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Abstract 

Although adenosine receptor-based treatment of cerebral ischemia and other neurodegenerative disorders has been frequently 
advocated, cardiovascular side effects and an uncertain therapeutic time window of such treatment have constituted major obstacles to 
clinical implementation. Therefl~re, we have investigated the neuroprotective effects of the adenosine A~ receptor agonist adenosine 
amine congener (ADAC) injected after either 5 or 10 min ischemia at 100 Ixg/kg. When the drug was administered at either 6 or 12 h 
following 5 min forebrain ischemia, all animals were still alive on the 14th day after the occlusion. In both ADAC treated groups 
neuronal survival was approximately 85% vs. 50% in controls. Administration of a single dose of ADAC at times 15 min to 12 h after 10 
rain ischemia resulted in a significant improvement of survival in animals injected either at 15 or 30 min, or at 1, 2, or 3 h after the insult. 
In all 10 min ischemia groups, administration of ADAC resulted in a significant protection of neuronal morphology and preservation of 
microtubule associated protein 2 (MAP-2). However, postischemic Morris' water maze tests revealed full preservation of spatial memory 
and learning ability in animals injected at 6 h. On the other hand, the perfl)rmance of gerbils treated at 12 h postischemia was 
indistinguishable from that of the controls. Administration of ADAC at 100 btg/kg in non-ischemic animals did not result in bradycardia, 
hypotension, or hypothermia. The data indicate that when ADAC is used postischemically, the most optimal level of protection is 
obtained when drugs are given at 30 min to 6 h after the insult. Although the mechanisms involved in neuroprotective effects of adenosine 
A i receptor agonists require further studies, the present results demonstrate the feasibility of their clinical applications. 

Kevwords: lschemia, treatment" Adenosine: Memory: MAP2 (microtubule-associated protein 2); (Gerbil) 

1. Introduct ion 

Adenosine-based treatment of cardiovascular disease 
reached its clinical reality, and drugs such as Adenocard or 
Persantine are now widely available to the worldwide 
community of cardiologists. Yet, apart from carba- 
mazepine, whose antagonistic properties at adenosine A~ 
receptors are marginal, and which is used in prophylaxis of 
affective disorders (Van Calker and Berger, 1993), the 
treatment of neurodegenerative diseases with adenosine A~ 
receptor active drugs is still limited to experimental prac- 
tice. While both the neuroprotective and anticonvulsant 
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impact of acute administration of adenosine A~ receptor 
agonists became fully recognized (reviews by Deckert and 
Gleiter, 1994; Rudolphi and Schubert, 1996; Von Lubitz et 
al., 1995; Von Lubitz and Jacobson, 1995), the presence of 
disturbing side effects (e.g., bradycardia and hypotension 
(Williams, 1989, 1993)) severely mitigated introduction of 
these drugs as clinically viable alternatives in treatment of 
such disorders as stroke or seizures. 

Very recently, a new series of adenosine A~ receptor 
agonists characterized by the absence of noxious cardiac 
and vascular side effects has been developed (Knutsen et 
al., 1995) opening new possibilities for their practical 
introduction. We have also shown that preischemic admin- 
istration of 100 Ixg/kg adenosine amine congener 
(ADAC), a highly potent and selective adenosine A~ re- 
ceptor agonist (Jacobson et al., 1985; Maillard et al., 1993) 
results in an extensive prevention of neuronal damage and 
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postischemic memory deficits following global ischemia in 
gerbils (Von Lubitz et al., 1996). At that dose ADAC does 
not induce either bradycardia or hypotension (unpublished 
and present paper). 

While the reports of anticonvulsant and neuroprotective 
(Knutsen et al., 1995; Von Lubitz et al., 1996) effects of 
adenosine A~ receptor agonists that are uncontaminated by 
side effects are highly encouraging, several aspects of the 
therapeutic effects of these drugs need further clarification. 
Thus, Rudolphi et al. (1992) indicated that postischemic 
treatment with an unspecified adenosine A~ agonist ap- 
pears to preserve, at least in part, its efficacy when admin- 
istered as late as 14 h after repel-fusion of brain with blood 
(Rudolphi et al., 1992). However, the therapeutic "time 
window' of such therapy has not been systematically 
investigated. Furthermore, although several studies de- 
scribed neuronal preservation consequent to both pre- and 
postischemic treatment with adenosine A l receptor ago- 
nists (reviewed by Rudolphi et al., 1992; Miller and Hsu, 
1992; Von Lubitz et al., 1995), none of these reports 
indicate the impact of these drugs upon individual struc- 
tural components of neurons known to be particularly 
prone to ischemic damage, e.g., cytoskeleton (Matesic and 
Lin, 1994). Such data are of an unquestionable importance 
both in understanding therapeutic effects of acutely admin- 
istered adenosine A t receptor agonists, and in providing 
further information necessary tilt the putative clinical use 
of these drugs. We have, therefore, attempted to assess the 
impact of ADAC administered at different times following 
global brain ischemia in gerbils by means of several 
independent measures of recovery, i.e., survival, neuronal 
damage and memory deficits. 

