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Adenosine A receptor agonism in the immature rat brain and heart1
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Abstract

Ž .We examined if the adenosine A receptor agonist adenosine amine congener ADAC, 100mgrkg i.p. is neuroprotective in1

7-day-old rats subjected to hypoxic ischemia. Brain damage, evaluated as weight deficit and gross morphology, was not affected by
Ž . Ž .ADAC treatment. Nonetheless, ADAC 100mgrkg i.p. reduced heart rate by 44%p-0.0001 , indicating that the dose given was

w3 x Ž .pharmacologically active. Adenosine A receptors were determined by H 1,3-dipropyl-8-cyclopentylxanthine DPCPX -binding and1
w3 xlevels were 23% of the adult levels. GTP did not affect H DPCPX-binding in the cerebral cortex at postnatal day 7 whereas there was

w3 xstrong enhancement of H DPCPX-binding in the heart. This suggested a poor G-protein coupling at postnatal day 7 in the brain, which
w 35 xalso was confirmed using GTPg- S -binding in the presence of an adenosine A receptor agonist. Thus, the lack of a neuroprotective1

effect of ADAC may be explained by the fact that adenosine A receptors are not part of a functional unit in the 7-day-old rat brain.1

q2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Although the newborn brain tolerates a much longer
period of oxygen deprivation and ischemia than does the
adult brain, perinatal hypoxic ischemia is still an important
cause of neurological dysfunction, cerebral palsy and

Ž .epilepsy later in life Volpe, 2001 . Hence, it is important
to investigate the mechanisms that modulate the extent of
perinatal ischemic brain damage.

There is good evidence that endogenous adenosine acts
as a neuroprotective agent in models of ischemia in the

Žmature brain Rudolphi et al., 1992; De Mendonca et al.,
.2000 . Adenosine activates receptors of four subtypes—A ,1

A , A and A —each having a distinct pattern of distri-2A 2B 3
Ž .bution in the brain Fredholm et al., 1994 . Low levels of

adenosine are present in the extracellular fluid in the brain
under physiological conditions, but levels increase drama-

Ž .tically during ischemic conditions Hagberg et al., 1987 .
Enhancement of extracellular adenosine leads to reduced

Žbrain damage Andine et al., 1990a; Dux et al., 1990;
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Miller et al., 1996; Jiang et al., 1997; Tatlisumak et al.,
.1998 . Adenosine A receptors, which are widely dis-1

Ž .tributed in the mammalian brain Fastbom et al., 1987 , are
believed to mediate neuroprotective effects of adenosine in
the mature brain. Thus, adenosine A receptor specific1

Ž .agonists attenuate Von Lubitz et al., 1996a,b, 1999 and
A receptor specific antagonists aggravate brain damage in1

Žmodels of both focal and global ischemia reviewed by
.Rudolphi et al., 1992; De Mendonca et al., 2000 , partly

Žvia pre-synaptic effects on glutamate release Lupica et al.,
.1992 and stabilization of post-synaptic membrane poten-
Ž .tial Siggins and Schubert, 1981 .

Less is known about the effects of adenosine in the
immature brain. There is good evidence that cerebral
adenosine production increases also in newborn animals in

Žresponse to hypoxia ischemia Park et al., 1987; Kjellmer
.et al., 1989; Aranda et al., 1989 . Elevation of extracellular

adenosine levels reduces ischemic brain injury also in
Ž .immature rats Hagberg et al., 1990; Gidday et al., 1995 .

However, it is still unclear which of the adenosine receptor
subtypes could mediate such an effect. Numerous studies
have shown that the response to hypoxia and ischemia of
the immature brain differs from that of the mature brain
Ž .for review see Hagberg et al., 1997 . Although adenosine
A receptors can be detected at embryonic day 18 in rat1

0014-2999r01r$ - see front matterq 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0014-2999 01 01220-1



˚ ( )U. Aden et al.rEuropean Journal of Pharmacology 426 2001 185–192´186

Žbrain, the levels are very low Rivkees, 1995; Weaver,
.1996; Aden et al., 2000 and blockade of the endogenous

adenosine with the adenosine A antagonist 1,3-dipropyl-1
Ž .8-cyclopentylxanthine DPCPX does not affect brain dam-

Žage in 7-day-old rats subjected to hypoxic ischemia Bona
.et al., 1997 . Whereas these results indicate that endo-

genous adenosine acting at A receptors is not of major1

consequence in determining the outcome of hypoxic is-
chemia in perinatal rats, they do not tell us if this is due to
a lack of receptors or to a limited amount of adenosine.
Therefore, we have investigated the post-ischemic adminis-
tration of a selective adenosine A receptor agonist. We1

Žused adenosine amine congener, ADAC Jacobson et al.,
.1985 , which has been reported not to have any acute

cardiovascular side effects and not to produce hypothermia
Žat the neuroprotective dose 100mgrkg i.p.,Von Lubitz et

.al., 1996b .
This is important because adenosine A receptor ago-1

nists can have cardiovascular side effects, such as brady-
Ž .cardia and hypotension Williams, 1989 and effects on

Ž .body temperature Vapaatalo et al., 1975 that could affect
the outcome of ischemic brain damage. Our results show a
lack of effect of the compound in the brain but a clearcut
effect in the heart. These results can be explained by a
delayed maturation of the adenosine A receptor signaling1

in brain compared to periphery.

