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The synthesis and pharmacological profile of a series of neuroprotective adenosine agonists
are described. Novel A1 agonists with potent central nervous system effects and diminished
influence on the cardiovascular system are reported and compared to selected reference
adenosine agonists. The novel compounds featured are derived structurally from two key lead
structures: 2-chloro-N-(1-phenoxy-2-propyl)adenosine (NNC 21-0041, 9) and 2-chloro-N-(1-
piperidinyl)adenosine (NNC 90-1515, 4). The agonists are characterized in terms of their in
vitro profiles, both binding and functional, and in vivo activity in relevant animal models.
Neuroprotective properties assessed after postischemic dosing in a Mongolian gerbil severe
temporary forebrain ischemia paradigm, using hippocampal CA1 damage endpoints, and the
efficacy of these agonists in an A1 functional assay show similarities to some reference adenosine
agonists. However, the new compounds we describe exhibit diminished cardiovascular effects
in both anesthetized and awake rats when compared to reference A1 agonists such as (R)-
phenylisopropyladenosine (R-PIA, 5), N-cyclopentyladenosine (CPA, 2), 4, N-[(1S,trans)-2-
hydroxycyclopentyl]adenosine (GR 79236, 26), N-cyclohexyl-2′-O-methyladenosine (SDZ WAG
994, 27), and N-[(2-methylphenyl)methyl]adenosine (Metrifudil, 28). In mouse permanent
middle cerebral artery occlusion focal ischemia, 2-chloro-N-[(R)-[(2-benzothiazolyl)thio]-2-propyl]-
adenosine (NNC 21-0136, 12) exhibited significant neuroprotection at the remarkably low total
intraperitoneal dose of 0.1 mg/kg, a dose at which no cardiovascular effects are observed in
conscious rats. The novel agonists described inhibit 6,7-dimethoxy-4-ethyl-â-carboline-3-
carboxylate-induced seizures, and in mouse locomotor activity higher doses are required to
reach ED50 values than for reference A1 agonists. We conclude that two of the novel adenosine
derivatives revealed herein, 12 and 5′-deoxy-5′-chloro-N-[4-(phenylthio)-1-piperidinyl]adenosine
(NNC 21-0147, 13), representatives of a new series of P1 ligands, reinforce the fact that novel
selective adenosine A1 agonists have potential in the treatment of cerebral ischemia in humans.

Introduction

Adenosine (1) (Chart 1) is a naturally occurring
purine nucleoside, which has a wide variety of well-
documented regulatory functions and physiological ef-
fects. The central nervous system (CNS) and cardiovas-
cular (CV) effects of this ubiquitous endogenous nucleo-
side have attracted particular attention in drug discov-
ery, owing especially to the therapeutic potential of
purinergic agents in CV and CNS disorders.1-4 This
therapeutic potential has resulted in a considerable
recent research endeavor within this field.5

In the CNS adenosine modulates synaptic transmis-
sion without itself acting as a neurotransmitter.6 It is
now becoming apparent that adenosine and adenosine
receptor ligands have a range of potential applications
in the therapy of CNS disorders,7 since adenosine
appears to act as an endogenous neuroprotectant8 and
antiepileptic agent.9-11 Enhanced metabolic activity,
with high ATP to ADP turnover, leads in turn to

elevated extracellular adenosine levels,12 which cause
hyperpolarization and reduced neuronal firing. Indeed,
investigators utilizing microdialysis have measured
elevated levels of adenosine postischemia,13 giving
evidence of its apparent endogenous neuroprotective
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Chart 1. Structures of Reference A1 Receptor Agonists
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function. These observations have been confirmed in
human subjects.14 This background data led us to
investigate the concept of adenosine agonism as a
mechanism for the discovery of novel drug candidates
with neuroprotective properties.

Adenosine Receptor Subtypes
Adenosine receptors represent a subclass (P1) of the

group of purine nucleotide and nucleoside receptors
known as purinoceptors. The main pharmacologically
distinct adenosine receptor subtypes are known as A1,
A2A, A2B (of high and low affinity), and A3.15 Selective
ligands exist for these G-protein-coupled adenosine
receptors, and the structure-activity relationships of
the various reference ligands have been reviewed.1,16

The most recently identified subtype is the A3 recep-
tor.17,18

Among the known adenosine receptor agonists most
selective for the A1 receptor over the A2A receptor are
the examples where the adenine nucleus is substituted
with a cyclic group on the amino function, for example,
the key reference agonists N-cyclopentyladenosine (CPA,
2)1,16,19 and 2-chloro-N-(1-piperidinyl)adenosine20 (4).

Proposals have been put forward for the possible
existence of subtypes of the adenosine A1 receptor. The
original suggestion for classification into A1A and A1B
subtypes was initially put forward by Gustafsson21 in
1989, based on the rank order of potency of a series of
agonists and antagonists. Owing to a lack of subsequent
studies, it appears that this postulate has yet to receive
wide acceptance in the scientific community, as evi-
denced by lack of inclusion of these subtypes in a recent
status summary of P1 receptor nomenclature.15 How-
ever, Mahan et al. have more recently deduced the
existence of a high- and low-affinity binding site at a
cloned rat A1 receptor.22 Furthermore, Palmer and
Stiles23 have proposed the bovine brain adenosine
receptor as a distinct A1 subtype, and Meng et al.24 have
cloned an adenosine A1 receptor from guinea pig brain
with high affinity for the adenosine A1 antagonist
8-cyclopentyl-1,3-dipropylxanthine (DPCPX), but with
uniquely low affinity for otherwise potent and selective
A1 agonists such as 2-chloro-N-cyclopentyladenosine
(CCPA, 3), N-cyclohexyladenosine (CHA, 6), and (R)-
phenylisopropyladenosine (R-PIA, 5). One could foresee
that there may be further progress toward a rational
reinterpretation of the adenosine A1 receptor in the
future, possibly when radioligand binding assays fea-
turing newer A1 receptor ligands become available.

Of the different adenosine receptor subtypes, the A1
receptor is apparently the most prevalent in the mam-
malian CNS,25 with high density in the hippocampus,
cerebral cortex, and cerebellum.

In Vivo Effects of Adenosine Agonists
Adenosine and certain adenosine receptor agonists

inhibit the release of excitatory amino acids such as
glycine and glutamate when acting via the adenosine
A1 receptor.26-28 It is recognized that the unrestrained
release of these neurotransmitters29 contributes to the
process causing severe neuronal damage in the period
following an interruption of blood supply to the brain
in humans,30,31 for example, during stroke or cardiac
arrest, as demonstrated recently by human micro-
dialysis.32

However, other aspects of the pharmacological action
of adenosine could also be of great utility in protection
from the deleterious effects of in vivo ischemia,33 for
example, inhibition of free radical formation34 as well
as inhibition of platelet aggregation via the A2 receptor.
Adenosine also activates antioxidant enzymes during
ischemia,35 and an apparent beneficial effect on cerebral
blood flow in humans has also been observed.36 Fur-
thermore, adenosine agonists have been shown to
control levels of tumor necrosis factor-R,37 a cytokine
which has been implicated as a mediator of brain
injury.38

The mammalian cardiovascular system is under
several different forms of purinergic control. Stimulation
of heart A1 receptors results in bradycardia, whereas
agonists at vascular A2 receptors cause vasodilation.
However, several articles, when taken together, reveal
that the whole spectrum of adenosine’s cardiovascular
effects is rather complex.39

This is especially so when species differences, the
traditional bugbear of pharmaceutical research, are
taken into consideration. For example, the antilipolytic
adenosine A1 agonist N-cyclohexyl-2′-O-methyladeno-
sine (SDZ WAG 994, 27) (see Tables 1 and 2) has a
potent hypotensive effect when dosed in rodents, but a
milder effect is observed in primates.40

A similar phenomenon has been observed with other
adenosine derivatives between rodent species,41 and
several different potential explanations for these species
differences has been put forward.42-44 Further compli-
cations can arise because of the potential for some
central control of hypotension.45 One particularly in-
triguing explanation is put forward by Cornfield et al.,
which proposes the existence of an A4 adenosine recep-
tor as an interpretation for some observations made
with 2-(phenylamino)adenosine (CV 1808, 7).46

The reported human clinical studies on adenosine re-
ceptor agonists, aside from the marketed drug adeno-
sine itself, are also revealing. A range of 2-haloadeno-
sines injected into the human forearm, reported in 1965,
were found to have a stronger vasodilatory effect than
adenosine.47 N-[(2-Methylphenyl)methyl]adenosine (Met-
rifudil, 28), an early clinical candidate,48 later shown
to be a mixed adenosine A1 and A2 receptor agonist49

with some A3 receptor affinity,50 was tolerated in
humans at 0.1 mg/kg iv or 0.5 mg/kg po without critical
changes in circulatory parameters. A clinical study of
R-PIA (5), which has since become a vital reference A1
agonist, concluded that three 2-hourly 1 mg oral doses
apparently caused inhibition of lipolysis, an effect
associated with adenosine A1 agonism, but no cardio-
vascular changes were reported.51 The ethyl ester of
adenosine-5′-carboxylic acid (EACH, 8) has been evalu-
ated as an antiangina agent.52 At oral doses of 33 mg,
side effects of nausea, numbness, and angina itself were
noted, although normal healthy volunteers could ap-
parently tolerate doses of 1-84 mg with minimal
adverse effects.

