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Abstract. Adenosine increased the DNA synthesis rate and the percentage of S-phase 
cells 2-3-fold in mouse mammary epithelial cells (NMuMG), with an optimum concen- 
tration of 10-100 pM. This effect was not mimicked by adenosine metabolites adenine, 
hypoxanthine, or inosine. N-ethylcarboxamidoadenosine (NECA, a relatively nonse- 
lective adenosine receptor agonist) and 2-p-(2-carboxyethyl) phenethylamino-5'-M 
ethylcarbox-amidoadenosine (CGS-21680, an A, selective agonist) also increased 
DNA synthesis by mammary epithelial cells. However, N6-cyclohexyladenosine (CHA, 
an agonist for A, type receptors) decreased DNA synthesis. The A, selective antago- 
nist 8-cyclopentyl-1 ,&dipropylxanthine (DPCPX) had no effect on basal or adenosine- 
induced DNA synthesis, whereas the A, selective antagonist 3,7-dimethyl-l- 
propargylxanthine (DMPX) decreased adenosine-induced DNA synthesis. Similar ef- 
fects were observed in another nontumorigenic mouse mammary epithelial line, HC11, 
as well as the nontumorigenic human lines MCF-1OA and 184.A1. Binding studies 
indicated that NMuMG cells contained approximately 3200 A, receptors and about 
5300 A, receptors per cell. Both CGS-21680 and CHA increased GTPase activity in 
isolated cell membranes, whereas only CGS-21680 increased activity of adenylyl cy- 
clase. Adenosine and CGS-21680 increased expression of a cyclic AMP responsive 
reporter gene. In addition, the protein kinase A inhibitor H-89 blocked the ability of 
adenosine and CGS-21680 to induce DNA synthesis, but did not affect EGF-induced 
DNA synthesis. These results indicate that adenosine appears to be a possible growth 
promoting agent in mammary tissue, and this effect may be mediated by extracellular 
receptors of the A, type. [P.S.E.B.M. 1998 Vol 2181 

ucleosides regulate a variety of cellular functions 
(1-3). Adenosine is well established as a regulator N of hypoxic ischemia, lymphocyte function, neural 

function, blood flow, adipose tissue metabolism, cell 
growth, and differentiation of a variety of tissues (2, 4-7). 
Adenosine and its analogs have a variety of receptors (3, 8). 
Extracellular A, type receptors are generally thought to be 
linked to adenylyl cyclase via Gi proteins, and thus mediate 
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inhibition of cyclic AMP formation. The other major class 
of extracellular receptor, A,, is thought to be Gs linked, and 
to stimulate adenylyl cyclase activity. In addition to these 
extracellular receptors, intracellular adenosine binding sites 
are present, but their significance is unclear. Although well 
described in some tissues, such as vascular and neural, the 
receptors for adenosine have not been studied extensively in 
the mammary gland, although they are thought to exist there 

Elevated intracellular cyclic AMP levels are correlated 
with mammary growth (10-13), and agents that increase 
intracellular cyclic AMP increase mammary growth in vivo 
and in vitro (14-18). However, the hormonal control of 
intracellular cyclic AMP is uncertain. Current hypotheses 
focus largely on possible roles of adrenergic systems, since 
P-adrenergic receptors have been found in rat mammary 
epithelial cells (19). The hypothesis that an adenosine path- 
way might be involved in mammary development has received 
little attention. Therefore, the objective of this study was to 
determine if adenosine alters growth of mammary epithelium. 

(9). 
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Materials and Methods 
Cells and Treatments. Normal mouse mammary 

epithelial cells (NMuMG line, 20) were obtained from 
American Type Culture Collection (Rockville, MD) and 
cultured in RPML-1640 supplemented with 5% fetal calf 
serum. HCl l  cells were obtained from Dr. B. Groner (In- 
stitute for Experimental Cancer, Freiburg, Germany, 2 1) 
and cultured in RPMI 1640 supplemented with insulin (1 
pg/ml), EGF (10 ng/ml), and 10% FBS. MCF-10A (22) and 
184.A1 (23) cells were obtained from ATCC and cultured in 
Ham’s F12:DMEM (1:l mixture) containing 10% FBS and 
10 ng/ml EGF. 