2. Materials and methods

2.1. Chemicals

6 w wwŽ .Adenosine amine congenerN - 4- 2-aminoethyl -
x x x Ž .amino carbonylmethyl phenyl adenosine ADAC and

6 Ž .N -cyclohexyladenosine CHA were purchased from RBI
Ž .Natick, MA, USA . The drug was dissolved to a concen-

Ž .tration of 10mgrml in a 20r80 vrv mixture of phos-
Žphate buffered saline and Alkamuls EL-620 Rhone-Pou-

. w3 x w 35 xlenc, Cranbury, NJ, USA . H DPCPX and GTPg- S
Ž .were purchased from NEN-Dupont Brussels, Belgium .

6 Ž . 6R-N -phenylisopropyladenosine R-PIA ,N -cyclopen-
Ž .tyladenosine CPA , GTP and GDP were from Sigma

Ž .Stockholm, Sweden . Adenosine deaminase and guanylyl
Ž Ž . .imidodiphosphate Gpp NH p were from Boeringer-Man-

Ž .nheim Bromma, Sweden . All other chemicals were from
Ž .Merck Stockholm, Sweden .

2.2. Hypoxic ischemia in immature rats

To induce damage, we used the well-established model
of combined unilateral common carotid ligation and hy-

Ž .poxia Rice et al., 1981 in 7-day-old rats. Inbred Wistar
Furth rat pups of both sexes were used. At postnatal day 7,
the pups were exposed to hypoxic ischemia as follows: the

Žpups were anesthetized with halothane 3.5% for induction

.and 1% for maintenance in a mixture of nitrous oxide and
Ž .oxygen 1:1 . The left common carotid artery was dis-

sected out and cut between double ligatures of prolene
Ž .sutures 6-0 . The duration of anesthesia was-10 min.

After the surgical procedure, a local anesthetic was applied
to the wounds before skin sutures were made. The pups
were left to recover for 1 h. The litters were then placed in
a chamber perfused with humidified air and were pre-
heated for 15–30 min and then perfused with a gas

Ž .mixture 7.7"0.01% oxygen in nitrogen, 3 lrmin for 70
min. The temperature in the gas chamber was kept at 36.0
8C. After hypoxic exposure, the pups were returned to their
dams. They were then reared at 208C environmental
temperature with a light–dark cycle of 12:12 h of food and
water ad libitum. The model of hypoxic ischemia is well
established and is believed to share important features with
brain injury seen in term newborn infants exposed to an

Žacute episode of severe birth asphyxia Rice et al., 1981;
.Volpe, 2001 .

Ž .Adenosine amine congener 100mgrkg was adminis-
Ž .tered i.p. 10 mlrkg 15 min after exposure to hypoxia

Ž .ns31 . Littermates that were also subjected to hypoxic
ischemia as above served as controls and received vehicle

Ž .i.p. 10 mlrkg, ns33 . Drug dose and timing of adminis-
tration of ADAC were selected based on the effects of
ADAC after bilateral common carotid ligation in adult

Ž .gerbils Von Lubitz et al., 1996b .
One rat pup died during hypoxia, i.e. before drug

administration. Three pups treated with ADAC and six
vehicle-treated pups died before evaluation at postnatal
day 21. ADAC and vehicle-treated rats displayed similar

Ž .weights at postnatal day 21 31.3"0.7 g vs. 32.4"0.5 g .
Animal experiments were approved by the ethical com-

Ž .mittee of Goteborg N289-97 and that of Stockholm¨
Ž .N166r98 and were performed according to the principles
of European Community guidelines for the use of experi-
mental animals.

2.3. Brain damage eÕaluation

At postnatal day 21, the pups were decapitated and the
brains were dissected out. The brains were evaluated from
the dorsal view by a five-step gross morphology score

Ž .originally described by Yager et al. 1992 and modified
Ž .by Bona et al. 1997 . Brains were given the score 0 if the

two hemispheres were equal in size, 1 for hypotrophy of
the lateral-posterior part of the left hemisphere, 2 for
atrophy of the anterior and posterior parts of the left
hemisphere, 3 for large cysts in the left hemisphere or 4
for parasagittal viable tissue left in the midline.

Then the brainstem and the cerebellum were removed
from the forebrain. The two cerebral hemispheres were
separated at the midline and weighed on a high precision
balance. The brain damage was expressed as ipsilateral
hemisphere weight deficit in percent of the weight of the
contralateral hemisphere.
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Brain weight is a valuable measure of brain injury 14
days after unilateral hypoxic ischemia in this immature rat
model but is not a good measure of brain damage in adult
models of focal ischemia. The reason is likely the limited
growth of injured brain tissue in the immature brain. The
14-day recovery period is important, as hypotrophy of the
damaged hemisphere compared to the undamaged hemi-
sphere develops over time. There is now good evidence
that the weight deficit 14 days after hypoxic ischemia the
7-day-old rat correlates well to the loss of brain tissue

Žexamined with histopathology Andine et al., 1990b;
.Gilland et al., 1994; Hagberg et al., 1994 and to the loss

Ž .of evoked response activity Andine et al., 1990b .