One of the most recent adenosine agonists to be
examined clinically is SDZ WAG 994 (27). Fifty patients
with heart failure symptoms and moderate left ven-
tricular systolic dysfunction had a balloon flotation
catheter inserted. Patients received placebo or a single
oral dose of either 1, 2, or 5 mg of 27. No important
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effects on systemic, right atrial, pulmonary artery, or
pulmonary capillary wedge pressures; cardiac index;
respiratory rate; or heart rate were observed. The PR
interval (a reflection of A1 receptor-mediated activity)
increased significantly in a stepwise fashion. Therefore
treatment with 27 resulted in no significant hemody-
namic changes at rest in this subset of patients with
left ventricular dysfunction.53

We now wish to report the synthesis and pharmaco-
logical activity of five new A1 receptor agonists (Chart
2) featured as representatives from over 80 examples
of novel nucleosides in three recently revealed series.54-56

We have selected one structure from each of these series
for detailed elucidation in this present article. The
representative neuroprotectants, 2-chloro-N-(1-phenoxy-
2-propyl)adenosine11,54 (9), comprising the two diaste-
reoisomers 10 and 11, 2-chloro-N-[(R)-[(2-benzothiazo-
lyl)thio]-2-propyl]adenosine55 (NNC 21-0136, 12), and
5′-deoxy-5′-chloro-N-[4-(phenylthio)-1-piperidinyl]-
adenosine56 (NNC 21-0147, 13), all have marked CNS
effects in a range of models but exhibit lowered cardio-
vascular effects when compared to reference A1 agonists
such as 2, 4, and 5. These new agonists were selected
with the goal of developing an A1 receptor agonist as a
rational treatment for acute cerebral ischemia.

Chemistry
The first adenosine agonist discovered within this

project which had a mild cardiovascular profile in vivo
when compared to reference A1 agonists was 911 (Chart
2). A retrosynthetic analysis provided a convenient,
high-yielding synthesis of its two diastereoisomers 10
and 11.54 These syntheses are illustrated in Scheme 1.

The direct displacement of the 6-chlorine atom in 2,6-
dichloro-9-(2,3,5-tri-O-acetyl-â-D-ribofuranosyl)-9H-pu-
rine20,57 (14) was accomplished using commercially
available 1-phenoxy-2-propylamine which exists as a
racemic mixture. The resultant diastereoisomeric mix-
ture 15 was deblocked with methanolic ammonia to
afford 9. The diastereoisomers were not separated but
rather individually synthesized from the enantiomers
of alaninol. tert-Butyloxycarbonyl (Boc) protection of

L-alaninol followed by ether formation under Mit-
sunobu58 conditions provided the phenyl ether 16, which
could be converted into the amine salt 17 by treatment
with hydrochloric acid in ethyl acetate. Reaction with
2,6-dichloro-9-(2,3,5-tri-O-benzoyl-â-D-ribofuranosyl)-
9H-purine20 (18) and deblocking as previously provided
the R-diastereoisomer 10. The S-diastereoisomer 11 was
obtained when D-alaninol was utilized as starting mate-
rial (Scheme 1).

An overall similar synthetic strategy was used for the
novel benzothiazolyl analogue 12, but in this case 2-mer-
captobenzothiazole was used as the nucleophile in place
of phenol in the Mitsunobu reaction (Scheme 2).

Compound 13 is a 5′-ribose-modified extension of a
previously published series of novel, highly potent A1
receptor agonists11,20,59 and was prepared from 2-chloro-
N-[4-(phenylthio)-1-piperidinyl]adenosine (NNC 21-
0129,11,20 24) by a convenient 5′-chlorination which does
not involve separate protection of the 2′- and 3′-ribosyl
hydroxy groups60 (Scheme 3). The parent â-D-ribofura-
nosyl nucleoside 24 was synthesized20 via the Boc
protection/phenyl thioether formation procedure on
4-hydroxypiperidine, followed by a classical N-amination
procedure involving reduction of the N-nitroso interme-
diate, to afford the phenylthioether 23 (Scheme 3).

The noncommercially available reference A1 agonists
and antilipolytic agents, Glaxo Wellcome’s [(1S,trans)-
2-hydroxycyclopentyl]adenosine (GR 79236,61 26), No-
vartis’ SDZ WAG 99440 (27) and the mixed agonist N-[(2-
methylphenyl)methyl]adenosine48,49 (28), were prepared,
the two former agents via new, brief syntheses (Scheme
4). For the synthesis of 26, we found that rather than
separating the enantiomers62 of trans-2-aminocyclopen-
tanol (29) before the displacement of chlorine from
6-chloropurine riboside, it was preferable to react the
amino alcohol 29 directly. The resultant mixture of
diastereoisomers was separable by crystallization and
chromatography to provide GR 79236 (26). Previous
syntheses of the recently described adenosine A1 agonist
SDZ WAG 994 (27) have been based on preparing the
2′-O-methylated ribose moiety before reacting it with a
purine derivative.63 We evaluated strategies for 3,5-O-
protection of N-cyclohexyladenosine (6) before attempt-
ing the simplest synthesis method, a direct 2′-O-
methylation of 6 using methyl iodide, affording 27 in
25% isolated yield (Scheme 4). This method is now the
subject of a Sandoz patent application.64 The minor
product from this direct alkylation, 3′-O-methyl-N-
cyclohexyladenosine, could be removed from the reaction
mixture by column chromatography. Other key com-
mercially available reference compounds are also fea-
tured in Tables 1 and 2.

Results and Discussion

In Vitro Profiles. The in vitro biochemical profiles
of the five novel adenosine A1 agonists and eight key
reference compounds are shown in Table 1. Affinity for
the adenosine A1 receptor for each compound is quanti-
fied by displacement of the binding of [3H]-R-PIA from
Wistar rat forebrain and for the A2A receptor by dis-
placement of [3H]-2-[p-(2-carboxyethyl)phenylethylamino]-
5′-(N-ethylcarboxamido)adenosine (CGS 21680, 33) from
rat striatal tissue.49 The A1 functional assay measuring
inhibition of isoprenaline-stimulated cAMP accumula-

Chart 2. Structures of Selected Novo Nordisk A1
Receptor Agonists
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tion in DDT1-MF2 cells65 was used to examine whether
the compounds investigated exhibited full agonist effect.
In addition, the isolated guinea pig atria model was
utilized to provide data for assessing bradycardic effects
of the compounds studied without the influence of
complicating factors which affect in vivo data, such as
differences in metabolism, bioavailability, and distribu-
tion.

Reference agonists 2, 4, 5, and 26 exhibited the
expected in vitro characteristics of potent A1 agonists,
with rat brain A1 receptor binding in the low nanomolar

range, selectivity for A1 receptor binding over A2A, and
pronounced effects (IC50 < 5 nM) as full agonists in the
A1 functional assay. The novel adenosine agonists 10
and 12 are similar in effect and are slightly less potent
than the reference agonists 2, 4, 5, and 26. However,
the novel compound 13, a close structural analogue of
4, maintains in vitro potency compared to the reference
agonists, being essentially equipotent in the binding and
functional assays. All the novel compounds were shown
to be full agonists in the functional assay. Given that 9
is a 1:1 mixture of 10 and 11, the functional data is not

Scheme 1. Synthesis of 2-Chloro-N-(1-phenoxy-2-propyl)adenosine (9) and the Two Corresponding 6-Amino
Substituent Diastereoisomers 10 and 11

Scheme 2. Synthesis of 2-Chloro-N-[R-(2-benzothiazolyl)thio-2-propyl]adenosine (12)
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surprising, confirming that 10 is the more potent A1
agonist of this diastereomeric pair.

SDZ WAG 99440 (27), 11, and N-(sulfophenyl)adeno-
sine66 (32) were weaker in terms of A1 receptor binding
than the potent reference A1 agonists. Our data for 32

(A1 Ki 126 nM) was close to the published figure (Ki 74
nM). However, our data for SDZ WAG 994 (27) (A1 Ki
76 nM) indicates that it may be weaker than expected
as an A1 agonist in our hands, although there was a
species difference (rat forebrain vs pig striatum) be-
tween our binding figures and those previously pub-
lished.40

We noted in an earlier study of anticonvulsant effects
that N-[(2-methylphenyl)methyl]adenosine (28) is a
slightly A2A-selective agonist,49 and it has since been
shown to have some A3 receptor affinity (IC50 360 nM).50

Its property as a low-affinity A1 receptor agonist is also
reflected in the weak effect observed in the correspond-
ing functional assay.

The main thrust of the present article is that the
novel adenosine agonists we describe have diminished
cardiovascular effects when compared to reference A1
agonists. A tendency in this direction is apparent in
Table 1, within the data for negative inotropy in iso-
lated guinea pig atria; bradycardia is apparently A1-
mediated.39 Compounds 2, 4, and 5 exhibited submi-
cromolar inhibition of beating rate, whereas all the novel
compounds evaluated were significantly weaker. Ago-
nist 13 is a particularly dramatic example, having simi-
lar receptor affinity and A1 functional effect to the po-
tent reference compounds, but it gave a 50-fold weaker
bradycardic effect in this paradigm. Reference agonists
27 and 28 also show a weak effect on isolated guinea
pig atria, but this is presumably a reflection of their
relatively weak in vitro adenosine A1 receptor agonism.

In Vivo Effects. Table 2 summarizes some important
in vivo effects of the 13 adenosine agonists highlighted
in this present study. Intraperitoneal (ip) dosing was
utilized in all except the CV studies, where iv dosing
was performed. These models are described in detail in
the Pharmacological Methods section. Figure 1 shows
results from 5 and 12 in a mouse focal ischemia model
with comparison to the reference neuroprotectant, the

Scheme 3. Synthesis of 2,5′-Dichloro-N-[4-(phenylthio)-1-piperidinyl]adenosine (13)

Scheme 4. Synthesis of the Key Reference Compounds
GR 79236 (26), SDZ WAG 994 (27), and Metrifudil (28)
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NMDA antagonist MK-801. Figure 2 reveals mouse
rectal temperature data for these compounds. At doses
of <10 mg/kg, 12 had no effect on rectal temperature.