Cells were plated (7.5 x lo4 per well for 24 well plates, 
1 x lo4 per chamber for culture slides and 3 x lo5 per well 
for 12 well plates), attached for 24 hr and serum deprived 
18-24 hr prior to treatment. For HC11, MCF-1OA and 
184.A1 cells, growth arrest also included removal of EGF 
from culture media. 

Nucleosides were from Sigma Chemical Co. (St. Louis, 
MO). NECA (N-ethylcarboxamidoadenosine), CGS-2 1680 
(2-p-(2-carboxyethyl) phenethylamino-5’-N-ethylcarbox- 
amidoadenosine hydrochloride), CHA (N6-cyclohexyl- 
adenosine), DMPX (3,7-dimethyl- 1 -propargylxanthine) and 
DPCPX (8-cyclopentyl- 1,3-dipropylxanthine) were from 
Research Biochemicals Inc. (Natick, MA). H-89 was ob- 
tained from Calbiochem (San Diego, CA). 

DNA Synthesis. Adenosine and various agonists and 
antagonists were added at the indicated concentrations. For 
these studies, no adenosine deaminase or adenosine deam- 
inase inhibitors were added to cells. At 18 hr after treatment, 
1 pCi/ml 3H-thymidine (DuPont, Wilmington, DE) was 
added to cells on 24-well culture plates. Cells were incu- 
bated for 1 hr, then rinsed three times with Tris-buffered 
saline (TBS) (150 mM NaC1, 50 mM Tris, pH 7 .3 ,  three 
times with ice-cold 10% trichloroacetic acid (TCA), and 
two times with ethanol. Cells were dried, dissolved in 0.5 M 
NaOH containing 0.1 % Triton X- 100, neutralized with HCl, 
and counted by liquid scintillation. 

S-Phase Cel Is. Cells on eight-chambered culture 
slides (Lab-Tek, Miles Scientific, Naperville, IL) were 
pulsed for 1 hr with 1 pCi/ml 3H-thymidine, rinsed with 
TBS, fixed with 10% phosphate-buffered formalin for 30 
min, washed with ethanol, and dried. Cells were then dipped 
in photographic emulsion (Illford K-5, Polysciences, War- 
rington, PA), dried, and exposed for 1 week at 4°C. Slides 
were developed in Kodak D-19 developer and counter- 
stained with hematoxylin. Cells with 10 or more silver 
grains over the nucleus were counted. 

Binding Studies. Membranes from NMuMG cells 
were prepared from cells grown and serum deprived as de- 
scribed above. Briefly, cells were lysed with lysis buffer (20 
mM HEPES, pH 7.0 containing 5 mM EDTA, 10 mM 
MgC1, and 1 mM PMSF). Lysate was centrifuged at lOOOg 
for 5 min, and the resulting supernatant centrifuged for 1 hr 
at 50,OOOg. Membranes were then suspended in lysis buffer 

containing 1 unit/ml adenosine deaminase. Approximately 
200 pg of membrane protein (determined by dye binding, 
BioRad, Hercules, CA) was added to 96-well filter-bottom 
plates (Millipore, Bedford, MA). Ligand (3H-CGS-2 1680 or 
3H-DPCPX, DuPont, Boston, MA) was added in various 
concentrations, with or without 1 00-fold excess unlabeled 
ligand, and plates were incubated for 2 hr at 37°C. Assay 
was stopped by vacuum filtration, and membranes were 
washed four times with assay buffer. Filter bottoms were 
then punched into vials and counted by liquid scintillation. 
Receptor numbers and affinity were determined by the Li- 
gand program (Biosoft, Fergeson, MO). 