2. Materials  and methods  

2. I. A n i m a l s  

Female gerbils (70 g, Tumblebrook Farms, MA, USA) 
were used. All animals were tested for susceptibility to 
spontaneous seizures (Lee et al., 1984) and convulsion- 
prone animals were rejected from further studies. Each 
experimental group consisted of 15 animals. 

2.2. D r u g  and  its admin i s t ra t ion  

Adenosine amine congener N%[4-[[[(2-aminoethyl) 
amino]carbonyl]methyl]phenyl]adenosine (ADAC) was 
purchased from RBI (Natick, MA, USA). ADAC was 
dissolved in a 20:80 (v /v)  mixture of Alkamuls EL-620 
(Rh6ne-Poulenc, Cranbury, NJ, USA) and phosphate- 
buffered saline. The drug was administered as a single 
0.15 cc i.p. injection of 100 p,g/kg ADAC (Von Lubitz et 
al., 1996) at 15 or 30 rain, or at 1, 2, 3, 6, 12 or 18 h 
postischemia. Since pilot studies showed that the time 
point of postischemic vehicle injection had no influence on 

the subsequent course of recovery in control animals, 
control groups were given a 0.15 cc injection of the 
vehicle at 15 min postischemia. 

2.3. B l o o d  p r e s s u r e  and  card iac  rate m e a s u r e m e n t s  

The effect of ADAC on blood pressure and cardiac rate 
was investigated in 6 gerbils. Prior to the measurements, 
the animals were lightly anesthetized with halothane (in- 
duction at 2% and maintenance at 0.5% in 30% 02/70% 
N20) and placed on a heating pad (Harvard Apparatus, 
South Natick, MA, USA). Simultaneous measurements of 
both parameters were made prior to injection of 100 
txg/kg ADAC and were repeated at 15, 30, and 60 min 
after the injection. Blood pressure was monitored using 
Harvard Apparatus (South Natick, MA, USA) rat tail 
blood pressure monitor (Von Lubitz et al., 1994) while 
Silogic EC-60 cardiac and respiratory monitor (Stewarts- 
town, PA. USA) was used to measure cardiac rate. EEG 
clip electrodes were attached to the unshaven lose skin of 
the armpits and to both thighs saturated with EEG gel 
(Siemens Burdick, Milton, WI, USA). Lead 11 position 
proved to provide the maximum signal strength. All mea- 
surements were performed with the animals under anesthe- 
sia and their body temperature was maintained as de- 
scribed above. 

2.4. I s chemia  

The details of all procedures involved in the induction 
and monitoring of forebrain ischemia have been described 
previously (Von Lubitz et al., 1992, 1993). In the present 
experiments, bilateral carotid occlusion was maintained for 
either 5 or 10 min. Preischemic body/brain temperature 
was maintained within _+ 0.5°C during the entire course of 
the occlusion by means of a heating blanket (Harvard 
Apparatus) and a switch-controlled infrared lamp illumi- 
nating the head of the animal. Body temperature was 
measured at 10, 20, and 30 min postischemia. Since all 
gerbils maintained it spontaneously at the normal (i.e., 
preischemic) levcl, postischemic heating of recovery cages 
was not employed. 

Following release of the occlusion, animals were in- 
jected at the indicated time points and kept at the labora- 
tory until the next day. During this period, their survival 
was monitored every hour. One day after ischemia, gerbils 
were moved to the animal facility, and their subsequent 
survival was assessed daily for 14 days. 

2.5. Neuronal surcit'al and analysis of MAP-2 preserca- 
lion 

At the end of the survival monitoring period (14 days), 
all controls and drug treated survivors in both 5 and 10 
rain ischemia groups were heavily anesthetized with Nem- 
butal (60 mg/kg,  i.p.) and perfused with phosphate 
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buffered (pH 7.4) 3.5% formaldehyde as described previ- 
ously (Lin et al., 1990). Cryostat sections were stained 
with the method of  Nissl, and the extent of the neuronal 
loss in the hippocampal region was investigated according 
to a published protocol (Von Lubitz et al., 1992, 1994). 