Mouse spontaneous locomotor activity is inhibited
very potently by all of the eight reference compounds
featured in Table 2, virtually regardless of their affinity
profile for adenosine A1 and A2A receptors. It has been
shown previously that adenosine receptor agonists are
potent locomotor depressants,11,44,67,68 and although
most studies have been carried out on A1 agonists, the
A2A agonist CGS 21680 (33) has also been shown
previously to possess this property.69 The data in Table
2 indicate that the five novel adenosine agonists with
diminished cardiovascular effects also have markedly

less inhibitory effect on spontaneous locomotor activity
than the eight reference compounds.

A highly potent anticonvulsant effect is observed with
several of the adenosine receptor agonists against
seizures induced by the inverse agonist at benzodiaz-
epine receptors, methyl 6,7-dimethoxy-4-ethyl-â-car-
boline-3-carboxylate (DMCM).49,70 We have previ-
ously reviewed the background to this observed anti-
convulsant effect10 and have revealed in communica-
tion form the ED50 values for 2, 4, 5, 9, 24, 26, and
28 in protection against DMCM-induced seizures.11

The agonist 9 and its R-diastereoisomer 10 are the
most potent anticonvulsants in the DMCM seizure
model among the five novel compounds featured in
Table 2.

Table 1. In Vitro Characterization of Adenosine Agonists

compd, no.

adenosine A1 receptor
binding, inhibition of
rat brain [3H]-R-PIA

binding, Ki (nM)

adenosine A2A receptor
binding, inhibition of

rat brain [3H]CGS
21680 binding, Ki (nM)

adenosine A1 functional
assay, inhibition of

cAMP accumulation in
DDT-MF2 cells, IC50 (nM)

isolated guinea pig
atria, negative

inotropy, EC50 (nM)

R-PIA, 5 2.6 ( 0.6 117 ( 8 0.4 ( 0.1 440
CPA, 2 1.2 ( 0.1 321 ( 36 0.5 ( 0.1 420
NNC 90-1515, 4 4.7 ( 0.5 1485 ( 40 2.1 ( 0.3 580
GR 79236, 26 3.1 ( 0.4 1300 ( 65 2.6 ( 0.2 1500
SDZ WAG 994, 27 76 ( 9 5700 ( 2000 40 ( 16 18000
N-(4-sulfophenyl)adenosine, 32 126 ( 15 4200 ( 140 35 ( 8
CGS 21680, 33 9900 ( 1200 11 ( 2 1260 ( 120
Metrifudil, 28 98 ( 6 25 ( 5 55 ( 10 37000
NNC 21-0041, 9 43 ( 9 1086 ( 180 4.8 ( 0.3 8400
NNC 21-0074, 10 15 ( 2 245 ( 25 3.9 ( 0.1 >22900
NNC 21-0087, 11 100 ( 11 7420 ( 240 17 ( 3
NNC 21-0136, 12 10 ( 1 630 ( 120 3.1 ( 0.8 8200
NNC 21-0147, 13 3.6 ( 1.3 1150 ( 375 1.4 ( 0.3 25500

Table 2. In Vivo Effects of Adenosine Agonists

compd, no.

reduction of mouse
locomotor activity, ip
30 min, ED50 (mg/kg)

inhibition of mouse
DMCM-induced

seizures ip 30 min,
ED50 (mg/kg)

gerbil 2 vessel occlusion
ischemia, reduction in
hippocampal cell death
(p-value), dose (mg/kg)

blood pressure
reduction (%)

anesthetized rat, 0.1
mg/kg iv bolus, 5 min

R-PIA, 5 0.05 0.50 24 (0.08), 0.3 78
CPA, 2 0.07 0.17 75 (0.004), 3.0 62
NNC 90-1515, 4 0.21 2.0 65 (0.0002), 3.0 78
GR 79236, 26 0.13 0.30 47 (0.001), 3.0a 74
SDZ WAG 994, 27 0.1 0.23 38 (0.03), 0.3a 77
N-(4-sulfophenyl)adenosine, 32 0.24 3.0 69
CGS 21680, 33 0.19 4.9 46 (0.0007), 10.0a 69
Metrifudil, 28 0.9 0.54 25 (0.04), 10.0a 45
NNC 21-0041, 9 3.6 3.4 49 (0.003), 1.0 0
NNC 21-0074, 10 4.3 3.9 18 (0.037), 3.0 8
NNC 21-0087, 11 14.0 16 6 (0.46), 3.0 15
NNC 21-0136, 12 2.3 7.8 66 (0.0006), 10.0 6
NNC 21-0147, 13 8.2 25 45 (0.01), 3.0a 10

a Dosed 30 and 120 min postischemia.

Figure 1. Results in the mouse middle cerebral artery
occlusion stroke model. Results are expressed in terms of
infarct size in mm3.

Figure 2. Rectal temperature in mice. Effects of NNC 21-
0136 (12) and R-PIA (5).
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Special mention of the potent effect of SDZ WAG 994
(27) in these two behavioral models is warranted
because of its relatively weak in vitro profile. This
unusual agonist is around 2 orders of magnitude weaker
than, for example, reference compounds 2 and 5 in the
in vitro assays in Table 1, but its effect in locomotor
activity and DMCM seizure protection is equivalent to
that of these two reference compounds. For this reason
we conclude that 27 appears to be an atypical A1 recep-
tor agonist71 compared to the other reference compounds
studied and warrants further study in this respect.

Neuroprotection and Cardiovascular Studies.
We demonstrate herein that a range of both novel and
reference A1 receptor-selective adenosine agonists show
neuroprotectant properties when administered 30 min
after a period of severe forebrain ischemia in the
Mongolian gerbil (Table 2). Furthermore, the data
suggest that hypothermia is not a prerequisite for a
neuroprotective effect (Figure 2).

The distinguishing characteristics of the novel A1
agonists when compared to the reference agonists
reported herein are the pronounced neuroprotective
effects, combined with diminished hypotensive and
behavioral effects, compared to reference A1 receptor
agonists. One of the novel compounds, 12 has in addition
been found to exhibit a marked reduction in infarct size
in a mouse model of focal ischemia (Figure 1). Precise
details of these ischemia paradigms are given in the
Pharmacological Methods section.

Only a relatively small range of adenosine A1 agonists
have previously shown neuroprotectant activity against
global or focal cerebral ischemia in rodents.8 These are
R-PIA (5),72-75 CPA (2),76 CHA (6),77 2-chloroadeno-
sine,78 adenosine amine congener (ADAC),79 and NNC
21-0113.37

Cardiovascular Studies. A feature of the in vivo
effects of adenosine receptor agonists, illustrated by the
eight reference agonists in Table 2, is the profound dose-
dependent hypotension induced in rats. This hypoten-
sive effect is observed regardless of the in vitro binding
profile of these reference agonists, because agonists at
heart adenosine A1 receptors result in bradycardia and
A2 receptor agonism leads to vasodilation.39

The ultimate target of our investigations is the
application of new adenosine agonists to the treatment
of stroke and cerebral ischemia in humans. Conse-
quently, ideal drug candidates should be devoid of
hypotensive side effects at neuroprotectant doses, as this
target group of patients is clearly already in a situation
of compromised cerebral blood supply. Our strategy

within this research program has therefore been only
to select novel agonists for evaluation in gerbil neuro-
protection if they have markedly lower blood pressure
(BP) effects than reference A1 agonists.

This criterion is illustrated in Table 2, from which it
is clear that all the eight reference adenosine agonists
evaluated here have profound hypotensive effects. The
simple blood pressure model utilized was the barbiturate-
anesthetized rat (n ) 3), with arterial BP measured 5
min after an intravenous (iv) bolus dose of 0.1 mg/kg.
This model is not intended to give an absolute measure
of the hypotensive effect, as the reflexes required for
maintenance of blood pressure are apparently compro-
mised by the use of an anesthetic. The evaluation of
blood pressure in conscious rats by telemetry (see Table
3) provides a more objective and accurate assessment
of CV effects, but the anesthetized rat is very useful for
rapid data providing a comparison within a series of
compounds.

Given the need for new adenosine receptor ligands
which combine neuroprotection with an improved car-
diovascular profile, we have synthesized and evaluated
a wide range of novel adenosine derivatives.20,54-56 This
drug design process led to the discovery of 9,11,54 which
has a significantly diminished hypotensive effect. This
remarkable CV profile set agonist 9 apart from the
reference A1 agonists in Table 2, as we could observe
no alteration in BP when assessed under the conditions
described.

Compound 9 was therefore our first lead structure in
this series with diminished cardiovascular effects com-
pared to reference A1 agonists and was found to have a
potent effect in the cAMP A1 functional assay. This
agent also exhibited potent neuroprotection in the gerbil
ischemia model and inhibited DMCM-induced seizures,
as noted above. When the two components making up
this agonist, the S-diastereoisomer 11 and the R-isomer
10, were synthesized and examined separately, 11 was
markedly weaker in the assays used, aside from the BP
study, than 10. This parallels observations made with
the isomers of N-(phenylisopropyl)adenosine; R-PIA (5)
is more potent as an A1 agonist than S-PIA.1

We have noted above that compound 13 was around
50-fold weaker than expected in negative inotropy in
the guinea pig atria when compared to reference ago-
nists such as 4 or R-PIA (5), despite having a very
similar binding and functional profile. This is reflected
in its anesthetized rat BP-lowering value of 10% at the
standard dose, which is a markedly lower value than
that of the reference agonists.