2.4. Temperature measurements

Temperature recordings were made in all the rats that
underwent hypoxic ischemia and a group of nine adult
male rats that were not subjected to hypoxic ischemia.

ŽThin temperature probes 0.4 mm outer diameter micro-
.probe type IT-21, Physitemp, Clifton, NJ, USA were used

and measurements were made using BAT-10 thermometer
Ž .Physitemp . The temperature probe was inserted rectally
0.5 cm in 7-day-old rats and 2 cm in adult rats.

( )2.5. Electrocardiography ECG

The effect of ADAC on heart rate was investigated in a
separate group of 14 rats aged 7–10 days. Prior to mea-
surements, animals were anesthetized with enflurane 2%
for induction and 1.0"0.2% for maintenance and body
temperature was kept at 378C with a heating pad. Two
bipolar limb leads were placed subcutaneously and instant
ECG was acquired and analyzed digitally using the com-

Ž .puter program PC-LAB v5.0 Axenborg, 1993 . The heart
rate was calculated using the interval between the QRS-
complexes.

2.6. Autoradiography

For the autoradiographic experiments, a separate group
Ž .of animals at different agesns4–6 per timepoint was

used. These animals were anesthetized with carbon dioxide
before decapitation and brains were dissected out and
immediately frozen on dry ice and stored aty80 8C.
Ten-micrometer sagittal sections were cut on a Leitz cryo-
stat and collected from the lateral part of the olfactory bulb
of the left hemisphere.

2.6.1. DPCPX autoradiography
Receptor density was determined using receptor auto-

radiography with the adenosine A receptor antagonist1
w3 x Ž . Ž .H DPCPX 0.5 nM Fastbom and Fredholm, 1990a .

ŽNon-specific binding was determined using R-PIA 100
.mM . Ten-micrometer-thick sections were preincubated in

170 mM Tris–HCl buffer containing 1 mM EDTA and 2

Urml adenosine deaminase at 378C for 30 min. Sections
were then washed twice for 10 min at 238C in 170 mM
Tris–HCl buffer. Incubations were performed for 2 h at 23

w3 x8C in 170 mM Tris–HCl buffer containing H DPCPX
Ž .120 Cirmmol, 0.5 nM and 2 Urml adenosine deami-

Ž .nase. MgCl 1 mM was added to preincubation and to2

incubation buffer. The incubation with DPCPX was done
in the presence or absence of 100mM GTP. Sections were
then washed twice for 5 min each in ice-cold Tris–HCl,
dipped three times in ice-cold distilled water and dried at 4

w3 x8C over a strong fan. Slides were exposed to H film with
w3 x Ž . Ž .H microscales for 8 weeks brain or 1 year heart .

[2.6.2. Adenosine A receptor agonist-stimulated GTP g-1
35 ]S autoradiography

G-protein coupling of adenosine A receptors during1
w 35 xdevelopment was determined using GTPg- S auto-

Ž .radiography Sim et al., 1995 with the adenosine A1
Ž . w 35 xreceptor agonist CPA 30 nM . When GTPg- S binding

is assessed with an agonist, only the G-proteins that are
coupled to the specific receptor are detected. Ten-mi-
crometer-thick sections mounted on gelatin-coated slides

Ž .were incubated in 50 mM Tris–HCl buffer pH 7.7 con-
taining 3 mM MgCl , 0.2 mM EGTA and 100 mM NaCl2

at 25 8C for 10 min. Slides were then incubated in
Ž .Tris–HCl buffer containing GDP 1 mM at 258C for 25

min. Incubations were performed for 2 h at 258C in 50
w 35 x ŽmM Tris–HCl buffer containing GTP g- S 1250

. Ž . Ž .Cirmmol, 0.04 nM , GDP 30 mM and CPA 30 mM .
Parallel sections were incubated with a buffer lacking
CPA. The basal activity was assessed with GDP in the
absence of adenosine A receptor agonist and non-specific1

binding was assessed in the presence of the GTP analog
Ž . Ž .Gpp NH p 100mM . Sections were then washed twice

for 10 min each in ice-cold Tris–HCl, dipped three times
in ice-cold distilled water and dried at 48C over a strong
fan. Slides were exposed to Hyperfilmb-max for 24 h.

2.7. Statistics

Statistical procedures in the software package Graph
Ž .Pad Prism Graph Pad Software, San Diego, USA were

used. Temperature measurements were analyzed with re-
Ž .peated measures analysis of variance ANOVA and

DPCPX-binding data were analyzed with Student’st-test.
Data are given as mean"S.E.M.

3. Results

3.1. Brain damage

Ž .In agreement with previous results Bona et al., 1997 ,
the hypoxic ischemia resulted in a major unilateral brain
damage as determined by both a weight loss in the affected

Ž .hemisphere and by gross morphology Fig. 1 . However,
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Ž .Fig. 1. The effect of ADAC 100mgrkg, ns31 given i.p. 15 min after
Ž .HI vs. vehicle injection ns33 on the degree of brain damage. Brain
Ž . Žinjury was evaluated by A weighing the brains brain damage expressed

as ipsilateral hemisphere weight deficit in percent of contralateral hemi-
. Ž .sphere weight and B blinded scoring of the gross morphology 14 days

after hypoxic ischemia.

i.p. injection of ADAC at 100mgrkg 15 min after hy-
poxic ischemia in 7-day-old rats did not result in any

Ž .change in brain damage Fig. 1 .