The fate of  microtubule associated protein 2 (MAP-2) 
was determined in additional groups of  animals (n = 
10/group) injected with 100 ixg /kg  ADAC at 2, 6 and 12 
h following 10 min occlusion of  the carotid arteries. 
Animals were allowed to survive either 2 or 7 days. They 
were then perfused with a freshly made 3.5% solution of  
paraformaldehyde in phosphate-buffered saline (pH 7.4). 
After removal, brains were cut at 40 Ixm, and the sections 
were stained immunohistochemically with a monoclonal 
MAP-2 antibody (Sigma) diluted 1:500-1:1000. Standard 
peroxidase anti-peroxidase procedure of  ABC complex 
with Vector kit intensified with heavy metal was used 
(Hsu et al., 1981). For studies of  immunofluorescence, the 
sections were incubated at 4°C with the primary antibody 
overnight. Following three 5 - 1 0  min washes the sections 
were exposed to the secondary antibodies, i.e., fluorescein 
isothiocyanate, rhodamine isothiocyanate, and Texas Red 
conjugated goat anti-mouse lgG. The secondary antibodies 
were diluted at 1:20-1:100 in 0.1 M phosphate buffer. 
Qualitative morphological and immunostaining character- 
istics of  the sections were studied using an epifluorescent 
microscope (Nikon Labophot) equipped with filters (Nikon 
B2 and Nikon G1B) appropriate for the detection of  the 
secondary antibodies. Quantitative analysis of  MAP-2 
presence in the dendritic fields of  CA1 was made using a 
computer image analysis system (Biographics, Winston- 
Salem, NC, USA). 

2.6. W a t e r  maze  t ra in ing  

animals were randomly divided into treatment and control 
groups (n = 15/group) and subjected to cerebral ischemia 
(10 min) one day later. 

Since postischemic hyperactivity (Gao and Phillis, 1994) 
may result in a spurious improvement of water maze 
performance, locomotor activity (horizontal displacement) 
of  all animals has been tested prior to postischemic maze 
training. Measurements of locomotor activity (expressed as 
the total distance traveled) were performed 13 days after 
ischemia with each surviving animal tested in 2 min 
epochs for 10 min using a Digiscan locomotor activity 
monitor (Omnitech Electronics, Columbus, OH, USA). 

Postischemic target acquisition trials were initiated 14 
days after ischemia and were conducted once daily for the 
subsequent 10 days. A single probe trial followed the 
acquisition phase. The final water maze test consisted of 
the visible target trial performed in order to eliminate the 
possibility of visual impairment as a factor affecting per- 
formance during the preceding stages of the experiment. 

2 . Z  S ta t i s t ics  

Dunnett 's test was used to analyze histological data, 
while Fisher's exact test was used to determine the statisti- 
cal significance of the end-point survival data. The analy- 
ses were performed using the Genstat 3.0 program (Infalli- 
ble Software, Research Triangle Park, NC, USA) with 
P < 0.05 considered significant. 

Single factor repeated measures analysis of variance 
(ANOVA) was used to determine the significance of  loco- 
motor and water maze data. Individual group differences 
were assessed by means of  contrast analyses using univari- 
ate F-tests with P < 0.01 indicating significance. Statisti- 
cal parameters of  the behavioral data were computed using 
the Systat 5.03 program (Evanston, IL, USA). 

Physical details of  the water maze have been described 
previously (Von Lubitz et al., 1993, 1996). 

Due to the possibility that the preocclusive water maze 
stress might have an influence on postischemic recovery, 
all animals received water maze training prior to the 
occlusion. However, since the study of postischemic dam- 
age in the hippocampus indicated substantial neuronal and 
MAP-2 preservation in groups treated with ADAC as late 
as 6 and 12 h postischemia, only these two treatment 
groups and a corresponding control group injected with the 
vehicle at 6 h postischemia (n = 15/group)  were used in 
the subsequent experiments investigating the effects of the 
drug on postischemic memory and learning. 

The preischemic water maze training consisted of the 
invisible target acquisition phase (a single 120 s trial/day). 
Invisible target acquisition trials were intenupted before 
the learning curve reached its plateau (average target la- 
tency 40 s; for further details see Von Lubitz et al., 1996) 
and were followed by a single probe trial (60 s) adminis- 
tered the next day. Immediately after the probe trial, 

3. Results 

3.1. Body  t empera tu re  and  c a r d i o v a s c u l a r  ~:ffects o f  A D A C  

Administration of  the drug at 100 pLg/kg did not result 
in any significant changes of  body temperature, cardiac 
rate or mean arterial blood pressure (Table 1). 

