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Abstract

We have previously shown that chronic administration of the selective A, receptor agonist N®-(3-iodobenzyl)-5-N-methyl-
carboxoamidoadenosine (IB-MECA) leads to a significant improvement of postocclusive cerebral blood flow, and protects against
neuronal damage and mortality induced by severe forebrain ischemia in gerbils. Using immunocytochemical methods we now show that
chronic with IB-MECA results in a significant preservation of ischemia-sensitive microtubule associated protein 2 (MAP-2), enhancement
of the expression of glia fibrillary acidic protein (GFAP), and a very intense depression of nitric oxide synthase in the brain of
postischemic gerbils. These changes demonstrate that the cerebroprotective actions of chronically administered IB-MECA involve both
neurons and glial cells, and indicate the possibility of distinct mechanisms that are affected in the course of chronic administration of the

drug. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the three major adenosine receptor types (i.e.,
A, A,, and A ) the function and the biological signifi-
cance of the A 5 receptor are the least known. Although all
adenosine receptors belong to the G protein-coupled super-
family they are associated with different second messenger
systems. A, receptors are associated with adenylate cy-
clase and phospholipase C. Upon stimulation, adenosine
A, receptor (in similarity to the A; type) depresses cCAMP
levels (Zhou et al., 1992; Kim et al., 1994), and (contrary
to A, type) activates phospholipase C (Ramkumar et d.,
1993; Abbracchio et a., 1995a). In vitro studies also
revedled that at least in the human leukemia cell line
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(HL-60), intense activation of adenosine A, receptors
results in enhanced influx of Ca?*, release of intracellular
calcium stores, and apoptosis (Kohno et al., 1996). Ceruti
et al. (1996) and Abbracchio et a. (in preparation) have
also shown that astrocytes are sensitive to stimulation with
adenosine A, receptor agonists. Astrocytic response to
these drugs is curious in that at low concentrations (i.e.,
10-100 nM) 2-chloro-N 5-(3-iodobenzyl)-5-N-methy!-
carboxamido-adenosine (Cl-IB-MECA) induces transfor-
mation of astrocytes from the protoplasmic to the fibrous
state, while exposure to micromolar amounts (> 30 wM)
of Cl-IB-MECA leads to DNA fragmentation (Ceruti et al.,
1996; Abbracchio et al., in preparation). Finally, we have
shown that chronic administration of IB-MECA in gerbils
results in a significant improvement of postischemic cere-
bral blood perfusion following 10 min forebrain ischemia
in gerbils. The same treatment regimen also results in a
striking reduction of postischemic mortality and neuronal
damage in the hippocampal CA1 sector (Von Lubitz et 4.,
1994). Finally, there are indications that, in gerbils, chronic
exposure to IB-MECA results in a very significant preser-
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vation of postischemic spatial memory and learning ability
both of which can be demonstrated as late as 60 days after
10 min forebrain ischemia (Von Lubitz, 1997).

The association of the adenosine A ; receptor with at
least two different effector mechanisms, and the broad
range of effects eicited by its stimulation indicate the
possibility that several distinct neuronal and glial systems
may be affected. Nonetheless, there are no studies indicat-
ing the possible nature of these systems. Hence, the mech-
anisms involved in the cerebroprotective impact of the
chronic treatment with adenosine A, receptor agonists,
while unguestionably complex, are equally uncertain. We
have therefore studied the effect of a very long preis-
chemic exposure to the selective adenosine A ; receptor
agonist IB-MECA on immunocytochemical responses of
neurons and astrocytes following severe brain ischemia in
gerbils.

2. Materials and methods
2.1. Animals

Female gerbils (70-80 g, Tumblebrook Farms, Tumble
Brook, MA) were used in the study. Prior to the experi-
ments all animals were tested for susceptibility to sponta-
neous seizures following the method of Lee et al. (1984).
Convulsing animals were rejected.

2.2. Drug and its administration

N 8-(3-iodobenzyl)-5'-N-methyl carboxoami doadenosine
(IB-MECA) was obtained from Research Biochemicals
International (RBI, Natick, MA). The drug was dissolved
in a 20:80 mixture of Alkamuls EL-620 (Rhone-Poulenc,
Cranbury, NJ) and phosphate-buffered saline (pH 7.4). The
drug was administered i.p. in a 0.15 cc volume at 100
ng/kg. Treated animas (N = 20) received a single daily
injection for 60 days prior to ischemia followed by one
drug-free day immediately preceding occlusion of the
carotid arteries. Prior studies have shown that prolonged
treatment with IB-MECA does not affect any of the stud-
ied parameters. Hence, controls (N =20) were injected
only with the vehicle. The schedule was identical to that of
the drug. No injections were given during the recovery.