3.2. Heart rate

The failure of ADAC to affect brain damage was not
due to the fact that the drug was inactive, for example,
owing to poor absorption. We found that 100mgrkg of
ADAC clearly reduced the heart rate in 7-day-old rats and
the maximal effect was reached 50 min after injection,
when the heart rate was reduced by 44% compared to

Ž .vehicle-treated rats Fig. 2,p-0.0001 . This effect per-
sisted at least 300 min. Also, 50mgrkg of ADAC pro-
duced a reduction in heart rate, although not as pronounced
as 100mgrkg, whereas 1000mgrkg led to the death of
one rat. Thus, it was not possible to use a higher dose due
to systemic effects.

3.3. Rectal temperature

A possible read-out of the functionality of brain adeno-
sine A receptors is body temperature, as adenosine A1 1

receptor agonists are known to produce hypothermia
Ž .Jonzon et al., 1986; Williams, 1989 . Rectal temperature
was measured in all 7-day-old rats that were subjected to

Žhypoxic ischemia and was not affected by ADAC 100

.mgrkg at 30 min, 4 h, 30 h, 48 h and 56 h after hypoxic
Ž .ischemia not shown . By contrast, in adult rats 100mgrkg

ADAC caused a small transient reduction in rectal temper-
Žature ADAC-treated group 34.9"0.1 8C vs. vehicle-

.treated group 36.0"0.3 8C, p-0.05 at 30 min after
hypoxic ischemia. The adenosine A receptor agonist CHA1
Ž .200 mgrkg was used as a positive control and also
produced a reduction in rectal temperature 30 min after

Žinjection CHA-treated group 32.3"0.4 8C vs. vehicle-
.treated group 36.0"0.3 8C, p-0.05 in adult rats. The

effect of ADAC was maintained for at least 4 h, whereas
the effect of CHA was more transient.

[3 ]3.4. H DPCPX-binding in brain and heart

To determine why ADAC did not appear to have any
effects in the brain despite its prominent effects in the

w3 xheart, we first determined adenosine A receptors by H1

DPCPX-binding. These results are shown in Fig. 3. The
incubation with DPCPX was done in the presence or
absence of 100mM GTP. The presence of GTP converts
all the receptors to the low-affinity state for agonists and

Žthereby removes all endogenous adenosine Fastbom and
.Fredholm, 1990a that is otherwise cryptically bound to the

Žreceptor and decreases apparent receptor number Parkin-
.son and Fredholm, 1992 . Thus, we compared the binding

w3 xof H DPCPX in the presence of GTP in adult and
7-day-old rats. Using this measure, we found that at post-

w3 xnatal day 7 the binding of 0.05 nM H DPCPX in the

Fig. 2. Dose-dependent reduction in heart rate in 7-day-old rats after
Ž .injection of ADAC. 100mgrkg ADAC given i.p. ns6 reduced heart

Žrate compared to vehicle-treated ratsp-0.0001, repeated measures
.ANOVA . There was no change in heart rate in vehicle-treated rats

Ž .ns5 . Two rats that were injected with 50mgrkg were followed for
120 min. One rat died after injection of 1000mgrkg ADAC.
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w3 xFig. 3. H DPCPX-binding in the presence or absence of GTP at different ages.

cortex was only 23% of that found in adults. The differ-
w3 xence was much smaller when H DPCPX-binding was

studied in the absence of GTP.
For reasons mentioned above, the difference between

w3 xH DPCPX-binding in the presence and absence of GTP
indicates the amount of adenosine bound to the G-protein
coupled conformation of the receptor. In the cerebral cor-

w3 xtex, H DPCPX-binding was influenced by adding GTP
to the incubation and by age and the interaction between

Ž .those two Fig. 3,p-0.05, Fs5.1 . In 7-day-old rats,
w3 xGTP did not increase H DPCPX-binding significantly in
Ž .the cerebral cortex Fig. 3 , thus indicating a defective

G-protein coupling. However, at postnatal day 14, GTP
w3 x Ž .increased H DPCPX-binding by 159%p-0.05 and in

Ž .adult rats by 196% p-0.001, Fig. 3 . Similar results
Ž .were obtained in the hippocampus not shown . In the

hearts of these rats, the opposite pattern was seen: GTP
w3 x Žsignificantly increased H DPCPX-binding Fig. 3,p-

.0.001, Fs17.0 at all ages studied, but this influence was
Žweaker with increasing age interaction between GTP and

.age: p-0.05, Fs4.0 . At postnatal day 7, GTP in-
w3 x Ž .creased H DPCPX-binding by 1275%p-0.01 , at

Ž .postnatal day 14 by 763%p-0.01 , but in adult hearts
w3 xGTP produced only a small increase in H DPCPX-bind-

Ž .ing 139%, p-0.05 . These results suggested that the
adenosine A receptors in the atria were well coupled to1

G-proteins at postnatal day 7, whereas those in the brain
were not.