Table 1 
Cardiovascular effects of 100 pog/kg ADAC in nonischemic animals 

Time Cardiac rate Blood pressure 
(beats/rain _+ S.E.M.) (mmHg _+ S.E.M.) 

Preinjection 384_+ 10 gl _+2 
5 minpost 385+ 6 83_+1 

15 rain post 382_+ 7 81 _+ I 
30 rain post 383 _+ 8 82 _+ 2 
60 rain post 383 + 6 80_+ 2 
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Fig. 1. Survival of  10 min ischemia.  Symbols:  black squares - controls:  

open squares - A D A C  15 rain post: open tr iangles A D A C  30 rain post: 

open circles A D A C  1 h post: open d iamonds  A D A C  2 h post: black 

circles A D A C  3 h post: b lack tr iangles - A D A C  6 h post; asterisks 

A D A C  12 h post. Only groups  given A D A C  at 15, 30, 60 and 120 rain 

are statistically different f rom the controls  ( P  < 0.05, Bonferroni  cor- 
rected Fisher ' s  lest). 

3.2. Surl'ical 

No deaths occurred in any of the groups exposed to 5 
min ischemia. Following 10 min ischemia, the overall 
mortality pattern (Fig. 1) was similar to that described in 
our previous studies (Von Lubitz et al., 1994, 1996). 
Between 40 and 50% of all deaths took place within the 
initial 5 - 6  h postischemia. Therefore, a large number of 
animals in the 6 and 12 h ADAC groups died prior to drug 
administration. 

Only 30% controls exposed to 10 min ischemia sur- 
vived until the end of the monitoring period (i.e. 14 days, 
Fig. 1). At that time, statistically significant ( P  <0 .05)  
improvement of  survival was evident in groups injected 
with ADAC at 15 min (70c2;:), 30 rain (90%), 1 h (90c/b). 
and 2 h (80%) postischemia. In the three remaining treat- 
ment groups (i.e., 3, 6 and 12 h postischemia), the numeri- 
cal improvement of postischemic survival was quite evi- 
dent although its statistical significance was lost. 

3.3. Neuronal preserration 

3.3.1. Five minutes ischemia 
Fourteen days after 5 min ischemia, the number of 

intact neurons in the CA1 sector of control animals was 
reduced to 49 ± 10%. In animals treated with ADAC, 
neuronal survival was significantly ( P  < 0.05) elevated 
with 86_+2% and 83_+4% present in the 6 and 12 h 
groups, respectively (Fig. 2). 

3.3.2. Tetz minutes ischemia 
Neuronal survival 14 days alter 10 min ischemia is 

shown in Fig. 3. Increased duration of the occlusion 
resulted in a corresponding expansion of neuronal CA1 
damage in the control group (only 25 _+ 3% neurons still 
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Fig. 2. Neuronal  survival fol lowing 5 rain i s c h c m i a . '  t ' <  0.05. Bars: 

S.E.M. 

present). Postischernic treatment with ADAC resulted in a 
statistically significant ( P  < 0.05) improvement of neu- 
ronal population in the CAI region in all treatment groups. 
Administration of ADAC at 1 h postischemia produced 
best results (88 + 4% neurons still intact, Fig. 3), Treat- 
ment at 0.5, 2 or 3 h resulted in a similar degree of 
neuronal preservation among these groups ( ~  75~,  no 
statistically significant differences among groups). Al- 
though injection of ADAC at either 15 min, or at 6 or 12 h 
postischemia significantly improved neuronal survival 
when compared to control animals ( P  < 0.05), the neuron 
sparing effect was significantly poorer (approximately 60V~ 
neurons surviving) than when the drug was given at any 
other time (i.e., 0.5, 1, 2 or 3 h postocclusion, Fig. 3). 

3.4. MAP-2 in'e.sertaliotz 

While in the CA1 sector of control animals there was a 
5()qc loss of MAP-2 density already 2 days after 10 min 
ischemia (Fig. 4), there was no loss in animals treated with 
ADAC at 2, 6 or 12 h postischemia. Five days later (i.e.. 7 
days after the occlusion), MAP-2 degeneration in control 
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Fig. 4. MAP 2 preservation at 2 or 7 days postischemia. " P < 0.05 vs. all 
treatment groups: b p < 0.05 treatment groups at 2 days vs. 7 days 
postischemia (Student-Newman-Keuls test). Bars: S.E.M. 

within the preischemic range (Fig. 6). Statistically signifi- 
cant differences between target latencies of 12 h ADAC 
and control animals were present only during the initial 

animals did not progress any further. In the treated groups, 
however, the density of MAP-2 decreased by approxi- 
mately 15% (P  < 0.05, Figs. 4 and 5). 