GTPase Activity. Membranes were prepared from 
NMuMG cells grown to near-confluency on 100-mm petri 
dishes and serum deprived for 24 hr. Cells were incubated 
with lysis buffer (20 mM HEPES, pH 7.0, 1 mM dithio- 
threitol, 1 mM EDTA and 1 mM phenylmethylsulfonyl fluo- 
ride), scraped into a tube, allowed to sit on ice for 10 min 
with occasional gentle mixing, and then were centrifuged at 
lOOOg for 5 min. Supernatant was then centrifuged for 1 hr 
at 50,0OOg, and membrane protein content was determined 
by BCA assay (Pierce, Rockford, IL). GTPase assays were 
conducted by suspending membranes in assay buffer (20 
mM HEPES, pH 7.5, 100 mM NaCl, 5 mM MgCl,, 1 mM 
dithiothreitol, 0.1 mM EDTA, 1 mM adenylylimidodiphos- 
phate, 1 mM ATP, 10 mM creatine phosphate, 50 unitdm1 
creatine phosphokinase and 1 pM of the adenosine deami- 
nase inhibitor erythro-9-(2-hydroxy-3-nonyl)adenyl hydro- 
chloride) (EHNA) to a concentration of 50 pg membrane 
protein/50 pl reaction. The same buffer system and addi- 
tives were used for all agonists. Agonists were added, then 
y3,P-GTP (2 pM, lo4 dpm/pmole; DuPont) was added. As- 
says were continued at 37°C for 10 min, then stopped by 
200 pl 5% TCA and 200 pl of activated charcoal (100 
mg/ml). Samples were centrifuged at 10,OOOg for 5 min and 
supernatant was counted by liquid scintillation. In other 
assays, adenosine deaminase inhibitor was eliminated and 
adenosine deaminase (1 unit/ml) was added to assays to 
assess possible effects of endogenous adenosine production. 

Adenylyl Cyclase Activity. Membranes were pre- 
pared as described above. Membranes were suspended in 
assay buffer (HEPES, 20 mM, pH 7.5, 5 mM MgCl,, 1 mM 
cyclic AMP, 2.5 mM phosphoenolpyruvate, 1.5 units pyru- 
vate kinase, 100 pg/ml BSA, 30 mM KCl, 100 mM sucrose, 
1 pM of the adenosine deaminase inhibitor erythro-9-(2- 
hydroxy-3-nony1)adenyl hydrochloride, and 0.5 mM 1 - 
methyl-3-isobutylxanthine (IBMX) to a concentration of 50 
pg proteid50 pl solution. The same buffer system and 
additives were used for all agonists. Agonists were added, 
and then a3,P-ATP ( 5  x lo4 dpdpmole, DuPont) added. 
Reactions were continued for 5 min at 37”C, then cyclic 
AMP was separated by chromatography as previously de- 
scribed (24). Cyclic AMP was measured by liquid scintil- 
lation counting. In other assays, adenosine deaminase in- 
hibitor was eliminated and adenosine deaminase (1 unitlml) 
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was added to assays to assess possible /effects of endog- 
enous adenosine production. 

Reporter Gene Expression. Tw tandem repeats 
of an oligonucleotide containing a cons ," nsus cyclic AMP 
response element (TGCAGTCTCTGCAbT) was inserted 
into the Sma I site of pGL2 promoter vector (Promega, 
Madison, WI). Plasmids were cloned in coli DH5a. Cells 
were transiently transfected by electrop 'ration using a 2- 
kV/cm field strength. Cells were plated o to 12-well culture 
dishes ( 3  x lo5 cells per well), allowed t ! attach for 12-18 
hr, then serum deprived for 20-24 hr. 1 They were then 
treated with adenosine agonists and luciferase activity 
determined 4 hr later using a commercially available kit 
(Promega). 

Statistical Analysis. Each experiment was repli- 
cated on at least three occasions (exact replication given 
with results). Data were analyzed by analysis of variance. 
Means were compared using Dunnett's test to compare 
treatments with control, and orthogonal comparisons for 
other comparisons (25). Unless otherwi e stated, signifi- 
cance was P < .05. For calculation of m ximum responses 
and ED,, concentrations, nonlinear reg .: ession was used 
(JMP Statistics, SAS Institute, Cary, NCJ. The model used 
was: 
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where Y was the response variable, Xlwas the dose of 
hormone used and a, p, and y were regrqssion parameters. 

J . 

Results 

m........~ "W" S-Phase Cells 

After 18 hr, 1 pM added adenosine gave a small (50%) 
increase in DNA synthesis, whereas 10 or 100 pM resulted 
in DNA synthesis approximately 2.5 times control levels. 
Higher concentrations of added adenosine (1 mM) de- 
creased DNA synthesis to control values (Fig. 1). The de- 
creased DNA synthesis with high concentrations of adeno- 
sine did not appear to be due to toxic eff cts. Cell viability 
was between 85% and 90% for all treatm nts, and the num- 
ber of attached cells did not vary among denosine concen- 
trations. Autoradiographic estimation of I the percentage of 
cells undergoing DNA synthesis showed a dose response 
curve similar to total DNA synthesis (Fig. l), indicating that 
the increased DNA synthesis was likely~ due to increased 
S-phase cells. Time course studies (not shown) also indi- 
cated that maximum DNA synthesis was bserved 15-18 hr 
after adding adenosine, with no significa t effect prior to 9 
hr after treatment. Metabolites of adenohine, adenine, hy- 
poxanthine, inosine, and xanthine were incapable of mim- 
icking the effect of adenosine in concentrations from 0.1 
pM to 1 mM (not shown). 