[ 35 ]3.5. GTP g- S -binding

To examine this further, we used adenosine A receptor1
Ž . w 35 xagonist CPA stimulated GTPg- S -binding to detect

G-proteins that are coupled to adenosine A receptors. At1
Ž .prenatal stages embryonic days 14, 18, and 21, not shown

Ž .and early postnatal stages postnatal days 3 and 7, Fig. 4 ,

Ž . w 35 xFig. 4. CPA adenosine A receptor agonist stimulated GTPg- S1

binding in rat brain at different ages. The basal activity was assessed with
GDP in the absence of adenosine A receptor agonist and non-specific1

Ž . Žbinding was assessed in the presence of the GTP analog Gpp NH p 100
. Ž .mM . The adenosine A receptor agonist CPA or buffer control was1

added to consecutive sections and the difference between optical density
in non-stimulated and stimulated sections represents the adenosine A1

receptor coupled G-proteins. Measurements of optical density were made
in the cerebral cortex and are given as percent change from control. At

Ž .prenatal stages embryonic days 14, 18 and 21 were studied, not shown
Ž .and early postnatal stages 0–7 days after birth , there was no significant

w 35 xCPA stimulated GTPg- S -binding. Optical density was 0.55"0.008 in
CPA stimulated vs. 0.54"0.011 in control sections at postnatal day 3,
0.57"0.009 in CPA stimulated vs. 0.59"0.014 in control sections at
postnatal day 7 and 0.61"0.027 in CPA stimulated sections vs. 0.70"

0.040 in control sections at postnatal day. At postnatal day 14, there was
a significant increase in GTPgS binding following CPA stimulation of

Ž .adenosine A receptorsp-0.05 , indicating G-protein coupling at this1

stage.
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w 35 xthere was no significant CPA stimulated GTPg- S -bind-
ing in cerebral cortex. At postnatal day 14, there was a

w 35 xsignificant increase in GTPg- S -binding in cerebral cor-
tex following CPA stimulation of adenosine A receptors1
Ž .p-0.05 , indicating a functional G-protein coupling at
this stage. Similar results were found in the hippocampus
Ž .not shown .

4. Discussion

Given the strong evidence that adenosine A receptor1
Žagonists are neuroprotective in mature animals Von Lub-

.itz et al., 1996b, 1999 , it was surprising that the adenosine
A receptor agonist ADAC did not prevent brain damage1

after hypoxic ischemia in 7-day-old rats. There are two
major possibilities to explain this lack of cerebroprotective

Ž .effect: 1 cardiovascular effects are more pronounced in
immature animals and they diminish the cerebroprotective

Ž .effect, and 2 A receptors are poorly developed in the1

CNS of immature rats. The second possibility was sup-
ported by the finding that rectal temperature was not
affected by 100mgrkg ADAC in 7-day-old rats, but was

Ž .decreased in adult Wistar rats present study . We there-
fore further examined the possibility that in the immature
rat brain, cerebral adenosine A receptors that regulate1

body temperature and modulate outcome of cerebral is-
chemia do not respond to an adenosine A receptor ago-1

nist, whereas they do in adult rats.
A possible explanation is that adenosine A receptors in1

the brain are too few for a functional response to be
observed. However, adenosine A receptors are present in1

the brains of 7-day-old rats, albeit in lower levels than in
adults, and their distribution is similar to that in the adult

Ž .brain Aden et al., 2000 . On the other hand, the present
results suggest that the adenosine A receptors may be less1

Žwell coupled to G-proteins. Earlier studies Morgan and
.Marangos, 1987; Daval et al., 1991 have shown that the

w3 xbinding of the radioactive agonist H CHA was decreased
Ž .by Gpp NH p already at postnatal day 5. This was inter-

preted as evidence for G-protein coupling at that age, but
these studies were not performed in the presence of Mg2q

known to promote such coupling and they were not con-
Ž .trolled for effects of Gpp NH p independent of G-proteins.

In the present study, we found, as expected, a major
w3 xenhancement of H DPCPX binding by GTP in slices

from mature rat brain incubated in Mg2q-containing buffer
Ž .Parkinson and Fredholm, 1992 . By contrast, no signifi-
cant enhancement by GTP of antagonist binding was
observed in immature 7-day-old brain. Since the enhance-
ment by GTP is due to displacement of endogenous adeno-

Žsine via a G-protein-dependent mechanism Fastbom and
.Fredholm, 1990b , this indicated that the coupling was less

pronounced in brains from very young animals. This con-
clusion agrees with the results on agonist stimulated GTP

w 35 x Ž .g- S binding Laitinen, 1999 . Thus, in the present
study in the brains from 7-day-old rats, an adenosine A1

w 35 xreceptor agonist did not significantly stimulate GTPg- S
binding, whereas in brain sections from 14-day-old rats a
significant stimulation was observed. Hence, our data sug-
gest that at postnatal day 7 there are few adenosine A1

receptors in the brain and those that exist are not yet fully
coupled to G-proteins. This could adequately explain why
the adenosine A receptor agonist ADAC does not prevent1

brain damage in the 7-day-old rat brain. Furthermore, other
studies have shown that if G-protein binding to adenosine

ŽA receptors is enhanced by PD 81,273 2-amino-4,5-di-1
w Ž . xmethyl-3-thienyl- 3 triflouromethyl -phenyl methanone, a

.drug that modifies the receptor via allosteric binding ,
brain injury is reduced after hypoxic ischemia in the same

Ž .model Halle et al., 1997 .
The present study and the study by Von Lubitz et al.