3.5. Postischemic memor 3, 

3.5.1. Locomotor actiuitv 
Compared to preischemic measurements, locomotor ac- 

tivity of both controls and gerbils injected with ADAC at 
12 h postischemia was significantly elevated on the 13th 
day after the occlusion (Table 2). No hyperactivity was 
observed in the group injected with ADAC at 6 h postis- 
chemia. 

3.5.2. Postischemic target latency 
Control gerbils showed a statistically significant in- 

crease in postischemic target latency during the initial six 
trials. Thereafter, target latencies were fully comparable to 
those observed during the last preischemic trial (Fig. 6). In 
animals injected with ADAC at 12 h postischemia, postis- 
chemic latencies were significantly longer during the first 
two postocclusive trials. Subsequent values remained 

Table 2 
Locomotor activity measured prior and after ischemia (mean distance 
traveled _+ S.E.M.) 

Epoch Preischemia Postischemia ( 13 days) 

Nontreated ADAC 6 h ADAC 12 h 

2 min 671 +63 1249± 112 773 +51 1146_+ 127 
4min 4784-58 1052± 95 613_+65 900_+ 77 
6 min 462 _+ 40 895 + 34 493 _+ 33 836 + 65 
8rain 396_+40 815_+ 50 433_+50 733+ 77 

10rain 375_+46 759-+ 51 403_+31 751-+ 96 

Locomotor activity of animals treated with ADAC at 6 h postischemia 
does not differ statistically from the preischemic values. At all times, 
postischemic locomotor activity of both nontreated gerbils and animals 
trealed with ADAC at 12 h is significantly higher (P < 0.05) than prior to 
ischemia. 

Fig. 5. Immunofluorescent staining pattern of MAP 2 (monoclonal anti- 
body linked to Texas Red) in the hippocampal CA I sector of a normal 
gerbil (A). Seven days after 10 min ischemia, the destruction of MAP 2 is 
evident (B). Seven days following postischemic treatmcnt with ADAC 
(100 lxg/kg, 2 h alter 10 rain ischemia) results in extensive preservation 
of this cytoskeletal protein (C). Arrows: dendrites with normal appear- 
ance of MAP-2. 
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Fig. 6. Target latencies prior to and 14 days after ischemia. Single factor 
repeated measures ANOVA revealed significant main effects of treatment 
group (F(2,21)=13.261, P<0.001) and trial days (F(9,189)=5599, 
P < 0.001). No significant interaction between treatment group and trial 
days was observed (F(1,189)= 0.805, P = 0.693). Symbols: asterisk 
the last preischemic trial; black squares - controls; open circles - ADAC 
at 6 h postischemia; open squares - ADAC at 12 h postischemia. 

three postischemic trials. Injection of  ADAC at 6 h postis- 
chemia resulted, on the other hand, in a statistically in- 
significant increase of postischemic target latencies during 
the first postocclusive trial. Thereafter, with the exception 
of trials 3 and 6, the latencies were significantly shorter 
than those observed during the last preischemic trial. 
Moreover,  during the entire course of postocclusive train- 
ing, target latencies of the 6 h ADAC group were very 
significantly shorter than in the control group (Fig. 6). 

3.5 .3 .  P r o b e  t r ia l s  

Since the preischemic training sequence was interrupted 
prior to the plateau of the learning curve, preischemic 
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Fig. 7. Probe trials (quadrant preference) pre- and alter ischemia. Single 
factor repeated measures ANOVA revealed no significant main effect of 
treatment group (F(2.21)=0.189, P=0.83) or quadrant latency 
(F(3,63) = 2.376, P < 0.078). However, a significant interaction between 
treatment group and quadrant latency was observed (F(6,63)=4.272. 
P < 0.001). Abbreviations: " P  <0.05 within the group: b p < 0.05 be- 
tween pre- and postischemic groups: "P < 0.05 between postischemic 
controls and treatment groups. Quadrant designations: Tgt - target: NE - 
north/east: SE - south/east; SW - south/west quadrants. Inset: plan of 
the maze. 

quadrant preference was, predictably, not fully established. 
Nonetheless, all animals showed a statistically significant 
reduction in time spent in the starting quadrant (Fig. 7). 
Compared to the preischemic values, the time spent in the 
starting quadrant increased significantly during the postoc- 
elusive trials in both controls and in gerbils injected with 
ADAC at 12 h postischemia. Despite this increase, neither 
of these two groups showed a significant quadrant prefer- 
ence (Fig. 7). Significant preference for the target quadrant 
was present in animals injected with ADAC at 6 h (Fig. 7). 
Moreover,  while the preference for the SW quadrant was 
similar in the latter group to that seen in both control and 
12 h ADAC animals, time spent in the two other quadrants 
(i.e., NE and SE) decreased significantly (Fig. 7). 

