~glandin Et (10 taM), which has a definite inhibitory effect on adenine; uptake 
[19] had no influence. Addition of  ADP (25 taM) with stirring had no effect, again in 
contradiction with the uptake of adenine where ADP produces an increase in V and 
K. p9]. 

TABLE I 

INFLUENCE OF DIFFERENT METABOLIC INHIBITOR$ 
Mean per~nfage of ¢OniroJ ~S.E.M. 

I*M 100/*M 

Mereaptoelhanol !mM 105.~:~14.7 98.4:.J: 0.2 
p-CMoromereu rllmnzoate IO/~M 6S.7~ t6.9 gl ,2~ 2.6 
ledo~w.etanlid¢ ~ mM 7~,O:V. 9.2 84.0-.]= 9.9 
2,~dinitrolluornbenzen¢ 240/~M ~0.3~ 8.1 109.0 ~20.9 
FhJorizin 200/*M ~9,6 ~= 6.5 105.7~ IS.5 
N-acely|.JmJclazole If#filM 96.3:~ 17.1 79.4~ 7.5 
Ouabain 100/LM 86.5~: 10.J 70,| :h 15.9 

DISC U$SIOI~I 

The mechanism of the adenosine trausport between 0 and 80 taM adenosine 
is similar to that de~6hed for red cell ghosts [9], rabbit polymorpbonudear leuko- 
cyles [10] and guinea pig red Mood ceils [I I ]. The mfclmnism of uptake in the~ ceils 
was ¢onsldered to be a mixture of fauillta~ed diffusion responsible for the initial 
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carvilinear part and simple diffusion responsible for the re~iliuear part at higher 
ade.~osine c~)]~centration. Our results are not in agreement with the hypothesis that 
the rectilinear part is due to simple diffusion. We studied adenosine transport also at 
concentration~ that were much higher than those utilized in the fore mentioned in- 
vestigations, In this "miliimolar range" we found a saturable Michaelis-Mente~ 
like carve suggesting a carrier mediated transport mechanism. 

The Kr, and V value observed are probably rather rough estimates because we 
were working at the solubility limit for adenosine (approx. g g ,  I- t). 

& stror~g argument in favour of a tattler-mediated high Km transport system is 
the powerful competitive inhibition of the uptake by adenine with a Kj va~ue of 
5.8 pM which suggest~ a very high affinity for the receptor. An alternative e:~pl~nmion 
for the adenine inhibition of adenosine uptake at high adenosine concentrations 
should be cortsidered, the possibility that adenine inhibits directly the intracellular 
metabolism o~" adenosine. The decreased trapping of adenosine, either by adenosine 
kinase or adeaosine deamlnase might then lead to a stronger leaking of transported 
adenosine fwm the platelet. This seemed unlikely in view of the observations on 
adenosine tr~.osport and hecktlow in the millimolar range (see Results). A direct 
influence of adenine on intrneellniar metabolism w~ moreover excluded in an experi- 
ment in whicJt we added adenine (200 pM) together with 2 mM [t4C]adenosiue to a 
platelat lysate, No influence on the formation of Hyp +inosiue or adenine nucleotides 
was demonstrated (results not shown), 

lkcau!~e of the powerful inhibition by adenine one could wo]tder whether the 
high Km system would not he identical to the adenine uptake system that we descried 
previously [l!~]. There are several observations about this adenine transport system, 
however, tbal are in conflict w~.th this idea: the K,n for adenine is 10-tlmes lower than 
the Kj for adiniue inhibition of adenosine uptake and the K: for adenosine (100 pM, 
ref. 19) inhibition of adeniue uptake was It]O-times lower than the K~ that we fount[ 
for the high/,'~ system. Moreover, suggestive evidence for the close relation between 
the transport of adenine and adenine pbospharibasyl transfcrase (EC 2.4,2,7) [19, 20] 
makes ndeno~;ine transport by this system less likely. That the adenosine high ~:m 
uptake systenl is no:, the same as the adenine uptake system is also supported by 
several other observations, The Q~o value for the adenosine transport through t~te 
high Km system (1.31) is mne~t lower then that previously observed for the adeniae 
uptake system (2, 53, re~'. 19). Furthermore, prosta$iandin Et and ADP which influ- 
ence the adenine uptake system, have no effect on the high Km system for adenoslr~e. 