Table 3. Cardiovascular Effects in Rats as Determined Using Telemetrya

infused iv dose of agonist tested (mg/kg/h)

0.0 0.005 0.01 0.05

R-PIA (5) MBP (n) 102 ( 6 (6) 98 ( 3 (4) 91 ( 7 (4) 80 ( 6 (6)
{HR} {374 ( 10} {361 ( 31} {303 ( 36} {224 ( 23}

dose of agonist tested (mg/kg/h)

0.0 0.04 0.08 0.12 0.40

Metrifudil (28) MBP (n ) 6 for all) 102 ( 6 101 ( 2 104 ( 3 93 ( 2
{HR} {383 ( 20} {378 ( 20} {438 ( 15} {451 ( 13}
NNC 21-0136 (12) MBP (n ) 6) 101 ( 2 104 ( 2 97 ( 2 103 ( 3 86 ( 3
{HR} {361 ( 12} {359 ( 14} {308 ( 13} {305 ( 18} {217 ( 10}

a Figures quoted are for mean blood pressure (MBP) in mmHg with number of animals (n) and heart rate {HR}.
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Cardiovascular Effects Assessed by Telemetry.
To assess the absolute CV effects of adenosine receptor
agonists in conscious, nonanesthetized animals, we
selected 5, 12, and 28 for evaluation in a model where
the CV effects were assessed by telemetry (Table 3). In
this model, BP and heart rate were assessed remotely
from an implanted sensor in rats. This paradigm
provides a more objective and accurate assessment of
CV effects owing to the absence of any anesthetic agent
and the fact that the baroreflex appears to be more
intact in these animals. Agonist 12 is approximately 20
times weaker than R-PIA (5) in terms of producing
hypotension in conscious rats, despite only a ca. 5-fold
difference in their biochemical profile as A1 receptor
agonists. N-[(2-Methylphenyl)methyl]adenosine (28)49 is
included with 5 because both of these drugs have been
evaluated in humans.48,51

Global Ischemia. As stated above, drug candidates
for cerebral ischemia should ideally be devoid of hy-
potensive side effects at neuroprotective doses, but
curiously we find that in the gerbil ischemia model,
neuroprotection is observed virtually regardless of the
CV profile of the adenosine agonists evaluated in this
study (Table 2). This is surprising, given that the gerbil
model involves reperfusion, but one explanation may be
that cerebral blood flow is maintained or improved
during ischemia despite peripheral hypotension.80

Compound 12 is derived from and structurally related
to 10 but contains a 2-benzothiazolylthio moiety in place
of the phenoxy function. This change confers greater
lipophilicity to the molecule, to assist it in crossing the
blood-brain barrier. Nucleoside 12 is a member of a
later compound series81 compared to 10, and its pro-
nounced neuroprotective effects have been reported in
brief previously.82,83

The compounds showing >50% protection from hip-
pocampal cell death in this paradigm were 2, 4, and 12.
Several other compounds exhibited significant neuro-
protection (p < 0.05). The only adenosine agonists in
this current series that did not prove effective in this
global ischemia model were 5 and compound 11. The
surprising data we show for the A2A agonist CGS 21680
(33), which we unexpectedly found to have neuropro-
tectant properties, has been discussed in greater depth
elsewhere.84

The lack of a significant neuroprotective effect when
dosing R-PIA (5) in this gerbil global ischemia model
was particularly intriguing.85 This key reference A1
agonist is not effective despite producing a profound
dose-related reduction in body temperature. The dose
range from 0.01 to 1.0 mg/kg was utilized, without
significant neuroprotectant effect being achieved, and
hypothermia would certainly be observed at the higher
doses (see Figure 2). Figure 2 illustrates rectal temper-
ature in NMRI mice following doses of R-PIA (5) and
12, with the conclusion that compound 12 has a much
less profound hypothermic effect than reference agonist
5. The lack of neuroprotectant effect with 5, even though
hypothermia is likely at the dose administered, indicates
agreement with the finding of Welsh and Harris that
postischemic hypothermia alone does not afford neuro-
protection in the gerbil.86

The conclusion from this gerbil severe forebrain
ischemia study is that adenosine A1 receptor agonists

exhibit a potent neuroprotectant effect and that a
hypothermic action alone does not produce a neuropro-
tectant effect. The novel agonists such as 9, 12, and 13
with diminished hypotensive effects provide a compa-
rable degree of neuroprotection to the reference adenos-
ine agonists featured in Table 2.

Focal Ischemia. Two of the compounds from Table
2 with a neuroprotective effect in the gerbil 2VO model,
R-PIA (5) and 12, were selected for investigation in a
focal stroke model, in which permanent middle cerebral
artery occlusion (MCAO) was performed in NMRI mice
(Figure 1). The test drug was administered ip rapidly
post-ischemia, and after 24 h the infarct volume was
estimated by histology of coronal sections as described
in the Experimental Section.

We found that significant and reproducible neuropro-
tection could be obtained with remarkably low doses of
these compounds in this model, which was further
validated by comparison with the NMDA antagonist
MK-801 administered at 3 mg/kg (Figure 1). The dose
of 5 administered was 0.01 mg/kg ip immediately
following ischemia, and a similar highly significant
neuroprotection was obtained when 12 (0.05 mg/kg ip)
was administered 0 and 90 min postischemia.

One of the problems involved in interpreting the
investigations described herein is the fact that different
rodent species were utilized in the in vivo paradigms.
In an ideal world this would not be the case, but the
recognized paradigms we chose to utilize have been
established in different species. However, it is docu-
mented from cloning of A1 adenosine receptors from a
range of species that the overall structures of these
clones and the expressed protein are remarkably similar
in that each encodes a protein of ∼326 amino acids. The
bovine brain receptor does exhibit pharmacological
differences, but we have avoided that species.87 Fur-
thermore, there may be differences in metabolism,
bioavailability, and distribution of the agonists between
species which could lead to apparent interspecies dif-
ferences, but we have set out to provide a full set of data
for the agonists in each paradigm which allows com-
parison across the whole series of compounds.

Further mechanistic studies are in progress which
will assist in elucidating the nature of this apparent
selectivity, and we have recently published a profile of
the radioligand of 12.91 This radioligand did show some
differences in ligand binding compared to R-PIA (5) but
overall did possess the characteristics of an adenosine
A1 receptor ligand. However, a potential explanation for
the findings revealed above may lie in tissue differences
between adenosine A1 receptors or their coupling, where
observable differences have been brought about by these
novel agonists.

Conclusion

We have described the discovery of a series of novel
adenosine receptor agonists. A potential drawback to
the development of adenosine agonists for stroke therapy
has formerly been their receptor-mediated cardiovas-
cular effects, resulting in dose-dependent hypotension.

We have found that in the gerbil model of severe
temporary forebrain ischemia with postischemic dosing,
the novel adenosine agonists such as 9, 12, and 13
provide a comparable degree of neuroprotection to

3470 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 18 Knutsen et al.



several reference adenosine agonists. However, they
show lowered CV effects evidenced by diminished hy-
potension when compared to reference adenosine ago-
nists in two models. The observed neuroprotection is not
explained by hypothermic effects.86 Furthermore, in
mouse MCAO focal ischemia, 12 exhibited significant
neuroprotection at a total dose of 0.1 mg/kg, a dose at
which no cardiovascular effects are observed in con-
scious rats. CNS effects are also evidenced by inhibition
of DMCM-induced seizures, and the compounds show
lowered behavioral effects when compared to reference
A1 agonists in mouse locomotor activity.

Given the promising profile described above, we
conclude that neuroprotective adenosine agonists with
diminished hypotensive effects show considerable po-
tential for the treatment of cerebral ischemia in hu-
mans. The full SAR of compounds from these three new
series of adenosine agonists54-56 will be the subject of
future publications.

Experimetal Section

Chemistry. TLC is thin-layer chromatography, THF is
tetrahydrofuran, TFA is trifluoroacetic acid, and mp is melting
point. Where melting points are given, these are uncorrected.
The structures of the compounds are confirmed by assignment
of 400-MHz NMR spectra (from which representative peaks
are quoted) and by microanalysis where appropriate. Com-
pounds used as starting materials are either known com-
pounds or compounds which can be prepared by methods
known per se. Flash chromatography was carried out using
the technique described by Still et al.88 on Merck silica gel 60
(Art 9385). HPLC was carried out on a Merck Hitachi model
L6200A Intelligent chromatograph interfaced to a Merck
Hitachi L4000A UV detector to a LiChrospher 100 reversed-
phase C18 column (5 µm, 250 × 4 mm, 5 mm, 100 Å; eluent
flow rate 1 mL/min). Retention times are given in min.

2-Chloro-N-(1-phenoxy-2-propyl)adenosine (9). 1-Phe-
noxy-2-propylamine (16.62 g, 110 mmol) and 9-(2,3,5-tri-O-
acetyl-â-D-ribofuranosyl)-2,6-dichloro-9H-purine (14)20,89 (24.6
g, 55 mmol) were stirred in dioxane (250 mL) in the presence
of Et3N (7.23 g, 71.5 mmol) for 18 h. The reaction mixture was
filtered and evaporated. The residue was dissolved in a
mixture of H2O (200 mL) and CH2Cl2 (200 mL). The CH2Cl2

phase was separated, washed with H2O (2 × 100 mL), and
dried (MgSO4). Evaporation provided 15 as a residue which
was deprotected with a solution of Na (0.15 g, 6.5 mmol) in
CH3OH (250 mL) at room temperature. After 2 h the reaction
mixture was neutralized with citric acid (2.0 g, 10.4 mmol)
and treated with a mixture of EtOAc (300 mL) and H2O (200
mL). The EtOAc phase was separated, dried (MgSO4), and
evaporated before being purified by flash chromatography
(initially CH2Cl2, then with CH2Cl2/EtOH, 90/10) to provide 9
(18.2 g, 76%) as an amorphous foam (mixture of diastereoiso-
mers): 1H NMR (DMSO-d6) δ 1.31 (3H, d, -CH3), 3.53-3.59
(1H, m, H-5′a), 3.64-3.71 (1H, m, H-5′b), 3.95 (1H, q, H-4′),
4.06-4.20 (3H, 2 m, H-3′ and -CH2-), 4.54 (1H, m, H-2′), 4.65
(1H, m, -CHCH3), 5.07 (1H, t, 5′-OH), 5.21, 5.50 (2H, 2d, 2′-
and 3′-OH), 5.84 (1H, d, H-1′), 6.87-7.00 (3H, m, Ar-H), 7.23-
7.32 (2H, t, Ar-H), 8.31-8.45 (2H, m, H-8 and N-H); HPLC
purity 97.8%.