4. Discussion 

The therapeutic potential of adenosine A ~ receptor ago- 
nists in treatment of  neurodegenerative pathologies such as 
cerebral ischemia or convulsant disorders has been sug- 
gested over a decade ago (Phillis and Wu, 1981). A large 
number of subsequent studies proved the validity of  this 
concept (reviewed by Rudolphi et al., 1992; Deckert and 
Gleiter, 1994; Von Lubitz et al., 1995). While the observed 
neuroprotection was very convincing, the deleterious car- 
diovascular side effects accompanying therapeutically rele- 
vant doses of adenosine A] receptor agonists were equally 
apparent (Will iams, 1993). In an attempt to eliminate 
hypotension and bradycardia induced by the stimulation of  
peripheral adenosine A~ receptors, a blood-brain barrier 
i m p e r m e a b l e  a d e n o s i n e  A~ a n t a g o n i s t ,  8- 
sulphophenyltheophylline, was co-administered with the 
agonist N%cyclohexyladenosine prior to forebrain is- 
chemia in gerbils (Von Lubitz and Marangos, 1990). Al- 
though the resultant neuroprotection was fully comparable 
to that obtained with Nt ' -cyclohexyladenosine alone, the 
usefulness of such approach was clearly limited to the 
experimental environment. As demonstrated in the present 
paper, administration of ADAC at the therapeutic dose of 
100 l i g / k g  obviates concerns of undesirable cardio- 
vascular side effects. However, in similarity to other 
adenosine A] receptor agonists, treatment with ADAC at 
doses of 300 g g / k g  and above results in both bradycaF 
diac and hypotensive side effects as well. Both their 
intensity and duration depend on the amount of the in- 
jected drug (unpublished data). 

Enhancement of Ca x~ influx, increased liberation of 
excitatory neurotransmitters, and hyperactivation of their 
postsynaptic receptors are among the earliest processes 
leading to the subsequent cascade of destructive events 
that follow cerebral ischemia (SiesjiS, 198 I). Stimulation of 
adenosine A I receptors results in a marked diminution of 
all these processes (reviewed by Von Lubitz et al., 1995). 
However, it has been also shown that systemic administra- 
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tion of N6-cyclohexyladenosine significantly reduces 
body/brain temperature (Miller and Hsu, 1992). Due to 
the neuroprotective effects of hypothermia alone (Busto et 
al., 1989), it has been postulated that lowered brain tem- 
perature evoked either by a systemic or intracerebrovascu- 
lar administration of adenosine A~ receptor agonists might 
be the chief mechanism involved in prevention of postis- 
chemic neuronal damage (see the review by Miller and 
Hsu, 1992). However, neuron-sparing actions of these 
drugs have been reported both in situations where body 
and brain temperatures were subject to strict normothermic 
control (reviews by Rudolphi et al., 1992; Von Lubitz and 
Jacobson, 1995) and in in-vitro preparations (Goldberg et 
al., 1988). It is highly unlikely that hypothermic mecha- 
nisms are involved in protection of cerebral neurons 
demonstrated in the present study since neither 15 rain of 
halothane anesthesia, required to perform surgery and is- 
chemia, nor 100 Ixg/kg ADAC result in a significant 
depression of body/brain temperature either alone or in 
combination (Von Lubitz et al., 1994, present study, and 
unpublished data). 

