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Abstract-The activities of an endogenous nucleoside, 5’-deoxy-5’-methylthioadenosine (MTA), on 
adenosine sensitive sites such as adenosine A, and A1 receptors and the P-site, as well as on purine 
nudeoside transport, have been studied. This nucieoside competitively antagonized the Az receptor- 
mediated stimulation of neuroblastoma adenyiate cyclase, produced a GTP-dependent and 8-p- 
sulfophenyltheophylline-sensitive inhibition of adenylate cyclase activity in rat cerebellar membranes, 
and decreased the spontaneous contractile activity of isolated segments of rabbit jejunum. MTA was 
neither active at the P-site nor did it diminish the binding of [3H]nitrobenzylthioinosine, a nucleoside 
transport inhibitor. We conclude that (a) MTA is an agonist at the adenosine A, receptor but an 
antagonist at the A2 receptor, and (b) the adenosine receptor which causes relaxation of rabbit jejunum 
is not a neuroblastoma-type A2 receptor which activates adenylate cyclase. 

The existence of two types of adenosine receptors, 
Al and AZ, has been well documented [l]. Both 
receptor types are linked to the enzyme adenylate 
cyclase. The Ai receptor, which is found in brain 
[2,33, fat [4] and heart_ [S], mediates inhibition of 
adenylate cyciase activity. The A2 receptor, on the 
other hand, stimulates the enzymic activity and is 
present in fibroblasts [6], liver [7], platelets [8] and 
striatum [9]. The Al and A2 receptors may be dif- 
ferentiated further on the basis of agonist potency 
orders; most adenosine agonists have higher affinity 
at A, than A, receptors. Furthermore, the rank 
order potency of adenosine agonists at A, receptors 
(R-phenylisopropyladenosine > adenosine > N- 
ethylcarboxamidoadenosine) is opposite to that at an 
A2 receptor. Methylxanthines, such as theophylline 
and caffeine, are antagonists at both adenosine A, 
and A2 receptors. Besides methylxanthines, the 
nucleoside derivative S’-deoxy-S’-methylthio- 
adenosine (MTA§) has been reported to be a com- 
petitive antagonist of A1 receptors in human fibro- 
blasts [6]. While examining the structure-activity 
relationship of adenosine analogs to produce smooth 
muscle relaxation [lo], we noted what appeared to 
be agonist activity of MTA on the smooth muscle of 
rabbits, i.e. MTA decreased spontaneous contractile 
activity. The results of the present study indicate that 
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MTA is an agonist of Al receptors of rat cerebellum 
but an antagonist of AZ receptors on neuroblastoma 
cells. The adenosine receptors of rabbit jejunum 
differed from both of these well characterized recep- 
tor subtypes. 

MATERIALS AND METHODS 

Preparation of neuroblastoma cell membranes. 
Mouse neuro 2a neuroblastoma cells grown in sus- 
pension culture were homogenized in 10~01. of a 
buffer containing 0.25 M sucrose, 10 mM Tris. I-ICI 
(pH 7.5) and 1 mM MgC12 using a Potter-Elvehjem 
homogenizer with a teflon pestle. The homogenate 
was centrifuged at 10,OOOg for 20 min at 2”. The 
pellet was washed three times, resuspended in the 
same buffer, and stored frozen in liquid nitrogen. 

Freparation of rat cerebellar membranes. Cer- 
ebellar membranes were prepared as described 
earlier for the whole brain [ll]. Briefly, dissected 
cerebellar tissue was homogenized in 8~01. of a 
buffer containing 0.25 M sucrose, 1 mM dithio- 
threitol and 50 mM Tris.HCl (pH 7.4). The homo- 
genate was centrifuged at 15OOg for 20 min (2”). The 
pellet was discarded, and the supematant fraction 
was recentrifuged at 15,000 g for 15 min. The pellet 
was washed twice in the incubation buffer (50mM 
Tris . HCl and 1 mM dithiothreitol), redispersed in 
the same buffer, and stored frozen under liquid 
nitrogen. Protein was determined by the method of 
Lowry et al. [12]. 