Ž .1996a,b have found disparate results concerning heart
rate after injection of ADAC. Whereas in the study by Von
Lubitz, heart rate was unaltered in adult gerbils, we found
a striking bradycardia in 7-day-old rats that were injected
with ADAC. Also, this difference might be partly at-
tributed to the developmental changes in G-protein cou-
pling to adenosine A receptors. Previous studies have1

shown that adenosine A receptors indeed are present at1

birth in the heart and that they are more abundant in the
Žatria compared to the ventricle Rivkees, 1995; Matherne

.et al., 1996 . Furthermore, the receptor density actually
Ž .decreases with age Cothran et al., 1995 . When ventricu-

lar cardiomyocytes from 3-day-old Wistar rats were ex-
posed to ab-adrenoceptor agonist and cAMP formation
was measured, the adenosine A receptor agonist R-PIA1

Žwas clearly able to reduce the cAMP formation Cothran et
.al., 1995 , indicating that adenosine A receptors are well1

coupled to second-messenger systems at this stage.
w3 xWe confirm that H DPCPX binding in the heart

decreases with age. Furthermore, GTP had a larger effect
on the heart of young than of older animals: 10-fold
increase in the right atrium at postnatal day 7, but only
twofold in the adult atrium. This suggests that the number
of adenosine A receptors that are G-protein coupled is1

actually higher at postnatal day 7 than at later stages. On
Žthe basis of these results and previous data Cothran et al.,

.1995 showing that receptor levels and coupling to
second-messenger systems are even higher at birth, one
might speculate that adenosine A receptors provide a1

protective mechanism against the surge of catecholamines
at birth.

Accordingly, another possible contributory cause for the
lack of ameliorating effect on ischemic brain damage in
the present study is that the cardiovascular side-effects of

Ž .ADAC bradycardiarhypotension seen in young animals
might have counteracted any cerebroprotective effect. Thus,
the decreased cerebral effects of adenosine A receptor1

stimulation coupled to increased cardiovascular respon-
siveness indicates that therapies designed to increase activ-
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ity via A receptors are not likely to be very useful to1

prevent cerebral damage in young animals.
In summary, the present results indicate that an adeno-

sine A receptor agonist given after hypoxic ischemia to1

7-day-old rats does not counteract the development of
brain damage. Although this is a negative finding it is
important because both enhancing the extracellular levels
of adenosine via uptake inhibitors and adenosine A recep-1

tor stimulation have been suggested to ameliorate brain
damage in the mature and in the immature brain. We also
suggest that a major reason for the lack of effect is that the
adenosine A receptors are poorly developed in the brains1

of young rats, but that the situation is the opposite in the
heart. The present results therefore suggest that other
subtypes of adenosine receptors than the adenosine A1

receptor are responsible for the protective effect of in-
creased endogenous adenosine after hypoxic ischemia in
the immature brain. This is currently under investigation.

Acknowledgements

We are grateful to Professor Peter Thoren for providing´
equipment and advice, to Lilian Sundberg, Eva Cambert,

˚Karin Lindstrom and Per-Arne Agren for expert technical¨
help with some of the experiments and to Elsa Bona for
initiating the study. Financial support was obtained from

Ž .the Swedish Medical Research Council project no 2553 ,
the Bank of Sweden Tercentenary Fund, ISIC, the Fifth
Framework programme of the European Commission, the
Knut and Alice Wallenberg Foundation, Linnea and Josef´
Carlssons Stiftelse, Stiftelsen Samariten, General Mater-
nity Hospital Foundation and Stiftelsen Sven Jerrings fond.

References

Aden, U., Herlenius, E., Tang, L.Q., Fredholm, B.B., 2000. Maternal
caffeine intake has minor effects on adenosine receptor ontogeny in
the rat brain. Pediatr. Res. 48, 177–183.

Andine, P., Rudolphi, K.A., Fredholm, B.B., Hagberg, H., 1990a. Effect
Ž .of propentofylline HWA 285 on extracellular purines and excitatory

amino acids in CA1 of rat hippocampus during transient ischaemia.
Br. J. Pharmacol. 100, 814–818.

Andine, P., Thordstein, M., Kjellmer, I., Nordborg, C., Thiringer, K.,
Wennberg, E., Hagberg, H., 1990b. Evaluation of brain damage in a
rat model of neonatal hypoxic-ischemia. J. Neurosci. Methods 35,
253–260.

Aranda, J.V., Beharry, K., Laudignon, N., Sasyniuk, B.I., 1989. On-
togeny of adenosine production and degradation and its implications
in neonatal cerebral blood flow regulation. Dev. Pharmacol. Ther. 13,

w x w x96–103 Review 22 Refs. .
Axenborg, J.E.H.I., 1993. A PC-based on-line system for physiological in

vivo and in vitro experiments. Comput. Methods Programs Biomed.
41, 55–67.

Bona, E., Aden, U., Gilland, E., Fredholm, B.B., Hagberg, H., 1997.
Neonatal cerebral hypoxia-ischemia: the effect of adenosine receptor
antagonists. Neuropharmacology 36, 1327–1338.