The maleate salt was prepared by dissolving 9 (1.7 g, 3.9
mmol) in THF (10 mL) and adding diethyl ether (60 mL)
followed by maleic acid (0.45 g, 3.9 mmol). The residue on
evaporation was treated with Et2O (50 mL), and the maleate
salt precipitated and was collected by filtration (1.15 g): mp
102-104 °C. Anal. (C23H26ClN5O9) C, H, N.

(R)-2-Chloro-N-(1-phenoxy-2-propyl)adenosine (10). 1.
2-[(R)-N-(tert-Butyloxycarbonyl)amino]-1-phenoxypro-
pane (16). (R)-2-Amino-1-propanol (D-alaninol) (15.0 g, 200
mmol) was dissolved in 1 N sodium hydroxide (200 mL), and
THF (300 mL) was introduced. The reaction mixture was

cooled to 0 °C, and di-tert-butyl dicarbonate (52.4 g, 240 mmol)
in THF (100 mL) was added dropwise over 0.5 h. The reaction
mixture was stirred at ambient temperature for 24 h before
the phases were separated. The aqueous phase was washed
with EtOAc (2 × 200 mL). The organic phases were combined,
washed with saturated brine, dried (MgSO4), and evaporated
to a residue. Crystallization from n-hexane provided 2-[(R)-
N-(tert-butyloxycarbonyl)amino]-1-propanol (24.05 g, 69%): mp
59-61 °C; 1H NMR (DMSO-d6) δ 1.15 (3H, d, -CHCH3), 1.45
(9H, s, butyl-CH3), 3.50 (1H, dd, -CH2a-), 3.65 (1H, dd,
-CH2b-), 3.70-3.80 (1H, m, CH).

This 2-[(R)-N-(tert-butyloxycarbonyl)amino]-1-propanol (10.0
g, 57 mmol), Ph3P (22.5 g, 86 mmol), and PhOH (5.4 g, 57
mmol) were dissolved in PhCH3 (200 mL). Diethyl azodicar-
boxylate (14.9 g, 86 mmol) in PhCH3 (100 mL) was slowly
added while keeping the temperature below 35 °C.58 The
resultant yellow solution was stirred for 16 h at room tem-
perature before being washed with 1 N aqueous HCl (3 × 100
mL). The organic phase was dried (MgSO4) and evaporated in
vacuo, and the residual oil was purified by flash chromatog-
raphy (n-heptane/EtOAc, 4/1) to provide 16 (8.0 g, 59%): 1H
NMR (DMSO-d6) δ 1.10 (3H, d, -CH3), 1.38 (9H, s, butyl-CH3),
3.70-3.90 (3H, m, -CH-CH2-), 6.85-6.95 (3H, m, Ar-H),
7.25 (2H, t, Ar-H).

2. (R)-N-1-Phenoxy-2-propylamine (17). 16 (8.0 g, 33
mmol) was dissolved in EtOAc (100 mL), and a solution of HCl-
(g) in dry EtOAc (saturated at room temperature, ca. 5.5 N)
(100 mL) was added. The reaction mixture was stirred at room
temperature for 18 h during which time a heavy precipitate
was formed. The reaction mixture was concentrated to one-
half the original volume before the product was collected by
filtration and dried in vacuo to provide 17 as a white solid
hydrochloride (4.3 g, 69%): mp 186-189 °C; 1H NMR (DMSO-
d6) δ 1.31 (3H, d, -CH3), 3.51-3.60 (1H, m, -CH-), 4.05 (1H,
dd, -CH2a-), 4.12 (1H, dd, -CH2b-), 6.95-7.00 (3H, m, Ar-
H), 7.32 (2H, t, Ar-H).

3. (R)-2-Chloro-N-(1-phenoxy-2-propyl)adenosine (10).
17 (4.3 g, 23 mmol) and 9-(2′,3′,5′-tri-O-benzoyl-â-D-ribofura-
nosyl)-2,6-dichloro-9H-purine (18)89 (11.2 g, 18 mmol) were
added to a solution of diisopropylethylamine (5.3 g, 41 mmol)
in dioxane (150 mL). The reaction mixture was stirred at room
temperature for 18 h, heated at 50 °C for 4 h, and stirred at
room temperature for 60 h before being filtered and evapo-
rated. The residue was purified by flash chromatography (n-
heptane/EtOAc, 60/40) yielding 15 before being treated with
methanolic ammonia (150 mL). The yellowish solution was
evaporated to a residue and purified by flash chromatography
(CH2Cl2/EtOH/aq NH3, 90/10/1) to provide 10 as a foam (4.2
g, 64%): 1H NMR (DMSO-d6) δ 1.31 (3H, d, -CH3), 3.52-3.59
(1H, m, H-5′a), 3.63-3.72 (1H, m, H-5′b), 3.92-3.99 and 4.10-
4.21 (4H, 2 m, H-3′, H-4′ and -CH2-), 4.52 (1H, dd, H-2′),
4.65 (1H, m, -CH3CH-), 5.07 (1H, t, 5′-OH), 5.22, 5.49 (2H,
2d, 2′ and 3′-OH), 5.84 (1H, d, H-1′), 6.88-7.02 (3H, m, Ar-
H), 7.24-7.33 (2H, dd, Ar-H), 8.32-8.45 (2H, s & m, H-8 and
N-H). Anal. (C19H22ClN5O5) C, H, N.

(S)-2-Chloro-N-(1-phenoxy-2-propyl)adenosine (11). (S)-
2-Chloro-N-(1-phenoxy-2-propyl)adenosine (11) was prepared
by the procedure described for 10, except that (S)-2-amino-1-
propanol (L-alaninol) was used in the first step, thereby
providing the opposite diastereoisomer to 10. Anal. (C19H22-
ClN5O5‚0.25(H2O) C, H, N.

N-[(R)-1-[(2-Benzothiazolyl)thio]-2-propyl]-2-chloroad-
enosine (12). 1. 2-[(R)-[(N-(tert-Butyloxycarbonyl)amino]-
1-propylthio]benzothiazole (19). To a solution of 2-[(R)-N-
(tert-butyloxycarbonyl)amino]-1-propanol (see precursor of 16)
(15.0 g, 85.6 mmol) in THF (200 mL) 2-mercaptobenzothiazole
(14.3 g, 85.6 mmol) and Ph3P (24.7 g, 94.2 mmol). After stirring
for 0.25 h a solution of diethyl azodicarboxylate (14.8 mL, 94.2
mmol) in dry THF (100 mL) was added dropwise over 0.5 h.
The reaction mixture was stirred for 1 h at 20 °C and filtered.
The filtrate was evaporated and stirred with EtOAc (100 mL),
and the product was collected by filtration to provide 19 (20.66
g, 74%) as a solid: mp 120-122 °C (EtOAc/n-heptane). The
filtrate was evaporated and purified by flash chromatography
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(initially with n-heptane, then n-heptane/EtOAc, 70/30) to give
a further batch of 19 (5.9 g, 21%).

2. 2-[(R)-2-Amino-1-propylthio]benzothiazole Hydro-
chloride (20). 19 (26.5 g, 81.6 mmol) was dissolved in EtOAc
(100 mL), and a solution of HCl(g) in EtOAc (100 mL) (see 17)
was added. The reaction mixture was stirred at room temper-
ature for 18 h, and the precipitated solid was collected by
filtration to provide a first batch of 20 (5.3 g, 32%): mp 134-
136 °C; 1H NMR (DMSO-d6) δ 1.35 (3H, d, -CHCH3), 3.56-
3.77 (3H, m, -CHCH2-), 7.39, 7.50 (2H, 2t, Ar-H), 7.89, 8.05
(2H, 2d, Ar-H). Anal. (C10H13N2S2Cl) C, H, N. Evaporation of
the filtrate to ca. 50% of its original volume gave a further
batch of 20 (14.0 g, 57%).

3. N-[(R)-1-[(2-Benzothiazolyl)thio]-2-propyl]-2-chlo-
roadenosine (12). To a solution of 9-(2,3,5-tri-O-acetyl-â-D-
ribofuranosyl)-2,6-dichloro-9H-purine89 (14) (6.27 g, 14.0 mmol)
in dry dioxane (100 mL) were introduced 20 (5.0 g, 19.1 mmol)
and Et3N (4.96 g, 6.8 mL, 49.1 mmol) at 20 °C. After stirring
at 20 °C for 40 h the reaction mixture was filtered and
evaporated to a residue, which was purified by flash chroma-
tography (heptane/EtOAc, 1/1) to afford 2′,3′,5′-tri-O-acetyl-
2-chloro-N-[(R)-1-[(2-benzothiazolyl)thio]-2-propyl]adenosine (8.5
g, 86%) as a foam: 1H NMR (CDCl3) δ 1.48 (3H, d, -CHCH3),
2.09, 2.14, 2.17 (3H, 3s, 3 x -COCH3), 5.58 (1H, dd, H-3′), 5.74
(1H, dd, H-2′), 6.13 (1H, d, H-1′), 7.78 (1H, s, H-8), 8.49 (1H,
d, N-H); TLC Rf 0.19 (SiO2; heptane/EtOAc, 1/1).