In similarity to other adenosine A I agonists (review by 
Fredholm and Dunwiddie, 1988), ADAC has been shown 
to depress the release of glutamate from cortical slice 
preparations in a dose dependent manner (Boyd et al., 
1996). However, in addition to decreased neurotransmitter 
liberation, postsynaptic mechanisms involving Ca 2+ home- 
ostasis might be also involved. The latter possibility is 
indicated by a significant preservation of microtubule asso- 
ciated protein 2 (MAP-2). Breakdown of cytoskeletal pro- 
teins such as MAP-2 has been described as one of the 
earliest stages of postischemic neurodegeneration (Matesic 
and Lin, 1994). One of the main enzymes involved in this 
process is calpain 1 whose activation depends, in turn, on 
stimulation of NMDA receptors and the concomitant ele- 
vation of cytosolic Ca 2+ (Regehr and Tank, 1990; Seubert 
et al., 1988; Siman and Noszek, 1988). Since excitability 
of NMDA receptors has been shown to be closely modu- 
lated by adenosine A~ receptors (Schubert and Kreutzberg, 
1990; Schubert et al., 1995), it is therefore quite likely that 
stimulation of the latter by ADAC may result in a signifi- 
cant impairment of NMDA receptor-mediated Ca 2+ influx 
with consequential depression of calpain 1 activity. How- 
ever, the presence of MAP-2 in the control animals seen in 
the present study appears to be substantially higher than 
that described by previous authors in normothermic, non- 
medicated rats or gerbils. Thus, Miyazawa et al. (1993) 
have shown that 7 days following 30 min global ischemia, 
there was a complete loss of MAP-2 immunostaining in 
the CA l sector of both normothermic and spontaneously 
hypothermic rats, while in the animals with induced by- 
pothermia the loss was variable. Also Matesic and Lin 
(1994) demonstrated that 5 rain bilateral carotid artery 
occlusion in gerbils results in a virtually complete preser- 
vation of MAP-2 on the I st day postischemia, followed by 
initial signs of breakdown visible 48 h after the insult, and 

a complete disappearance of immunostaining on the 4th 
day after ischemia. In the present study, control animals 
showed approximately 50% reduction of MAP-2 immuno- 
staining on the 2nd day of the reflow and no further 
progression of MAP-2 damage on day 7. Sugaya and 
Kitani (1993) showed that halothane exposure reduces 
MAP-2 degeneration to the extent similar to that reported 
in the present paper. Thus, the effect of halothane anesthe- 
sia to which our control animals have been exposed both 
during the surgery and ischemia may explain the compara- 
tively high level of MAP-2 observed in these animals. 
Nonetheless, although halothane may also enhance the 
level of intact MAP-2 seen in the drug treated groups, 
there is no doubt that ADAC alone is capable of a signifi- 
cant reduction of the postischemic breakdown of this 
protein. Such protection is particularly evident in animals 
injected with the drug as late as 6 and 12 h postischemia, 
i.e., at the time when there is no further exposure to 
volatile anesthetics for several hours. Yet, in both cases of 
the delayed postischemic treatment with ADAC, preserva- 
tion of MAP 2 seen at 7 days after the occlusion is still 
much better than in the control animals. 

Immediately postischemic disturbances of cerebral blood 
flow (KagstriSm et al., 1983) might result in an inadequate 
delivery of the drug administered at 15 min postischemia 
and explain slightly diminished neuronal protection in 
these animals. However, the sustained beneficial outcome 
of very late postischemic administration of ADAC (e.g., 6, 
12 h) is surprising in view of the rapid decrease in 
adenosine A 1 receptor agonist binding following cerebral 
ischemia. Lee et al. (1983) have shown in normal rats the 
regional differences in adenosine A~ receptor density are 
the source of very substantial differences in the depression 
of electrophysiological responses caused by administration 
of N%cyclohexyladenosine. Thus, an approximately 50% 
h ighe r  Bma x in the dorsal aspect of the rat CAI sector 
results in an almost 60% greater reduction of EPSPs when 
compared to the ventral sector of the same region (Lee et 
al., 1983). Onodera and Kogure (1990), on the other hand, 
have demonstrated that in the rat CA1 sector the binding 
of [3H]N6-cyclohexyladenosine decreases by 12-31% at 
6-12 h following 20 min global cerebral ischemia. It is, 
therefore, conceivable that postischemic depletion of 
adenosine A 1 receptor population may have an adverse 
effect on the intensity of the neuroprotective effect of 
ADAC administered at late stages postischemia (6 or 12 h 
post, 60% neurons surviving, present study) compared to 
either earlier time points (e.g., 1 h post) or even to the 
effect of an identical dose given 15 min prior to the insult 
(81%; Von Lubitz et al., 1996). Yet, the involvement of 
other factors cannot be excluded since neuroprotective 
effects of 100 Ixg/kg ADAC injected within 1 h postis- 
chemia (present study) are almost identical to those seen 
following preischemic treatment with N%cyclopentyla - 
denosine (CPA) given, however, at a 10 times higher dose 
(Von Lubitz et al., 1994). The receptor affinities but not 
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chemical structures of ADAC and CPA are very similar 
(Jacobson et al.. 1985; Maillard et al., 1993). These differ- 
ences may indicate that not only receptor density but 
possibly even minute differences in the properties of 
adenosine A L receptor agonists (such as pharmacokinetics) 
may play a very significant role in the extent of the 
ensuing neuroprotection. Similar concerns have been re- 
cently discussed in the context of acute vs. chronic admin- 
istration of other agents acting at adenosine receptors 
(Jacobson et al., 1996). 