The nonmetabolizable adenosine agonist NECA was 
capable of inducing DNA synthesis in NMuMG cells, al- 
though to a somewhat lesser extent than adenosine alone 
(Fig. 2, top). Similarly, the somewhat more A,-receptor- 

:: 

Adenosine Dose Response 
* 

b - dpmIWell 

selective analog CGS-21680 had a stimulatory effect on 
DNA synthesis, whereas the A, agonist CHA failed to in- 
crease DNA synthesis, and in fact decreased basal DNA 
synthesis. Maximum DNA synthesis was induced by 10 pA4 
adenosine, whereas 10 pM NECA or CGS-21680 induced a 
near-maximum increase in DNA synthesis. 

The A, receptor antagonist DPCPX had little effect on 
either basal or adenosine-induced DNA synthesis (Fig. 2, 
bottom). However, the A, selective antagonist DMPX re- 
sulted in significant inhibition of adenosine-induced DNA 
synthesis at as little as 0.1 FM, a near-complete inhibition of 
DNA synthesis at 1 pA4, and complete inhibition of aden- 
osine-induced DNA synthesis when present in concentra- 
tions of 10 or 100 pM. 

The above results did not appear to be confined to 
NMuMG cells. Other nontumorigenic mammary epithelial 
cell lines, including the mouse line HC11 and the human 
lines MCF-1OA and 184.A1 also increased DNA synthesis 
in response to adenosine, NECA, and CGS-21680. How- 
ever, the A, receptor agonist CHA caused a decline in DNA 
synthesis in three of the four cell lines (Table I). 

Presence of A, and A, receptors on NMuMG cell mem- 
branes was further indicated by ligand binding studies. Us- 
ing the A, selective ligand DPCPX, a single affinity class of 
receptors with an apparant Kd of 1.5 f 0.3 nkf was found. 
The estimated number of receptors per cell was 3.2 f 0.9 x 
lo3. Nonspecific binding, estimated by adding a 1 00-fold 
excess of unlabeled DPCPX, averaged 18%. CGS-21680 in 
100-fold excess inhibited binding by less than 10%. Using 
the A, selective ligand CGS-21680, a receptor with a Kd of 
28 f 6 nM was found. Cells appeared to contain 5.3 A 1.7 x 
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Figure 2. Effect of adenosine, NECA, CGS-21680, and CHA on 
DNA synthesis in NMuMG cells. Cells were serum starved for 24 hr, 
adenosine analogs were added at the indicated concentration, and 
DNA synthesis was measured 18 hr later as dpm 3H-thymidine in- 
corporated into acid insoluble material. DNA synthesis was reported 
as DNA synthesis in the indicated group/DNA synthesis in the ab- 
sence of adenoseine or analogs (Fold Control). Pooled SEM = * 
0.24. n = 6. * = significantly different from control (no analogs) ( P  < 
0.05). (bottom) Effect of DMPX (A2 selective antagonist) and DPCPX 
(A, selective antagonist) on basal and adenosine (1 0 pM)-induced 
DNA synthesis in NMuMG cells. Cells were serum starved for 24 hr, 
adenosine analogs were added at the indicated concentration with or 
without 10 pM adenosine, and DNA synthesis was measured 18 hr 
later as dpm 3H-thymidine incorporated into acid insoluble material. 
DNA synthesis was reported as DNA synthesis in the indicated 
group/DNA synthesis in the absence of adenosine or analogs (Fold 
Control). Pooled SEM = * 0.19. n = 6. * = significantly different from 
control (no adenosine or analogs); * = significantly different from 
control and from + adenosine with no antagonist ( P  < 0.05). 

lo3 A, receptors per cell (based on mean k SEM of four 
experiments). Nonspecific binding, estimated in the pres- 
ence of 100-fold excess CGS-21680, was 21%. Excess 
DPCPX reduced CGS-21680 by less than 10%. 