This 2′,3′,5′-tri-O-acetyl-2-chloro-N-[(R)-1-[(2-benzothiazolyl)-
thio]-2-propyl]adenosine (8.5 g, 13.4 mmol) was dissolved in
CH3OH (200 mL), and Na metal (0.031 g, 1.34 mmol) was
introduced. The solution was stirred at room temperature for
2 h, treated with citric acid (0.1 g), and evaporated to a residue.
Purification by flash chromatography (initially with CH2Cl2,
then CH2Cl2/EtOH, 5/1) provided 12 (6.11 g, 89%): 1H NMR
(DMSO-d6) δ 1.38 (3H, d, -CHCH3), 3.50-3.68 (4H, m, H-5′a
and H-5′b and -CH2-), 3.95 (1H, d, H-4′), 4.12 (1H, d, H-3′),
4.51 (1H, q, H-2′), 5.07 (1H, t, 5′-OH), 5.22, 5.50 (2H, 2d, 2′-
and 3′-OH), 5.83 (1H, d, H-1′), 7.34, 7.45 (2H, 2t, Ar-H), 7.85,
7.98 (2H, 2d, Ar-H), 8.40 (1H, s, H-8), 8.53 (1H, d, N-H);
HPLC retention time 16.6 min [gradient elution, 20-80%
acetonitrile/H2O (containing 0.1% TFA)]. An analytical sample
was obtained by crystallization from EtOH: mp 194-195 °C.
Anal. (C20H21ClN6O4S2‚0.5EtOH) C, H, N.

5′-Deoxy-2,5′-dichloro-N-[4-(phenylthio)-1-piperidinyl]-
adenosine (13). 1. 1-Amino-4-(phenylthio)piperidine (23).
1-(tert-Butyloxycarbonyl)-4-hydroxypiperidine (21) (prepared
from 4-hydroxypiperidine using the method outlined in the
synthesis of 16) (10.06 g, 50 mmol) was dissolved in THF (50
mL), and PhSSPh (16.38 g, 75 mmol) was introduced, followed
by n-Bu3P (20.2 g, 24.9 mL, 100 mmol).86 The reaction mixture
was heated at 80 °C for 18 h and cooled. Purification by flash
chromatography (initially heptane, later heptane/EtOAc, 90/
10) afforded 1-(tert-butyloxycarbonyl)-4-(phenylthio)piperidine
(22) (8.42 g, 57%) as an oil. This phenyl thioether was dissolved
in EtOAc (200 mL), and a solution of HCl(g) in dry EtOAc (see
procedure for 17) (40 mL) was added. The solution was stirred
at room temperature for 72 h, and the precipitated crystals
were collected by filtration and washed with EtOAc to provide
4-(phenylthio)piperidine hydrochloride (5.46 g, 83%): mp 162-
163 °C; 1H NMR (DMSO-d6) δ 1.71 (2H, dq, CH2), 2.94 (2H, br
t, CH2), 3.47-3.56 (1H, m, -CHS-), 3.95 (1H, d, H-4′), 7.25-
7.44 (5H, m, Ar-H).

This hydrochloride (4.47 g, 19.4 mmol) was dissolved in a
1:1 mixture of H2O and EtOH (50 mL), and a solution of
NaNO2 (8.3 g, 120 mmol) in H2O (85 mL) was gradually
introduced. The pH was reduced to 2 with 2 N HCl solution,
and the solution was heated at 70 °C for 0.5 h. The reaction
mixture was cooled and extracted with heptane (150 mL) and
EtOAc (2 × 150 mL). The combined organic extracts were dried
(MgSO4) and evaporated to afford 1-nitroso-4-(phenylthio)-
piperidine (4.24 g, 63%) as an oil which was dissolved in dry
THF (150 mL). A 1 M solution of LiAlH4 in Et2O (19 mL) was
added, and the reaction mixture was heated gradually to 70
°C and maintained at that temperature for 1.5 h. Aqueous 1
N NaOH (3.6 mL) was added slowly, followed by H2O (22 mL).

The mixture was stirred vigorously for 5 min and filtered.
Further H2O (100 mL) was introduced, the THF was removed
in vacuo, and the aqueous mixture was extracted with CH2-
Cl2 (2 × 100 mL). The combined extracts were dried (MgSO4)
and evaporated to afford 23 (4.07 g, 39% from 21) as an
amorphous solid: 1H NMR (DMSO-d6) δ 1.51 (2H, dq, CH2),
1.85 (2H, br d, CH2), 2.18 (2H, br t, CH2), 7.20-7.41 (5H, m,
Ar-H).

2. 2-Chloro-N-[4-(phenylthio)-1-piperidinyl]adenosine
(24). 23 (1.10 g, 6.7 mmol) was reacted with 9-(2′,3′,5′-tri-O-
benzoyl-â-D-ribofuranosyl)-2,6-dichloro-9H-purine (18) (2.5 g,
4 mmol) utilizing the procedure described for 10 (except
triethylamine was used as base) followed by debenzoylation
of the purified tribenzoyl product using methanolic ammonia.
This provided 2411,20,59 (1.25 g, 65%) as a foam: 1H NMR
(DMSO-d6) δ 3.51-3.60 (1H, m, H-5′a), 3.62-3.68 (1H, m,
H-5′b), 3.95 (1H, q, H-4′), 4.14 (1H, q, H-3′), 4.50 (1H, q, H-2′),
5.08 (1H, t, 5′-OH), 5.21, 5.50 (2H, 2d, 2′-and 3′-OH), 5.83 (1H,
d, H-1′), 7.24-7.45 (5H, 2m, Ar-H), 8.41 (1H, s, H-8), 9.44
(1H, s, N-H). Anal. (C21H25ClN6O4S‚0.75H2O) C, H, N.

3. 5′-Deoxy-2,5′-dichloro-N-[4-(phenylthio)-1-piperidi-
nyl]adenosine (13). 24 (5.49 g, 11.1 mmol) was suspended
in CH3CN (55 mL) and cooled on an ice bath, and a solution
of SOCl2 (2.7 mL, 33.4 mmol) in CH3CN (25 mL) was
introduced dropwise.57 The reaction mixture mixture was
stirred for 1 h, after which time it was homogeneous. Pyridine
(1.79 mL) was added, and the reaction mixture was stirred at
ambient temperature for 18 h before being poured onto ice (600
mL). The mixture was stirred until the ice had melted and
was basified with saturated aqueous NaHCO3 (150 mL). The
solid 2,3-O-sulfonyl intermediate 25 were collected by filtration
and dissolved in CH3OH (200 mL), whereupon 25% aqueous
NH3 solution (2.7 mL) was added. The product precipitated
from the aqueous methanolic solution, and recrystallization
from CH3OH/H2O provided 13 as a solid (3.93 g, 69% from
24): mp 154-157 °C; 1H NMR (DMSO-d6) δ 1.74-1.84 (2H,
br, piperidine C-H), 1.95-2.05 (2H, br, piperidine C-H),
2.80-2.90 (1H, br, piperidine C-H), 3.04-3.12 (2H, br, pip-
eridine C-H), 3.84, 3.93 (2H, ABX, H-5′a and H-5′b), 4.10 (1H,
q, H-4′), 4.17 (1H, q, H-3′), 4.64 (1H, dd, H-2′), 5.48, 5.62 (2H,
2d, 2′- and 3′-OH), 5.87 (1H, d, H-1′), 7.26 (1H, t, Ar-H), 7.35
(2H, t, Ar-H), 7.42 (2H, d, Ar-H), 8.38 (1H, s, H-8), 9.49 (1H,
s, N-H); HPLC retention time 22.19 min (gradient elution over
30 min; 20-80% acetonitrile/0.1% TFA in H2O, 100% purity
at 250 nm). Anal. (C21H24Cl2N6O3S‚0.75H2O) C, H, N.

N-[(1S,trans)-2-Hydroxycyclopentyl]adenosine (GR
79236) (26). trans-2-Hydroxycyclopentylamine (29) was pre-
pared as a mixture of enantiomers by reaction of cyclopentene
epoxide (8.0 g, 95.1 mmol) with a 25% aqueous ammonia
solution (35 mL) in a sealed glass vessel at 110 °C for 1.5 h.
The reaction mixture was cooled and evaporated to an oil (9.14
g). A sample of 29 (0.35 g, 3.46 mmol) was then reacted with
6-chloropurine riboside (0.5 g, 1.7 mmol) in dioxane (30 mL)
in the presence of triethylamine (0.93 g, 9 mmol). The reaction
mixture was heated at 100 °C for 70 h, cooled, and evaporated.
The resultant residue was purified by flash chromatography
eluting with a mixture of ethyl acetate and methanol (19:1).
The fractions found to contain the highest amounts of
N-[(1R,trans)-2-hydroxycyclopentyl]adenosine following HPLC
examination were combined and evaporated to a solid (0.17
g). Recrystallization from methanol provided the opposite
diastereoisomer N-[(1R,trans)-2-hydroxycyclopentyl]adenosine
(0.11 g, 18%): mp 233-235 °C; 1H NMR (DMSO-d6) δ 1.43-
2.12 (6H, 4m, -CH2CH2CH2-), 3.52-3.59 (1H, m, H-5′a),
3.54-3.71 (1H, m, H-5′b), 3.97 (1H, q, H-4′), 4.15 (1H, q, H-3′),
4.61 (1H, q, H-2′), 5.21, 5.41-5.47 (3H, d & m, 2′, 3′ and 5′-
OH), 5.89 (1H, d, H-1′), 7.75 (1H, br d, -NH), 8.21 and 8.37
(H-2 and H-8).