Assay of a~enylate q&se activity. Adenylate 
cyclase from neuroblastoma cell membranes was 
measured by the method of Baer 1131. The reaction 
mixture, containing 0.1 mM [(u-32P]ATP, SO mM 
Tris.HCl (pH 7.5), 5 mM MgCl,, 1 mM cyclic AMP, 
20 mM creatine phosphate, 0.2 mg/ml creatine 
phosphokinase, 0.04% bovine serum albumin, and 
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16-20 pg neuroblastoma membrane protein in a total 
volume of 50 ~1, was incubated at 37” for 20 min. Rat 
cerebellar membrane adenylate cyclase was 
measured in the same manner but using [ac3*P]2- 

deoxyATP as the substrate [14]. The reaction mix- 
ture containing 0.1 mM [cu-32P]2-deoxyATP, 50 mM 
Tris.HCl (pH 7.5), 2 mM MgCl:, 1 mM 3’,5’-cyclic 
2-deoxyAMP, 10 mM creatine phosphate, 72 units/ 
ml creatine phosphokinase, 10 PM GTP, 5 units/ml 
adenosine deaminase, 0.04% bovine serum albumin, 
and 10-3Opg membrane protein, in a total volume 
of 50 ~1, was incubated at 20” for 20 min. 

Materials. Carrier-free NaiZ51 (2000 Ci/mmol) was 
obtained from the Edmonton Radiopharmaceutical 
Center, University of Alberta, Edmonton, Canada; 
[(u-32P]ATP and [Lu-32P]2-deoxyATP (each 25 Ci/ 
mmol) were from ICN, Irvine, CA, USA. Adenosine 
deaminase (Type III), creatine phosphokinase, 
dithiothreitol, 5’-deoxy-5’-methylthioadenosine and 
bovine serum albumin were purchased from the 
Sigma Chemical Co., St. Louis, MO, U.S.A. NECA, 
GTP, creatine phosphate, cyclic AMP and 3’,5’- 
cyclic 2-deoxy-AMP were purchased from Boehrin- 
ger Mannheim, Mannheim, F.R.G., and 8-PST was 
from RBI Chemicals, Natick, MA, U.S.A. N6-R-[3-( 125Z)Zodo-4-hydroxy]phenylisopropy/- 

adenosine [R-( 125Z)HPIA] binding to rat cerebellar 
membranes. R-( 1251)HPIA was synthesized and used 
in binding assays as described earlier [ll]. Briefly, 
R-(lz51)HPIA (1.2nM) was incubated with 5Opg 
cerebellar membrane protein in buffer containing 
50 mM Tris . HCl (pH 7.4) and 2 mM MgCl, in a 
total volume of 200 ~1 at 30” for 2 hr, and the bound 
and free radioligand were separated by vacuum fil- 
tration through pre-wetted and pre-cooled GF/B 
glass fiber filters. The filter papers were washed twice 
with 5 ml of ice-cold buffer, dried, and counted in a 
Beckman gamma-counter with a counting efficiency 
of 73%. 

Contractility studies with rabbit small intestine. Por- 
tions of the small intestine (jejunum, 2-cm lengths) 
were excised as described earlier [lo] and mounted 
longitudinally in lo-ml organ baths under an initial 
tension of lg. Isometric force was measured by 
means of Grass FTO3C force transducers. Following 
a 30- to 60-min stabilization period, increasing con- 
centrations of the nucleoside were added to the 
baths. The tissues were washed between successive 
doses of nucleoside. Concentration-response curves 
for the nucleoside were generated in paired strips in 
the absence and presence of 100pM 8PST which 
was added 15 min before nucleoside additions. 

To measure the antagonistic effect of MTA on 
A2 adenosine receptors, we studied neuroblastoma 
membrane adenylate cyclase preparations. NECA 
increased adenylate cyclase activity from a basal level 
of 8.5-lOpmol/mg/min by 134% (Fig. l), with an 
ECzO of 0.5 PM (0.14-1.4, 95% confidence limits, 
N = 4). By contrast, MTA did not affect the basal 
enzyme activity up to a concentration of 100,uM. 
However, at that concentration, MTA shifted the 
concentration-response curve for NECA to the 
right, in a competitive fashion, with an ECzo for 
NECA of 12.0 PM (1.3-112,95% confidence limits). 
These ECSO values were significantly different based 
on Student’s t-test (P < 0.05). The antagonist 
potency of MTA, calculated from the Schild [16] 
equation, was 4.4 PM. 