In additional studies to ascertain the possible mecha- 
nisms by which adenosine might influence mammary epi- 
thelial cell growth, exogenous adenosine, CGS-2 1680, and 
CHA all increased GTPase activity in cell membranes in the 
presence of the adenosine deaminase inhibitor EHNA (Fig. 
3, top). Adenylyl cyclase activity of isolated cell mem- 
branes in the presence of EHNA was also increased signifi- 
cantly by NECA, CGS-2 1680, and exogenous adenosine, 

but not by CHA (Fig. 3 ,  bottom). In both assays, omission 
of EHNA reduced the response to adenosine to less than 
half that observed in the presence of EHNA, but did not 
affect the response to CGS-21680 or CHA. Furthermore, 
addition of 1 Unit/ml adenosine deaminase abolished aden- 
osine-stimulated GTPase and adenylyl cyclase activity. 
However, deaminase had a modest effect (less than a 30% 
increase on any dose tested) on CGS-21680 or CHA- 
induced GTPase or CGS-2 1680-induced adenylyl cyclase 
activity (not shown), suggesting only a modest effect of 
endogenous adenosine production. 

In further studies, added adenosine and CGS-2 1680, 
but not CHA, increased expression of a cyclic AMP respon- 
sive reporter gene in intact cells (cultured in the absence of 
adenosine deaminase or EHNA) (Fig. 4). Luciferase activity 
was unaffected by any of the treatments if the cyclic AMP 
response element was omitted from the plasmid (not 
shown). 

In a final series of studies, the protein kinase A inhibi- 
tor H-89 was found to eliminate the ability of cholera toxin, 
adenosine, and CGS-21680 to induce DNA synthesis in 
NMuMG cells (Fig. 5). However, the growth response to 
EGF, which presumably does not require cyclic AMP for 
mitogenesis, was unaffected by H-89, suggesting that the 
observed effect was not due to a general inhibition of DNA 
synthesis. 

Discussion 
Previously, a variety of roles have been proposed for 

adenosine and related nucleotides. Among these roles are 
regulation of cell growth, vascular tone, cardiac ischemia, 
lymphocyte function, and neurotransmission (4-7). The pre- 
sent report indicates that adenosine also increases DNA syn- 
thesis in mammary epithelium. This response was first 
noted in a mammary epithelial cell line (NMuMG), but was 
also confirmed in other nontumorigenic mammary cell 
lines, suggesting that the response is not an artifact of a 
particular cell line. 

Few reports exist on the nucleotide content of milk. 
Adenosine and hypoxanthine total about 1 p M  in bovine 
milk (26). Little additional information is available on aden- 
osine production by mammary tissue. Adenosine is pro- 
duced by adipocytes (7, 27) and other cell types (28). The 
local concentration of adenosine is difficult to estimate from 
published studies, since adenosine deaminase activity and 
adenosine stability in milk and mammary tissue are un- 
known. Thus, local concentrations of adenosine may well be 
higher than values reported in milk. The present report ob- 
served effects of adenosine on DNA synthesis at concen- 
trations of 10 pM. Thus, the concentrations used in this 
study may be within physiological ranges of local adenosine 
concentrations. 

In the present study, high concentrations of adenosine 
(1 mM) resulted in decreased DNA synthesis. This biphasic 
effect of adenosine might suggest toxicity of high concen- 
trations, since adenosine is known to induce death in other 
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Table 1. Effect of Adenosine, NECAJ CGS-21680, and CHA on DNA Synthesis in Various Mammary-Derived 
I Cell Lines 
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HC11 3.4 2.4 I 0.3 1.8 0.2 2.5 0.9 0.4 
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184.A1 3.2 3.1 0.4 1.8 0.2 2.2 0.8 0.5 
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Note. ED,, (in pM) and asymptotic maximum eff ct (expressed as fold increase relative to control) were calculated from dose response studies 
using nonlinear regression analysis. Reported I" 'ncreases are significant at P > 0.05. NS = no significant effect (P  > 0.05). Based on n = 8. 
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Figure 3. (VOP) GTPase activity in N M u ~ G  cell membranes 
treated with adenosine agonists. Mean of four determinations. 
Pooled SEM = 0.21. * = significantly different rom control (no ana- 
logs) ( P  c 0.05). (bottom) Adenylyl cyclase a L tivity in NMuMG cell 
membranes treated with adenosine agonists. Mean of four determi- 
nations. Pooled SEM = 0.36. * = significantly different from control 
(no analogs) ( P  c 0.05). 