The mother liquors from the above recrystallization were
evaporated and purified by short path chromatography on
silica gel (Art. 7729), and the product recrystallized to provide
2662 (0.05 g, 4%): 1H NMR (DMSO-d6) δ 1.44-2.13 (6H, 4m,
-CH2CH2CH2-), 3.52-3.59 (1H, m, H-5′a), 3.54-3.71 (1H, m,
H-5′b), 3.96 (1H, q, H-4′), 4.15 (1H, q, H-3′), 4.60 (1H, q, H-2′),
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5.20, 5.41-5.47 (3H, d & m, 2′, 3′ and 5′-OH), 5.88 (1H, d, H-1′),
7.75 (1H, br d, -NH), 8.19 and 8.36 (H-2 and H-8); HPLC
retention time 6.05 min (gradient elution over 30 min; 20-
80% acetonitrile/0.1% TFA in H2O, 97.3% purity at 250 nm).

2′-O-Methyl-N-cyclohexyladenosine (27). N-Cyclohexyl-
adenosine19 (30) (0.35 g, 1.0 mmol) was dissolved in DMF (5
mL), and the solution was cooled to 0 °C. NaH (0.046 g, 1.15
mmol) (60% oil dispersion) was added. The reaction mixture
was stirred for 0.75 h at 0 °C, CH3I (0.06 mL, 1.0 mmol) was
introduced, and stirring was continued for 4 h at 0 °C, followed
by 0.5 h at ambient temperature. The reaction mixture was
filtered and evaporated, and to the residue were added H2O
(100 mL) and CH2Cl2 (100 mL). The phases were separated,
and the organic phase was washed with H2O (2 × 50 mL)
before being dried (MgSO4). The residue on evaporation was
purified by flash chromatography (initially with CH2Cl2, then
CH2Cl2/EtOH, 19/1) provided 27 (0.09 g, 25%) as a foam: 1H
NMR (DMSO-d6) δ 1.1-1.4 (10H, m, cyclohexyl), 3.31 (3H, s,
-OCH3), 3.52-3.60 and 3.64-3.72 (2H, 2m, H-5′a and H-5′b),
3.98 (1H, d, H-4′), 5.28 (1H, d, 2′-OH), 5.45 (1H, t, 5′-OH), 6.00
(1H, d, H-1′), 7.67 (1H, d, N-H), 7.85, 7.98 (2H, 2d, Ar-H),
8.20 (1H, s, H-2), 8.39 (1H, s, H-8).

N-[(2-Methylphenyl)methyl]adenosine (28). A mixture
of 6-chloropurine riboside (0.57 g, 2.0 mmol), diisopropyleth-
ylamine (0.52 mL, 3.0 mmol), and 2-methylbenzylamine (0.30
g, 2.5 mmol) in dioxane (30 mL) was heated at 80 °C for 4 h.
After cooling, the residue on evaporation was purified by flash
chromatography initially with CH2Cl2, then with CH2Cl2/
EtOH/aq NH3 (90/10/1) and provided N-[(2-methylphenyl)-
methyl]adenosine49 (0.58 g, 81%). Recrystallization from CH3-
OH provided 28 as a white solid (0.34 g, 46%): mp 161.5-
163.5 °C; 1H NMR (DMSO-d6) δ 2.35 (3H, s, -CH3), 3.50-
3.58 and 3.54-3.70 (2H, 2m, H-5′a and H-5′b), 3.97 (1H, q,
H-4′), 4.15 (1H, d, H-3′), 4.60-4.71 (3H, m, H-2′ and -CH2-),
5.40 (1H, t, 5′-OH), 5.20, 5.46 (2H, 2d, 2′-and 3′-OH), 5.90 (1H,
d, H-1′), 7.05-7.22 (4H, m, Ar-H), 8.20 (1H, s, H-2), 8.40 (2H,
br s, H-8 and N-H), 8.53 (1H, d, N-H). Anal. (C18H21N5O4‚
0.25H2O) C, H, N.

Pharmacological Methods. 1. Drugs. The reference
adenosine agonists R-PIA, CPA, CGS 21680, and (5R,10S)-
(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
imine (MK-801) were obtained from Sigma (St. Louis, MO) or
Research Biochemicals Inc. (Natick, MA). The adenosine A1

antagonist 8-cyclopentyl-1,3-dipropylxanthine (DPCPX) was
purchased from Research Biochemicals Inc. DMCM was a
generous gift of Dr. L. Turski, Schering AG, Berlin, Germany.
N-(Sulfophenyl)adenosine (32)64 was provided by Research
Biochemicals International as part of the Chemical Synthesis
Program of the National lnstitute of Mental Health, Contract
NIMH30003. The novel adenosine receptor agonists featured
in Tables 1 and 2 as well as CPA, R-PIA, and N-[(2-meth-
ylphenyl)methyl]adenosine were generally dissolved in 5%
aqueous cremophor (BASF) prior to treatment. For the anes-
thetized rat studies agonists were first dissolved at 10 mg/
mL in DMSO before being diluted further with 5% aqueous
cremophor. DMCM was dissolved in 0.02 N HCl; MK-801 was
dissolved in water.

2. In Vitro Experiments. Adenosine A1 and A2A Recep-
tor Binding.92 [3H]-(R)-(Phenylisopropyl)adenosine bind-
ing to cortical membranes: These determinations were
carried out using experimental procedures we have described
previously.11,20,49,91 [3H]-R-PIA receptor binding assays were
performed in crude membrane preparations from male Wistar
rat whole forebrain. Washed tissue homogenates were incu-
bated for 60 min in 50 mM Tris-HCl (pH 7.7) + 0.1 U/L
adenosine deaminase (Sigma) at 25 °C with 1 nM [3H]-R-PIA
(50 Ci/mmol; Amersham U.K.). Free and bound ligands were
separated as previously described.

[3H]CGS 21680 binding to striatal membranes: Ligand
binding with [3H]CGS 2168093 (48.1 Ci/mmol; Amersham) was
measured as previously described, except that the concentra-
tion of radioligand was 2 nM in displacement studies. IC50

values were calculated by a nonlinear regression analysis
using the GRAPHPAD program (I.S.I., Philadelphia, PA).

Inhibitory constants (Ki) were calculated from the equation:
Ki ) IC50/(l + [Ld]/Kd), where [Ld] is the concentration of
radioligand and Kd is the equilibrium dissociation constant for
the ligand.

Inhibition of isoprenaline-stimulated cAMP produc-
tion in DDT1-MF2 cells: The smooth muscle cell line DDT1-
MF294 contains both A1 and A2 adenosine receptors which
appears to be functionally coupled to inhibition and stimula-
tion of cAMP production, respectively. The assay protocol was
a modification of a previously described method, which we have
referred to previously.10,20

Cells were resuspended in DMEM + 20 mM HEPES, pH
7.4, and preincubated with test compounds 5 min prior to the
addition of 10 mM isoprenaline in a final volume of 500 mL.
Following a 10-min incubation at 37 °C, the tubes were placed
on ice and 1 mL of ice-cold ethanol was added. The protein
was removed by centrifugation, and the ethanol was evapo-
rated under a stream of nitrogen at 70 °C. The cAMP content
was determined using a radioimmunoassay. It was found that
isoprenaline stimulated cAMP production to a multiple of 50-
80-fold the basal level. No stimulation of cAMP production was
observed with the A2A agonist CGS 21680, which may be due
to the inhibitory effects of the A1 receptors. The A1 antagonists
8-cyclopentyltheophylline (CPT) and DPCPX did not reduce
cAMP production at concentrations up to 100 mM.

Spontaneously Beating Isolated Guinea Pig Atria.
Male guinea pigs were killed by cervical dislocation and the
hearts rapidly removed and placed in oxygenated Krebs
Henselit solution of the following composition (mM): NaCl,
118; KCl, 4.7; CaCl2, 2.52; MgSO4, 1.64; NaHCO3, 24.88;
KHPO4, 1.18; glucose, 5.55, bubbled with 5% CO2 and 95% O2.
The test compounds were added to the bath, and the amplitude
of the contractions were measured after 0.5 min of incubation,
after which the compounds were washed off by overflow. In
this way dose-response curves were constructed for each
compound with three to five preparations at each concentra-
tion. From these curves EC50 values were obtained by extrapo-
lation, and the percentage maximum response obtained was
noted (acetylcholine and carbachol give a maximum 100%
inhibition of the contractions).95

3. In Vivo Methods. Mouse Locomotor Activity.44,67,69

Male NMRI mice (Moellegaard’s Breeding Labs, Ll. Skensved,
Denmark) weighing an average of 25 g were used. The mice
were kept on a 12/12-h light/dark cycle (light from 6.00 to 18.00
h) and were housed at a temperature of 20 ( 1 °C and at a
humidity of 55 ( 5%. The animals had free access to standard
pellet food and water before testing. All testing was performed
between 9.00 and 15.00 h.

Locomotor activity testing: Spontaneous locomotor activ-
ity was evaluated in standard photocell activity test chambers.
Six-week-old male NMRI mice, naive to the apparatus, were
used for testing; 30 min after an ip injection of the test
compound, dissolved in 5% aqueous cremophor, individual
mice were placed in a test chamber and their spontaneous
locomotor activity was recorded for a 10-min period. Four to
six doses in half-log steps were used to determine an ED50

value (mg/kg) for each compound.
DMCM-Induced Seizure Test. Male NMRI mice (Moel-

legaard’s Breeding Labs, Ll. Skensved, Denmark) weighing
18-27 g were used. The mice were kept on a 12/12-h light/
dark cycle (light from 6.00 to 18.00 h) and were housed at a
temperature of 20 ( 1 °C and at a humidity of 55 ( 5%. The
mice had free access to standard pellet food and water before
testing. All testing was performed between 9.00 and 15.00 h.