Cothran, D.L., Lloyd, T.R., Taylor, H., Linden, J., Matherne, G.P., 1995.

Ontogeny of rat myocardial A adenosine receptors. Biol. Neonate1

68, 111–118.
Daval, J.L., Werck, M.C., Nehlig, A., Pereira de Vasconcelos, A., 1991.

Quantitative autoradiographic study of the postnatal development of
adenosine A receptors and their coupling to G proteins in the rat1

brain. Neuroscience 40, 841–851.
De Mendonca, A., Sebastiao, A.M., Ribeiro, J.A., 2000. Adenosine: does

it have a neuroprotective role after all? Brain Res. Brain Res. Rev. 33,
258–274.

Dux, E., Fastbom, J., Ungerstedt, U., Rudolphi, K., Fredholm, B.B.,
1990. Protective effect of adenosine and a novel xanthine derivative
propentofylline on the cell damage after bilateral carotid occlusion in
the gerbil hippocampus. Brain Res. 516, 248–256.

Fastbom, J., Fredholm, B.B., 1990a. Effects of long-term theophylline
treatment on adenosine A -receptors in rat brain: autoradiographic1

evidence for increased receptor number and altered coupling to
G-proteins. Brain Res. 507, 195–199.

Fastbom, J., Fredholm, B.B., 1990b. Regional differences in the effect of
guanine nucleotides on agonist and antagonist binding to adenosine
A -receptors in rat brain, as revealed by autoradiography. Neuro-1

science 34, 759–769.
Fastbom, J., Pazos, A., Palacios, J.M., 1987. The distribution of adeno-

sine A receptors and 5X-nucleotidase in the brain of some commonly1

used experimental animals. Neuroscience 22, 813–826.
Fredholm, B.B., Abbracchio, M.P., Burnstock, G., Daly, J.W., Harden,

T.K., Jacobson, K.A., Leff, P., Williams, M., 1994. Nomenclature
and classification of purinoceptors. Pharmacol. Rev. 46, 143–156.

Gidday, J.M., Fitzgibbons, J.C., Shah, A.R., Kraujalis, M.J., Park, T.S.,
1995. Reduction in cerebral ischemic injury in the newborn rat by
potentiation of endogenous adenosine. Pediatr. Res. 38, 306–311.

Gilland, E., Puka-Sundvall, M., Andine, P., Bona, E., Hagberg, H., 1994.
Hypoxic-ischemic injury in the neonatal rat brain: effects of pre- and
post-treatment with the glutamate release inhibitor BW1003C87. Brain
Res. Dev. Brain Res. 83, 79–84.

Hagberg, H., Andersson, P., Lacarewicz, J., Jacobson, I., Butcher, S.,
Sandberg, M., 1987. Extracellular adenosine, inosine, hypoxanthine,
and xanthine in relation to tissue nucleotides and purines in rat
striatum during transient ischemia. J. Neurochem. 49, 227–231.

Hagberg, H., Andine, P., Fredholm, B.B., Rudolphi, K., 1990. Effect of´
the adenosine uptake inhibitor propentofylline on extracellular adeno-
sine and glutamate and evaluation of its neuroprotective efficacy after

Ž .ischemia in neonatal and adult rats. In: Krieglstein, J. Ed. , Pharma-
cology of Cerebral Ischemia. Wissenschaftliche Verlagsgesellschaft,
Stuttgart, pp. 427–437.

Hagberg, H., Gilland, E., Diemer, N.H., Andine, P., 1994. Hypoxia-
ischemia in the neonatal rat brain: histopathology after post-treatment
with NMDA and non-NMDA receptor antagonists. Biol. Neonate 66,
205–213.

Hagberg, H., Bona, E., Gilland, E., Puka-Sundvall, M., 1997. Hypoxia-
ischaemia model in the 7-day-old rat: possibilities and shortcomings.
Acta Paediatr. Suppl. 422, 85–88.

Halle, J.N., Kasper, C.E., Gidday, J.M., Koos, B.J., 1997. Enhancing
adenosine A receptor binding reduces hypoxic-ischemic brain injury1

in newborn rats. Brain Res. 759, 309–312.
Jacobson, K.A., Kirk, K.L., Padgett, W.L., Daly, J.W., 1985. Functional-

ized congeners of adenosine: preparation of analogues with high
affinity for A -adenosine receptors. J. Med. Chem. 28, 1341–1346.1

Jiang, N., Kowaluk, E.A., Lee, C.H., Mazdiyasni, H., Chopp, M., 1997.
Adenosine kinase inhibition protects brain against transient focal
ischemia in rats. Eur. J. Pharmacol. 320, 131–137.

Jonzon, B., Bergquist, A., Li, Y.-O., Fredholm, B.B., 1986. Effects of
adenosine and two stable adenosine analogues on blood pressure,
heart rate and colonic temperature in the rat. Acta Physiol. Scand.
126, 491–498.

Kjellmer, I., Andine, P., Hagberg, H., Thiringer, K., 1989. Extracellular
increase of hypoxanthine and xanthine in the cortex and basal ganglia
of fetal lambs during hypoxia-ischemia. Brain Res. 478, 241–247.