I 

Cyclic AMP Reporter Expression 

401 1 

Control Adenosine CGS-21680 CHA CT 

Figure 4. Cyclic AMP responsive reporter gene expression in 
NMuMG cells. NMuMG cells were transfected with a CAMP respon- 
sive reporter vector, serum deprived, and treated as controls or with 
10 pM adenosine, 1 pM CGS-12680, 1 pM CHA, or 10 ng/ml cholera 
toxin Luciferase activity was assessed and reported as activity in the 
indicated group/activity in the no treatment control group (Fold Con- 
trol). Mean * SEM. n = 4. 

Kinase A Inhibition 
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Figure 5. Effect of the kinase A inhibitor H-89 on adenosine- 
mediated DNA synthesis in NMuMG cells. Cells were treated with 
H-89 (0, 1, or 10 nM) for 30 min prior to addition of 10 pM adenosine, 
1 pMCGS-12680,lO ng/ml cholera toxin, or 10 ng/ml EGF and DNA 
svnthesis determined as described in Materials and Methods. DNA 

I 
sinthesis was reported as DNA synthesis in the indicated group/ 
DNA synthesis in the absence of adenoseine or other treatments 
(Fold Control). Mean * SEM Of six determinations. 

adenosine added to culture media, not to actual adenosine 
concentrations. Adenosine is produced and degraded by cul- 

cell types (1). However, no evidence df toxicity was ob- 
served, based on attached cells or viability assessed by 
trypan blue exclusion. Whether high aqenosine concentra- 
tions might induce death in mammary qpithelial cells over 
longer periods than used in these studies is not known. 

it should be noted that the indicated 
In interpreting dose responses rep0 ed in these studies, tured cells, and added adenosine may not indicate actual 

adenosine concentration. In unpublished studies, we have refer to 
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observed that NMuMG cells maintained in DMEM without 
added adenosine accumulate very little adenosine in media, 
and appear to degrade added adenosine with a half-life of 
5-10 min. Thus, the actual concentration of adenosine in 
DNA synthesis experiments was probably substantially less 
than the added concentration for much of the treatment pe- 
riod, as adenosine deaminase inhibitors were not added to 
the cell cultures. However, the alterations in cell physiology 
occurring in response to adenosine may persist after aden- 
osine is degraded. Previously, we have shown (29) that even 
transient elevations in cyclic AMP can elicit increased DNA 
synthesis in NMuMG cells. 

Considerations similar to the above paragraph also 
apply to membrane preparations used for binding studies, 
GTPase activity studies, and adenylyl cyclase studies. 
Membranes prepared from NMuMG cells appear to contain 
sufficient adenosine deaminase to degrade added adenosine. 
However, the contribution of endogenously produced aden- 
osine appears to be relatively small, as addition of adenosine 
deaminase had only a modest effect on CGS-21680 or 
CHA-mediated effects. This appears to be in contrast to 
studies on brain membranes, in which endogenously pro- 
duced adenosine interferes with adenosine analog binding in 
the absence of added adenosine deaminase (30). 

Evidence that adenosine acts on specific receptors 
rather than via nonspecific metabolic effects came from the 
observation that NECA was also able to stimulate DNA 
synthesis in NMuMG cells. NECA is a nonmetabolizable 
analog of adenosine that is a potent agonist for both A, and 
A, type receptors (3 1). Additionally, the observation that 
CGS-21680, an A, agonist (32), increased DNA synthesis, 
whereas CHA, an A, agonist (33), decreased DNA synthe- 
sis suggests an involvement of A, receptors in positive me- 
diation of mammary epithelial cell proliferation. However, 
the fact that a negative response was observed to CHA may 
also suggest the presence of A, receptors that could function 
as inhibitors of mammary epithelial proliferation. 