The present study indicates that in situations of very 
brief ischemic episodes (5 min), ADAC can be given as 
late as 12 h after the insult without any marked deteriora- 
tion in the number of morphologically intact neurons. 
These data are in agreement with the findings of Rudolphi 
et al. (1992). However, when the duration of ischemia is 
doubled, the optimal time window for ADAC administra- 
tion narrows to between 30 min and 3 h postischemia. 
Either very early (i.e., 15 min post) or late (i.e., 6 or 12 h) 
injections result in a significant improvement of neuronal 
morphology compared to controls, but its extent is 
markedly poorer when compared to administration within 
the optimal treatment window. 

Although neuronal preservation may serve as a general 
indicator of the protective efficacy of a drug, the results of 
the study of postischemic memory retention and learning 
indicate that the neuroprotective effects of ADAC alone do 
not accurately depict the overall effect of treatment. We 
have previously shown that preischemic treatment with 
ADAC results in a significant retention of spatial memory 
in gerbils (Von Lubitz et al., 1996). Since learning impair- 
merit, at least in the gerbil model of chronic hypotension, 
is associated with the degradation of cytoskeletal proteins 
rather than neuronal loss per se (Kudo et al., 1990), the 
memory sparing effects of either pre- or postischemic 
treatment with ADAC could be ascribed to the preserva- 
tion of MAP-2 (present study). However. while both sur- 
vival and morphological parameters of gerbils injected 
with ADAC at either 6 or 12 h postischemia were statisti- 
cally indistinguishable, only the group treated at 6 h 
postischemia showed target latencies and that were indis- 
tinguishable from those observed preischemia. Postis- 
chemic target quadrant preference was also much better in 
this group as demonstrated during the probe test. On the 
other hand, the performance of animals treated with the 
drug at 12 h postischemia did not differ from that observed 
in the vehicle injected controls. These data indicate that the 
high degree of postischemic morphologic integrity at the 
light microscope level does not preclude the possibility for 
more discrete aberrations of either structure or function. 
This conclusion is also supported by the locomotor data 
tests which showed unchanged activity in gerbils injected 
with ADAC at 6 h postischemia. On the other hand. both 
postischemic controls and gerbils in which ADAC was 
given !2 h after the occlusion were significantly hyperac- 
tive, although the degree of neuronal integrity in the latter 

group was fully comparable to that seen ff~llowing treat- 
ment with ADAC at 6 h postischemia. 

Substantial changes of pre- and postsynaptic ultrastruc- 
tare involving m(:dification of synaptic densities, reduction 
in the area of synaptic contact, and redistribution of synap- 
tic vesicles have been detected very shortly after global 
cerebral ischemia in rats (Von Lubitz and Diemer, 1983). 
Furthermore, diminished dendritic spine density and loss 
of synaptic vesicle protein have been associated with the 
loss of learning ability in congenitally hydrocephalic rats 
(Suda et al., 1994), while the density of synaptic connec- 
tions between granule and CA3 pyramidal cells appeared 
to be one of the important factors involved in water maze 
performance of CFY rats (Schwegler et al., 1993). Func- 
tional recovery rather than dendrite sparing per se was also 
found to be the determining factor in water maze tests of 
recovery in rats subjected to neonatal frontal lesions. 
Adenosine A I receptors modulate both synaptically and 
NMDA receptor-evoked Ca 2' influx (Schubert and 
Kreutzberg, 1990), and Andin~ (1993) has shown that at 6 
h postischemia, the ability of the adenosine A~ receptor 
antagonist theophylline to antagonize this influx is lost. 
The latter finding may indicate a severe impairment of the 
receptor function. It is thus conceivable that administration 
of ADAC at 6 h after the insult represents the last possible 
stage at which the drug is capable of exerting the full 
range of its protective actions. Later treatment, while still 
resulting in the preservation of some aspects of neuronal 
morphology, may be without any additional benefits. 

The present study indicates that several aspects of the 
neuroprotective actions of both ADAC and other adeno- 
sine A~ receptor agonists require further exploration. 
Nonetheless, the advent of drugs whose administration is 
free of cardiovascular side effects yet offers a broad-spec- 
trum protection against morphological and functional con- 
sequences of cerebral ischemia makes adenosine receptor- 
based treatment of neurodegenerative disorders into a fea- 
sible practical concept. 
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