Seizures involving the GABA/benzodiazepine receptor com-
plex were induced by DMCM11,49,70 (18 mg/kg dosed ip). The
animals were placed individually in Perspex cages and ob-
served for the presence of clonic convulsions during the
following 15 min. Animals were pretreated with the test
compound, dissolved in 5% aqueous cremophor, by ip admin-
istration 30 min before testing. All values are means for groups
of 6-8 animals. An anticonvulsive effective dose protecting
50% of the animals against clonic convulsions (ED50) and their
associated 95% confidence intervals were calculated using a
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log-probit program. These values were calculated from the
effect of 3-4 different doses of each compound.

Blood Pressure in Barbiturate-Anesthetized Rats.96

Female Sprague-Dawley rats (n ) 2 or 3) were anesthetized
with pentobarbitol (625 mg/kg ip). Catheters (PE 50) were
implanted in one jugular vein for injection and in one carotid
artery for BP measurement. BP was registered by means of a
pressure transducer connected to a pressure coupler, and the
heart rate was derived from the pressure signal by an EEG/
rate coupler linked to a Watanabe Linearcorder (Hugo Sachs
Electronik, Germany). Vehicle and test agonist were injected
over 1 min in a fixed volume of 1 mL/kg. The doses 0 (vehicle),
0.01, 0.1, and 1 mg/kg were administered within an interval
of 15-20 min. Mean blood pressure (MBP) and heart rate were
measured 5 min after the injection, and the percentage
changes, related to the values immediately before the 0.01 mg/
kg dose, were calculated.

Blood Pressure and Heart Rate Measurement by
Telemetry. Female Sprague-Dawley rats (body weight 252-
328 g) (Moellegaard’s Breeding Labs, Ll. Skensved, Denmark)-
were housed individually in Macrolon cages and kept on a 12/
12-h light/dark cycle (light from 6.00 to 18.00 h) at a
temperature of 20 ( 1 °C and at a humidity of 40-70%. The
animals had free access to standard pellet food and water
before testing.

At least 1 week prior to any experimentation rats were
surgically prepared for the study by implantation of a Data
Sciences telemetry transmitter (model TL11M2-C50-PXT or
TA11PA-C40) in the abdominal aorta and a chronic sterile
venous Tygon catheter into the femoral vein, according to
standard operating procedures. All surgical procedures were
performed during halothane/N2O anesthesia using aseptic
techniques. In the 2-4 days following surgery the rats were
allowed free access to an isotonic NaCl drinking solution, in
addition to their normal drinking water, to facilitate recovery.
Some of the rats used in the present study had previously been
used in other cardiovascular pharmacology studies. However,
the rats were always allowed a minimum recovery period of 7
days between different experimental series.

The experimental procedures were not commenced until the
rats had recovered from the surgical proceduresstypically at
least 7 days after the initial operation. In the experiments drug
solutions or the vehicle was administered by iv infusion
together with the baseline infusion solution by separate
computer-controlled infusion pumps using a purpose con-
structed Labview virtual instrument driver. This system
allows the infusion rate of these solutions to be changed
remotely without disturbing the animals. In addition it is
designed to reduce the baseline infusion rate equivalent to the
flow of the test substance infusion rate so the animals receive
a constant volume of fluid per unit time even though the
dosage is altered.

On each day of experimentation the chronic venous catheter
was opened and flushed (<250 µL of 0.9% NaCl), and the line
from the infusion pumps was connected to the catheter. The
rats were thereafter positioned on the telemetry receivers, and
the telemetry transmitter was turned on, following which the
infusion of the baseline solution (8 or 6 mL/h) was started.
After 30 min of equilibration the data acquisition was com-
menced. Systemic arterial BP variables (systolic, diastolic, and
mean arterial BP as well as heart rate) were recorded
continuously via a modified Data Sciences telemetry system,
using a Data Sciences UA-10 digital to analog converter and
a PONEMAH data acquisition system. The sampling frequency
of the analog signal was set to 250 Hz. In addition to the
digitized signal, direct BP traces were recorded in parallel on
a four-channel and a two-channel Linearcorder thermal re-
corder. The data acquisitions system used a logging rate of 1
value per 15 s and a line average of 4, thereby revealing 1
value/animal/min of all variables recorded.

The compounds were dissolved at 0.05 mg/mL in 150 mM
glucose solution with 1% ethanol added. The baseline infusion
rate was 8 mL/h. Each infusion rate, quoted in mg/kg/h in
Figure 1, was maintained for 30 min. Increasing doses of either

vehicle or drug were administered iv to the rats (n ) 4 or 6)
on separate experimental days during determination of the
biological variables specified above. After 30 min of equilibra-
tion, a test dose of acetylcholine was given over 60 s (manually
into the connector), and after an additional 15 min the infusion
of 5, 12, or 28 at the doses indicated was commenced. If the
systolic BP decreased to below 70 mmHg the infusion of drug
was stopped. Once the constant infusion at the highest dose
of these adenosine agonists was completed, another test dose
of acetylcholine was administered. A baseline infusion of 150
mmol/L glucose with 1% ethanol added at a rate of 8 or 6 mL/h
was started at the beginning of the equilibration period. The
rate of this infusion was varied in parallel with administration
of either of the test substance solution, so the animals received
the same fluid volume per unit time throughout the experi-
ment.

Some animals were used in more than one of the experi-
mental series; however, their participation in the other series
was always separated by at least 1 week. Effects of test
substance administration on systemic arterial BP and HR
variables are presented as average mean values of the final 5
min 25 min after start of the dosing period, i.e., at a time point
were the entire dose had been administered.

Severe Temporary Forebrain Ischemia in Mongolian
Gerbils. Transient forebrain ischemia97 was produced in
Mongolian gerbils (male 60-70 g; Charles River, Germany)
anesthetized with 2% halothane in 70% nitrous oxide and 30%
carbogen (95% oxygen, 5% carbon dioxide). The common
carotid arteries were occluded for 5 min using microaneurism
clips, and the animals were placed in recovery cages and
allowed to survive for 4 days. The animals were then reanes-
thetized with Sombrevin (50 mg/kg ip) and decapitated and
the brains rapidly frozen in powdered dry ice and prepared
for histology. Coronal sections were taken through the brain
at the level of the hippocampus and stained with cresyl violet
and hematoxylin and eosin.

The resultant sections were rated for pyramidal cell loss in
the CA1 region of the hippocampus using a semiquantitative
scale from 0 (no cell loss) to 3 (almost total cell loss). The score
for each hippocampus was summed to give the total score for
each animal, thus giving a maximal cell loss score of 6 and a
score of 0 for an animal with no ischemic damage. This
evaluation was carried out by two independent operatives each
without knowledge of the treatment given to the respective
animals. The body temperature of all animals was maintained
at 37 °C throughout surgery, and the animals were placed in
warm boxes during the recovery period. Each experiment
consisted of a drug-treated group and a vehicle control (n )
10-15), and statistical analysis of the cell loss data was carried
out using the Mann-Whitney U-test.

Rectal Temperature. Male NMRI mice, housed as de-
scribed above and weighing 25-30 g, were examined for effects
on body temperature98 at the postdosing time points shown
in Figure 2.

Mouse Focal Ischemia. Male NMRI mice, housed as
described above and weighing 25-30 g, were anesthetized
using Avertin (tribromethanol dissolved in amylene hydrate)
(400 mg/kg in a volume of 10 mL/kg ip). When positioned on
the left side, the head was disinfected by 96% ethanol and
secured to the underlayer by pushpins. A skin incision was
made between the right ear and the right orbit. The underlying
temporalis muscle was loosened and displaced downward, and
a craniotomy was performed using a dental drill to expose the
middle cerebral artery. Using bipolar electrocoagulation (Er-
botom T71) the artery was severed at the point where it crosses
the upper level of the zygomatic arc. Hereafter, the muscle
was repositioned, the skin incision closed by sutures, and the
mouse placed on a heating blanket at 30-32 °C for 45-60 min
until it regained consciousness. The test substance was dosed
ip, and the mouse was then placed in a box at room temper-
ature with free access to water and food (5 mice/box).

After 24 h the mice were reanesthetized using Avertin, the
chest was opened, and the brain was perfused with 1 mL of a
10% solution of 2,3,5-triphenyltetrazolium chloride (TTC) in
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saline administered through the aorta after opening of the
right atrium. After 2 min the animal was decapitated, and the
brain was removed and placed in buffered formalin solution.
The TTC is converted by mitochondria in viable cells to a red
dye (formazan) which is bound to the cell constituents;99 the
infarcted regions lack certain enzymes and remain white. After
the brains had been fixated (2-4 days) they were embedded
in 5% agar in saline to support the division of the brain in
1-mm coronal sections (9-10 slices). The section images were
transferred to a Macintosh computer via a TV camera and
analyzed using the Image program. Areas of both hemispheres,
as well as the infarct on the left side, were measured in each
slice in order to calculate the volume of the infarct and the
volumes of the hemispheres. We have shown that there is a
high concordance between the infarct size determined by the
TTC method and with conventional histological techniques.

Statistical Analysis. When the study comprises one control
and one drug group, they are compared by an unpaired
Student’s t-test. In case of several drug groups (and one
control), comparisons were made by an ANOVA with Dunnet’s
multiple comparison test.
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