˚ ( )U. Aden et al.rEuropean Journal of Pharmacology 426 2001 185–192´192

Laitinen, J.T., 1999. Selective detection of adenosine A receptor-depen-1

dent G-protein activity in basal and stimulated conditions of rat brain
w x X Ž .35S guanosine 5 - gamma-thio triphosphate autoradiography. Neuro-
science 90, 1265–1279.

Lupica, C.R., Proctor, W.R., Dunwiddie, T.V., 1992. Presynaptic inhibi-
tion of excitatory synaptic transmission by adenosine in rat hippocam-
pus: analysis of unitary EPSP variance measured by whole-cell
recording. J. Neurosci. 12, 3753–3764.

Matherne, G.P., Byford, A.M., Gilrain, J.T., Dalkin, A.C., 1996. Changes
in myocardial A adenosine receptor and message levels during fetal1

development and postnatal maturation. Biol. Neonate 70, 199–205.
Miller, L.P., Jelovich, L.A., Yao, L., DaRe, J., Ugarkar, B., Foster, A.C.,

1996. Pre- and peristroke treatment with the adenosine kinase in-
hibitor, 5X-deoxyiodotubercidin, significantly reduces infarct volume
after temporary occlusion of the middle cerebral artery in rats.
Neurosci. Lett. 220, 73–76.

Morgan, P.F., Marangos, P.J., 1987. Ontogenetic appearance of the
adenosine receptor precedes N-protein coupling in rat forebrain. Brain
Res. 432, 269–274.

Park, T.S., Van Wylen, D.G., Rubio, R., Berne, R.M., 1987. Increased
brain interstitial fluid adenosine concentration during hypoxia in
newborn piglet. J. Cereb. Blood Flow Metab. 7, 178–183.

Parkinson, F.E., Fredholm, B.B., 1992. Magnesium-dependent enhance-
ment of endogenous agonist binding to adenosine A receptors: a1

complicating factor in quantitative autoradiography. J. Neurochem.
58, 941–950.

Rice III, J.E., Vannucci, R.C., Brierley, J.B., 1981. The influence of
immaturity on hypoxic-ischemic brain damage in the rat. Ann. Neu-
rol. 9, 131–141.

Rivkees, S.A., 1995. The ontogeny of cardiac and neural A adenosine1

receptor expression in rats. Brain Res. Dev. Brain Res. 89, 202–213.
Rudolphi, K.A., Schubert, P., Parkinson, F.E., Fredholm, B.B., 1992.

Neuroprotective role of adenosine in cerebral ischaemia. Trends Phar-
macol. Sci. 13, 439–445.

Siggins, G.R., Schubert, P., 1981. Adenosine depression of hippocampal

neurons in vitro: an intracellular study of dose-dependent actions on
synaptic and membrane potentials. Neurosci. Lett. 23, 55–60.

Sim, L.J., Selley, D.E., Childers, S.R., 1995. In vitro autoradiography of
receptor-activated G proteins in rat brain by agonist-stimulated guany-

X w w x xlyl 5 - gamma- 35S thio -triphosphate binding. Proc. Natl. Acad. Sci.
U. S. A. 92, 7242–7246.

Tatlisumak, T., Takano, K., Carano, R.A., Miller, L.P., Foster, A.C.,
Fisher, M., 1998. Delayed treatment with an adenosine kinase in-
hibitor, GP683, attenuates infarct size in rats with temporary middle
cerebral artery occlusion. Stroke 29, 1952–1958.

Vapaatalo, H., Onken, D., Neuvonen, P.J., Westermann, E., 1975. Stere-
ospecificity in some central and circulatory effects of phenyliso-

Ž .propyl-adenosine PIA . Arzneimittelforschung 25, 407–410.
Volpe, J.J., 2001. Neurology of the Newborn. 4th edn. W.B. Saunders,

Philadelphia.
Von Lubitz, D.K., Beenhakker, M., Lin, R.C., Carter, M.F., Paul, I.A.,

Bischofberger, N., Jacobson, K.A., 1996a. Reduction of postischemic
brain damage and memory deficits following treatment with the
selective adenosine A receptor agonist. Eur. J. Pharmacol. 302,1

43–48.
Von Lubitz, D.K., Lin, R.C., Paul, I.A., Beenhakker, M., Boyd, M.,

Bischofberger, N., Jacobson, K.A., 1996b. Postischemic administra-
Ž .tion of adenosine amine congener ADAC : analysis of recovery in

gerbils. Eur. J. Pharmacol. 316, 171–179.
Von Lubitz, D.K., Lin, R.C., Bischofberger, N., Beenhakker, M., Boyd,

M., Lipartowska, R., Jacobson, K.A., 1999. Protection against is-
chemic damage by adenosine amine congener, a potent and selective
adenosine A receptor agonist. Eur. J. Pharmacol. 369, 313–317.1

Weaver, D.R., 1996. A -adenosine receptor gene expression in fetal rat1

brain. Brain Res. Dev. Brain Res. 94, 205–223.
Williams, M., 1989. Adenosine: the prototypic neuromodulator. Neu-

rochem. Int. 14, 249.
Yager, J.Y., Heitjan, D.F., Towfighi, J., Vannucci, R.C., 1992. Effect of

insulin-induced and fasting hypoglycemia on perinatal hypoxic-
ischemic brain damage. Pediatr. Res. 31, 138–142.