RESULTS 

[3H]Nitrobenzylthioinosine ([3H]NBMPR) bind- 
ing to rat cerebellar membranes. The binding of 
[3H]NBMPR was measured as described earlier [15]. 
Specific binding was calculated as the difference 
between total binding and the binding in the presence 
of 100pM unlabeled NBMPR (nonspecific 
component). 

Rat cerebellar membrane preparations were used 
to study the effect of MTA on A, adenosine recep- 
tors. In this preparation, MTA produced a dose- 
dependent inhibition of adenylate cyclase activity 
(1~~~ = 0.09 ,uM with 95% confidence limits of 0.021- 
0.43) but only in the presence of GTP (Fig. 2). This 
inhibitory effect of MTA on the cerebellar enzyme 
activity was competitively antagonized (IC,, = 
10.4 PM, 95% confidence limit of 3-42) by the adeno- 
sine receptor antagonist, 8-PST (100 PM). 

Data analysis. The antagonist potency (Kb was 
calculated from the Schild equation [16]: (A’ ) A) - 
1 = B/Kb, where A and A’ are the ECxo values for 
the agonist in the absence and presence, respectively, 
of a certain concentration, B, of the antagonist. 
K,, the inhibitory constant, was calculated from the 
equation provided by Cheng and Prusoff [17]: K, = 
~q,J(l + F/K,) where, IC~(, is the inhibitor con- 
centration for half-maximal inhibition, F is the free 
concentration of the radioligand, and Kd is the dis- 
sociation constant of the radioligand-receptor 
complex. The data from contractility experiments 
were analyzed as follows: semi-logarithmic con- 
centration-response curves for each individual strip 
were plotted and log ECSO values (with 95% con- 
fidence limits) were calculated. Values of log ECUS 
obtained in the absence and presence of 100 PM 8 
PST were compared by Student’s t-test for paired 
data, and the differences were considered significant 
when P < 0.05. 

- _ 

Materials and Methods. 

Fig. 1. Effect of NECA on adenylate cvclase activitv in 
neiroblastoma cell membranes. Effects of NECA were 
measured in the absence (W) and presence (Cl) of 100 PM 
MTA. Mean values of three different experiments are 
shown (SEM values were below 15%). For details, see 
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Fig. 2. Effect of MTA on the adenylate cyclase activity in 
rat cerebellar membranes. Adenylate cyclase activity was 
measured as described in Materials and Methods. Key: (0) 
MTA alone and in the presence (m) of 100 PM 8-PST. Each 
curve represents means from three different assays each 
performed in triplicate. The SEM values were below 12%. 

MTA also displaced the specific binding of R- 
(“‘I)HPIA to Ai receptors in cerebellar membranes 
(Fig. 3), with an affinity (Ki = 121 nM) approxi- 
mately 50-fold lower than that of R-PIA (Ki = 
2.4 nM). 

MTA and NECA decreased the spontaneous 
activity of isolated segments of rabbit jejunum. 
Although less potent than NECA (ECsa = 0.11 PM 
with 95% confidence limit of 0.06-0.21), MTA 
(ECsa = 110 ,nM with 95% confidence limit of 52-230) 
was a full agonist of the smooth muscle response, 
i.e. it produced 100% relaxation at the highest con- 
centration used (Fig. 4). This was unlike NECA 
which produced only 80% of the maximum relax- 
ation. Furthermore, the smooth muscle relaxant 
response to both NECA and MTA was antagonized 
by 8-PST (lOO,nM), and the ECsa values for both 
NECA and MTA, in the presence and absence of 8- 
PST, were significantly different (P < 0.05). 
However, the antagonist potency of g-PST versus 
the two agonists, NECA and MTA, was markedly 
different. 8-PST was approximately 26-fold more 
potent versus NECA (Kb = 3.7 ,uM) than versus 
MTA (Kb = 95.7 ,uM). 