2.3. Ischemia

The details of induction of forebrain ischemia were
described in our previous publications (Von Lubitz et al.,
1994, 1996). During the present experiments both carotid
arteries were occluded for 10 min using Prolene 7.0 su-
tures with the temperature of the animals monitored and
kept at the immediately preischemic level as described
previously (Von Lubitz et al., 1994). Five non-injected
animals were sham operated and served as overall controls
for the histo- and immunocytochemical studies.

2.4. Histo- and immunocytochemistry

Seven days after ischemia, the surviving gerbils (8
controls and 16 IB-MECA treated) were anesthetized with
Nembutal (50 mg/kg i.p.) and perfused with saline-
buffered (pH 7.4) solution of 3.4% paraformaldehyde (Lin
et a., 1990). The brains were removed and, after 24 h
immersion in fresh fixative, were transferred for the fol-
lowing 24 h to a 20% (v/v) solution of sucrose in
phosphate-saline buffer (PBS). Seria frozen sections were
cut at 40 pm.

2.4.1. NADPH-diaphorase staining

NADPH-diaphorase (nitric oxide synthase (NO syn-
thase) histochemical staining was performed using accord-
ing to the method of Hope et al. (1991). The sections were
incubated at 37°C for 2-8 hin 0.1 M PBS containing 0.3%
Triton X-100, 0.01% NADPH and 0.02% Nitro Blue Te-
trazolium (all from Sigma, St. Louis, MO). Following a
brief rinse in 0.1 M PBS, the sections were mounted on
gelatin glass dlides, air-dried, and mounted using DPX
medium (BDH Labs., Poole, UK).

2.4.2. MAP-2 and GFAP staining

Immunocytochemical and immunofluorescent staining
methods (Lin et al., 1995) were used for visualization of
microtubule associated protein (MAP-2) and glial fibrillary
acidic protein (GFAP). To avoid possible differencesin the
intensity of staining caused by random factors, al appro-
priate sections (i.e.,, GFAP or MAP-2) were grouped and
processed simultaneously under exactly the same condi-
tions.

The sections were incubated at 4°C overnight using
either the primary polyclonal GFAP antibody (Incstar,
Stillwater, MN) diluted at 1:50—200), or the primary mon-
oclonal MAP-2 antibody (Sigma, St. Louis, MO) diluted at
1:100-1000. The sections were rinsed three times with 0.1
M PBS and then incubated for 1 h at room temperature
with the appropriate secondary antibodies of fluorescein
isothiocyanate (FITC), rhodamine isothiocyanate (RITC),
or Texas Red-conjugated 1gG (dilution 1:100-200), or
ABC kit (Vector, Burlingame, CA). The immunofluo-
rescent labelling patterns were studied with an epifluores-
cent microscope (Labophot) equipped with appropriate
filters (Nikon B2 and G1B).

2.4.3. Quantitative analysis of GFAP and MAP-2

GFAP and MAP-2 stained sections (altogether 15 sec-
tions/stain) were randomly selected from al 5 brains of
the sham operated animals (N = 5) and from 5 randomly
selected postischemic brains of both vehicle and IB-
MECA-injected gerbils. All sections were taken from the
region approximately 1.5—1.9 mm posterior to the bregma
(Loskota et ., 1974).

In order to establish volume density (V,) of astrocytes
expressing GFAP, a micrograph containing the medial
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segment of CA1 was made from each section (see also
Von Lubitz et al., 1989). The micrographs (total magnifi-
cation X 1100) were overlaid with a rectangular grid (54
intersection points) placed with its upper edge against the
lower border of stratum pyramidale and with the intersec-
tion points distributed over the underlying stratum radia-

Control

IB-MECA

()

Fig. 1. (A) NO synthase staining in the hippocampus of a sham-operated
(normal) animal. Weak reaction product is evenly distributed aong
pyramidal and molecular layers of the entire hippocampal formation and
the dentate gyrus. (B) Postischemic NO synthase staining in the vehicle
injected control animal. Note the very intense staining in the pyramidal
layer of CAL, 2, and 3 sectors and its absence in the dentate. (C)
Postischemic NO synthase staining in the animal injected chronically
with IB-MECA. There is a marked absence of the reaction product within
the entire pyramidal layer of the hippocampus and within the dentate.
Weak staining, similar to that seen in the sham-operated animals is
present in the molecular layer of CA1 and CA2.

NORWAL

Fig. 2. (A) Sham-operated gerbil. There is a pronounced paucity of
astrocytes expressing GFAP. (B) Postischemic gerbil injected chronicaly
with the vehicle, and showing a pronounced increase in the number of
GFAP expressing astrocytes present within the hippocampal stratum
radiatum. (C) Postischemic animal injected with IB-MECA. The number
of activated, GFAP-expressing astrocytes is perceptibly higher than in the
vehicle injected control (compare with 2B).

tum. The number of grid intersection points falling over
GFAP-expressing astrocyte profiles was counted on each
micrograph, followed by the analysis of V, performed by
means of standard stereological techniques (Elias and Hyde,
1980) described extensively in an earlier paper (Von Lub-
itz and Diemer, 1982).