The ac'ennsine transported by way of the high K., system arrives unchanged 
inside 1he pie1 alet. This appears from the presence of free adenosine inside the plate!at 
at higl~, eatr~:ellniar adenosine concentrations (Fig. 3a). At a lower concentration 
(Fig, I) neaf~y all adenosine i~ immediately converted to inosiue and hypoxanthine 
through the action of adenosine deaminase (EC 3.5.4.4.) and purina nneleoside 
phosphorylas~ (EC 2.4.2.1.). ~ardiy any adenosine transported through the high K,. 
system is con'verted into adenine nnctcotides at concentrations between 0 and 80 pM 
adenosine. This can he derived from the identity between the linear part of the concen- 
tration depcr~denee curve and the amount of hypoxanthine+inosiue formed. It is 
confirmed by the obsert'ation that adenine, a powerful inhibitor of the hlgh K~ system 
has hardly ~,lty effect o~ the incorporation of adenosine into naclcotides (Fig. lOb). 
The dlserep~tlcy between the appearunce of hypoannthine and inosine at low and high 
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adenosine concentrations is easily explained by the substratc inhibit,~ry property ()f 
adenosine deaminase [8, 24]. This explains also why the pellet method can be used in 
the milllmolar range for the high Km system, wbereas it reflects only parts of the low 
and high It" m system in the mlcromohLr range (Fig. ~). The proposed relation of tl':e 
two carrier mechanisms and the subsequent metab~;lism is summarized in Fig. I I. 

The low K,~ system is identical to the one described, by Rozenberg and Holmsen 
[2]. It is of relatively major importance at low adenosioe concentrations but nearly 
20 ~o is already transported through the high K= system at 5/~M adenosine. The 
adenosine transported through the low Km system is protected in some way again~it 
degradation by adenosine deaminase. Several explanations may be ,3ffered for this 
phenomenon. It has been proposed that the relative Km values of adenosine dcamina~e 
and adenosine kinase in the erythrocyte and the adenosine concentration determine 
whether the adenosine will be deaminated or phosphorylated [8]. This suggestion 
is not helpful for the explanation of adenosine met,~bolism in the human platelet. 
it does not explain why adenine blocks hypoxanthine formation concomitantly with 
transport through the high K m system and why adenine nucle(,tlde formation at low 
adenosine concentration is decreased when the low K= system is inhibited by papavet- 
ine. Adenosine is degraded after transport in rat heart by adenosine deaminase [21~, 
whereas, it is incorporated into adenin~ nuulentides in rabbit and cat heart [22, 23]. 
Rubio [25] postulated that adenosine kinase should be closely linked to the Idasm:x 
membrane in the latter species. Some support for this hypothesis w~Ls found by de 
Jong and Kalkman [26]. They found that nearly all adenosine kinase was present in 
the cytosol of rat myocardinm, whereas about 5 ~ was present, in a 105 (O0xg 
precipitate of other hearts (cat, rabbit and guinea pi~,). A simple spatial association 
of adenosine kine.se with platelet membranes as observed by Holmsen at al. [27], is 
insufficient to explain why adenosine transported through the low Km system is con- 
verted into adenine nacleotides only and adenosine transported through the high Km 
system is preferentially degra~d by adenosine deaminase. A close association of the 
low K m carrier system with adenosine kinase shonld than be postulated. Phosphoryhi- 
tion nmy even be an integral p~rt of the nucleosid~ transport as in baclerial transport 
involving group transloeatlons [28]. A series of objections, mainly b~u, ed on d~ffer- 
ences in kinetics and reaction to inhibitors b:tween phosphorylation and transport, 



have been raised against the idea o f  group translocation in mammals [29]. 
Moreover absence of  transport  in the prerence o f  normal  phosph~rylafing 

enzymes was used as an  argument against group translocatlon. Many o f  these 
objections may be perhaps less strong than they appear.  Other steps t ban pho~phoryla- 
tion may be rate limiting in a chain o f  procesres, thus explaining the abnormal  kinetic 
behaviour [30] and  a membrane receptor, other than the phosphorylating enzyme 
may play an  essential role. Indirect, but  strong evidence in favour o f  the e~stence 
o f  group translocation in mammals was recently obtained by de Bruyn [31 ]. He dis- 
covered that erythrocytes o f  patients with the Leseh-Nyhan syndrome who an.* lacking 
hypoxanthine-gnanine phosphoribosyltransferase (EC 2.4.2.8.) miss the low Kr~ 
transport  system for hypoxanthine. 

Our data  are not  in agreement with the observations of  Haslam and Rosson 
[32]. These investigators found a maximal uptake at  10 # M  adenosine which then 
decreased to a minimum of  45 % of  this maximum at  l i d  p M  and which then in- 
creased gradually at higher concentrations. The ditTet~'nce may be due to the techni- 
que used (double labelling experiments with [t4C]inuline a marker  for t~apping) 
which made it difficult to obtain exact da ta  on  the uptake rate at  low concentrations, 

Our results are also at  variance with those o f  Jenkins et al. [33] who found 
little inhibition by adenine (2.5 • 10 - 4  M)  and stronger inhibition by inosine (2.5 • 
10 - 4  M). This  may also be explained by technical differences, The  authors ttre~ one 
concentration o f  adenosine and experimental conditions at  which only the low K m 
system would be assayed. We found no effect o f  adenine on the low Km system and 
a relatively weak competitive inhibition by inosine (unpublished). 
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