The interaction of MTA with the nucleoside trans- 
porter was studied utilizing [ 3H]NBMPR binding to 
rat cerebellar membranes. Both dipyridamole and 

Log InhIbItor (Ml 

Fig. 3. Inhibition of the total binding of R-(‘r’I)HPIA to 
rat cerebellar membranes by MTA. The equilibrium bind- 
ing was measured as described in Materials and Methods. 
Values arc means of triplicate determinations (SEM vahies 

were below 6%). 
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Fig. 4. Effects of MTA and NECA on the spontaneous 
contractility of isolated small intestine from rabbit in the 
presence and absence of 100 PM 8-PST. Tissues were iso- 
lated and tested as described in Materials and Methods. 
The curves show NECA alone (W) and in the presence of 
8-PST (O), MTA alone (0) and in the presence of 8-PST 
(0). Each curve represents means t SEM of four different 

experiments. 

R-PIA displaced the bound radioligand, at a con- 
centration of 1OOpM. In contrast, MTA had only a 
marginal effect (Table 1) on [3H]NBMPR binding 
(8% inhibition at a concentration of 100 PM). 

DISCUSSION 

MTA has been shown to act as a competitive 
antagonist of adenosine A2 receptor stimulated 
adenylate cyclase activity in cultured intact VA13 
fibroblasts [6]. A similar effect of MTA on neuro- 
blastoma cell adenylate cyclase activity was demon- 
strated in this study. The potency of MTA as an 
antagonist of A2 receptors in neuroblastoma mem- 
branes (Kb = 4.4pM) was comparable (Kb = 
8.2pM) to that reported in VA13 fibroblasts [6], 
suggesting that the two receptors are the same. The 
binding of the adenosine A1 receptor agonist 
[3H]cyclohexyladenosine to guinea pig brain mem- 
branes had been reported to be displaced by MTA 
in a competitive fashion [18]. [3H]5’-N-Ethylcar- 
boxamidoadenosine, which binds to A1 and A2 
receptors in rat striatal membranes, is inhibited 

Table 1. Inhibition of specific [3H]nitrobenzylthioinosine 
binding to rat cerebellar membranes 

Inhibition of the 
Concn specific binding* 

Compound (PM) (%) 

Dipyridamole 10 83 
30 93 

100 100 
R-PIA 10 80 

100 100 
MTA 10 0.6 

100 8 

* Rat cerebellar membranes were incubated with 
[3H]NBMPR (90 PM) in the absence and presence of vari- 
ous inhibitors. Mean values from two experiments, each in 
duplicate, are given. 
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biphasically by MTA [Q]. Using a different ligand, 
R-( i2sI)HPIA [ 11,191, we have confirmed that MTA 
displaces adenosine Ai receptor selective ligands 
from brain membranes (Fig. 3). MTA had approxi- 
mately 50-fold lower affinity (Ki = 121 nM) than R- 
PIA (Kj = 2.4nM) for the Ai receptor in rat cer- 
ebeliar membranes. A similar difference in the affin- 
ity of the two agonists for Ai receptors has been 
demonstrated in guinea pig brain [18]. However, 
such binding studies with agonist radiotigands may 
not indicate whether a compound acts as an agonist 
or an antagonist. Our direct studies of the effect of 
MTA on adenylate cyclase indicate that the nucleo- 
side acts as an agonist of Ai receptors in rat cerebellar 
membranes (Fig. 2). The adenylate cyclase in cer- 
ebellum has been shown previously to respond to R- 
PIA in an inhibitory fashion [ZO]. The 1~~0 of R-PIA 
reported in this study was 50 nM and the response 
was competitively antagonized by isobutylmethyl- 
xanthine. In a similar membrane preparation from 
rat cerebellum, MTA inhibited the basal adenylate 
cyclase activity with an ICY* of 90 nM, and the MTA 
concentration-response curve shifted to the right in 
the presence of 8-PST (Fig. 2). This effect of MTA 
on adenosine receptors was selective inasmuch as 
the nucleoside did not interact with other adenosine 
sensitive sites. MTA did not inhibit the adenylate 
cyclase activity through the P-site (since GTP was 
required and the effect was antagonized by S-PST) 
nor did it antagonize the inhibition of adenylate 
cyclase activity induced by 2’,5’-dideoxyadenosine 
(a P-site agonist) in rat cerebellar membranes (data 
not shown). Similarly, MTA did not compete for the 
binding of [3H]NBMPR to cerebellar membranes 
(Table 1). 