The exact mechanism by which adenosine affects mam- 
mary epithelial proliferation remains incompletely under- 
stood, but appears to involve activation of adenylyl cyclase 
and protein kinase A via an A, type receptor. Adenosine is 
known to act via several distinct extracellular and intracel- 
lular receptors (3, 8). Our results suggest that the primary 
mitogenic action is through an extracellular receptor, most 
likely of the A, type, since A, selective agonists promote 
DNA synthesis, whereas A, agonists have a negative effect. 
Results of DNA synthesis assays, as well as ligand binding 
and membrane GTPase activity, suggest that an A, type 
receptor is also present in mammary epithelial cells, which 
is consistent with previous studies (9). 

Presumably, A, adenosine receptors are Gi linked and 
would be expected to decrease adenylyl cyclase activity, 
whereas A, type receptors are linked to G, and would in- 
crease intracellular cyclic AMP (3, 8). Our results suggest 
that A, receptor agonists are capable of activating adenylyl 
cyclase in mammary epithelial cell membranes. In these 

assays (as in GTPase assays), adenosine was effective at 
lower concentrations than in intact cells, possibly owing to 
the use of adenosine deaminase inhibitors in the cell-free 
assays. 

An interesting observation in GTPase and adenylyl cy- 
clase assays was that the response of adenylyl cyclase to 
added adenosine or adenosine analogs had an ED,, approxi- 
mately 10-fold lower than the ED,, for adenosine- 
stimulated GTPase. The reason for this is unclear. One 
possibility is stimulation of GTPases not involved in regu- 
lating adenylyl cyclase. Another is incomplete coupling of 
GTPase activation to adenylyl cyclase, which could be an 
artifact of the membrane preparation process. 

Reporter gene studies, using a cyclic AMP responsive 
promoter similar to that used in other studies (34), indicated 
that the increase in adenylyl cyclase observed in isolated 
cell membranes appeared capable of inducing a cyclic 
AMP-mediated biological response in intact cells. Since 
previous studies have shown that high intracellular cyclic 
AMP is associated with mammary gland growth (10-13) 
and agents that increase intracellular cyclic AMP promote 
mammary growth (1618),  we speculate that adenosine may 
act via an A, (G,-coupled) receptor system in mammary 
tissue to increase adenylyl cyclase activity. Such cyclic 
AMP-mediated increases in growth have been demonstrated 
in a variety of other systems and widely reviewed (35). 

The necessity of a cyclic AMP response in adenosine- 
induced DNA synthesis was confirmed by using the protein 
kinase A selective inhibitor H-89 (36). This compound 
blocked the ability of cholera toxin, which presumably acts 
by increasing adenylyl cyclase (37), as well as adenosine 
and CGS-21680, to induce DNA synthesis in mammary 
epithelial cells. However, EGF, which is presumed to act via 
a tyrosine kinase-dependent mechanism (38), was able to 
induce DNA synthesis in the presence of H-89, suggesting 
that the inhibition of adenosine-induced DNA synthesis was 
not due to toxicity, nonspecific inhibition of cell cycle pro- 
gression, or DNA synthesis. 

In addition to adenylyl cyclase activation, heterotrim- 
eric G protein-coupled receptors can modulate a wide va- 
riety of other signals, including K+ channels, phospholipase 
Cp, phospholipase A,, phosphoinositide 3-kinase, p- 
adrenergic receptor kinase, and possibly ras (3941). Al- 
though our results indicate an involvement of cyclic AMP in 
adenosine-mediated mammary epithelial DNA synthesis, 
the results do not eliminate possible involvement of other 
pathways as well. Mammary epithelial cell proliferation is 
widely acknowledged to depend on the integration of a va- 
riety of intracellular signals (42). The results of these studies 
suggest the possibility that some of these could be regulated 
by extracellular adenosine. 

Physiologically, the role of adenosine in mammary 
gland development remains unclear. However, a number of 
hormones important in controlling mammary growth and 
differentiation interact with adenosine signaling systems in 
other tissues. For example, adenosine increases the response 

346 ADENOSINE ON MAMMARY EPITHELIUM 



of thyroid follicular cells to IGF-I (43). Estrogen and pro- 
gesterone increase the effects of adenosine on cerebral cor- 
tical neurons (44). Glucocorticoids regulate adenosine re- 
ceptors in brain and smooth muscle (45, 46). Although in- 
teractions of adenosine with other factors in mammary 
tissue have not been studied, the presence of such responses 
in other tissues suggests a possible role of adenosine in 
regulating mammary gland development. 
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