Thus, MTA seems to be a nucleoside derivative 
that has opposing effects on adenylate cyclase 
coupled adenosine Ai and A2 receptors, It acts as 
an agonist of Ai receptors and an antagonist of Az 
receptors. It, therefore, became of interest to use 
this compound as a probe to examine whether the 
relaxant effects of the agonists of adenosine receptors 
in smooth muscle are mediated by adenylate cyclase 
stimulation since it has been shown that elevation 
of cyclic AMP in smooth muscle (such as by /?- 
adrenoceptor stimulation 1211 or by forskolin 1221) 
forms a signal for relaxation. MTA proved to be 

an agonist of adenosine-mediated smooth muscle 
relaxation in the rabbit jejunum. The weak agonist 
effect of MTA observed in jejunum could be a result 
of metabolism of the nucleoside under the conditions 
of incubation. However, since MTA did not bind 
~~H]NBMPR-binding sites in cerebellum (Table 1), 
we assume that MTA is probably not transported 
across the cells, unless there is an NBMPR-insen- 
sitive nucleoside transport in the jejunum. Fur- 
thermore, MTA was not subject to deamination by 
adenosine deaminase (unpublished data from this 
laboratory). 

Since MTA had an agonist effect in the jejunum 
but acted as an antagonist of adenylate cyclase stimu- 
lating A1 type receptors (Fig. l), the jejunal smooth 
muscle receptor is probably different from A2 recep- 
tors such as those in neuroblastoma cells. Further- 
more, based on these data, it is difficult to support 
the hypothesis that adenylate cyclase stimulation 
and, therefore, cyclic AMP formation mediate the 
smooth muscle relaxant effects of adenosine and 
reiated nucleosides, unless a different type of recep- 
tor is involved. The possibility that At receptors in 
the smooth muscle of jejunum mediate MTA- and 
NECA-induced relaxation cannot be excluded based 
on (1) an agonist effect of MTA both in jejunum and 
brain, and (2) the rank order potency of the agonists 
in the jejunum: R-PIA > NECA > S-PIA ([lo]; 
Table 2). However, this Ai receptor in jejunum may 
link to a different effector system such as guanylate 
cyclase [24,25] and/or the metabolism of phospho- 
inositides 2261 since inhibition of cyclic AMP would 
probably not form a signal for relaxation 121,221. 

Distinct interspecies differences in adenosine 
receptors have been documented recently 1271. How- 
ever, if one were to compare the potencies of various 
nucleosides in cerebellum and jejunum, it would 
appear that, in spite of the same rank order poten- 
cies, the adenosine receptors in the two tissues are 
either different or coupled to two different effector 
systems. This is based on a lo- to 900-fold greater 
potency of various nucleosides in brain relative to 
that in jejunum (Table 2). Furthermore, since NECA 
produced only a maximum of about 80% of the 
relaxation produced by MTA, and since there was 
a greater than 25”fold difference in the antagonist 
potency of 8-PSTversus NECA and MTA in jejunum 

Table 2. Comparative potencies* of nucleosides in neuroblastoma, cerebellum and jejunum 

Nucleoside 

Adenylate cyclase 

(neublast.) (cerbell.) 
(noso) (rotin) 

I?-( ‘zSI)HPIA 
binding 

(KJ 

Relaxation 
(jejunum) 

@Cstr) 
Ratio 

(nc,,,lK) 

R-PIA 50t 2.4 23t 9.6 
NECA 8OOP 3.911 Ii0 28.2 
2-Chloroadenosine 15OOJ 4.111 5101: 124.4 
MTA 8200$ 90 121.0 110,000 909. t 

* Numbers represent concentrations in nM. 
t Values obtained in mouse cerebellum 1201. 
!: Values cited from Ref. 10. 
8 Values cited from Ref. 23. 
/I Values obtained in whole brain [ll]. 
7 Represents potency as antagonist (&I. 
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(Fig. 4), it is possible that the two agonists act 
through different receptors. 

In summary, we have shown a receptor-selective 
agonist and antagonist activity of MTA on Ai and AZ 
adenosine receptors respectively. We also presented 
evidence to suggest that the adenosine receptor in 
rabbit jejunum is different from A2 receptors in 
neuroblastoma cells. Our data also suggest that cyclic 
AMP may not form the signal for relaxation in 
smooth muscle in response to the nucleosides and, 
therefore, the adenosine receptor in jejunal-smooth 
muscle may be linked to a different effector system. 
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