As in our previous study (Von Lubitz et a., 1996, in
press), the density of MAP-2 staining dendrites was deter-
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Control

Control

Fig. 3. (A) MAP-2 staining in the stratum radiatum of a sham-operated
gerbil. (B) Postischemic control (chronic vehicle injections). There is a
very substantial loss of MAP-2 reaction product. The few fibers showing
its presence have a distinctly ‘ beaded’ appearance indicating their possi-
ble impairment. (C) Postischemic anima injected chronicaly with 1B-
MECA. While the expression of MAP-2 immunoreactivity is lower than
in the sham-operated gerbils, MAP2 staining resembles that observed in
the sham-operated animals.

mined using a computer image analyzing system (Bio-
graphics, Winston-Salem, NC). The density was measured
within 5 randomly chosen areas of CA1 stratum radiatum
in each of the previously selected MAP-2 stained sections
(see above).

2.5. Satistical analysis of immunocytochemical data

Since the analysis (ANOVA) of absolute values of
either GFAP-expressing astrocytes or MAP-2 density re-

vedled no statistically significant differences among indi-
vidual sections of the same brain, the values were pooled
and expressed as mean/brain. The statistical significance
of group (i.e., sham, vehicle- and IB-MECA-treated) dif-
ferences was analyzed using ANOVA followed by Dun-
nett’s test. Sham animals served as the controls, and
P < 0.05 indicated statistical significance. The data were
then expressed as % change compared to the control

group.

3. Reaults

The intensity of histochemical staining for nitric oxide
synthase (NOS) and immunocytochemical reaction for
GFAP and MAP-2 in non-ischemic, sham operated ani-
mals is shown in Figs. 1A, 2A and 3A.

3.1. Postischemic changes

Neuronal preservation in the control group and in the
animals treated with IB-MECA was comparable to that
reported by us in our previous studies (Von Lubitz et al.,
1994; Von Lubitz, 1996, 1997.

3.1.1. NADPH-diaphorase

Seven days after ischemia, the intensity of NADPH-di-
aphorase staining intensity was strikingly elevated in the
pyramidal layer aong the entire length of the hippocampal
formation in al animals injected with the vehicle (Fig.
1B). The dentate, on the other hand, were remarkably free
of the NADPH-diaphorase reaction product (Fig. 1A,B).

In the animals treated with IB-MECA, postischemic
staining of NADP-diaphorase was virtually absent within
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Fig. 4. Quantitative analysis of the effect of 10 min ischemia on the
number of GFAP expressing astrocytes in animals injected chronically
either with the vehicle or with IB-MECA. Abbreviations: (a) P < 0.05 vs.
sham-operated gerbils; (b) P < 0.05 vs. IB-MECA.
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Fig. 5. Quantitative analysis of MAP-2 expression in sham-operated
gerbils (100%) vs. vehicle- and IB-MECA injected postischemic groups.
Abbreviations as in Fig. 4.

the pyramidal layer of all hippocampal sectors (Fig. 1C).
Faint staining within the molecular layer of CA1/CA2
sectors was comparable to that seen in the sham operated
group (Fig. 1A,0).

3.1.2. GFAP

Compared to sham operated animals, the volume den-
sity (V,) of postischemic astrocytes expressing GFAP in-
creased significantly (P < 0.01) in the animals receiving
chronic injections of the vehicle (Figs. 2A, B and 4. In the
animals treated with IB-MECA a dtatistically significant
increase of GFAP-marked astrocytes was present (Figs.
2A, B, C and 4) when compared to both sham operated
gerbils and the animals injected with the vehicle (P < 0.01
in both cases).

3.1.3. MAP-2

Compared to sham operated animals, the density of
MAP-2 expressing dendrites decreased significantly in the
ischemic animals injected with the vehicle (Figs. 3A, B
and 5). The postischemic density of MAP-2 containing
dendrites in the IB-MECA treated group was significantly
lower than in the sham-operated gerbils (78% of sham,
p < 0.05). However, the extent of MAP-2 preservation in
the IB-MECA group was very significantly higher (p <
0.001) than in the vehicle injected animals (Figs. 3B, C
and 5).

4. Discussion

The most striking effect of chronic treatment with 1B-
MECA is its effect on postischemic expression of NO

synthase. Although NADP-diaphorase staining is now con-
sidered as a standard marker for NO synthase (Wallace,
1996; Li et al., 1997), the histochemica methods used in
this study are not specific enough to define the nature of
the suppressed NO synthase (Sestan and Kostovi, 1994),
i.e., whether its congtitutive or inducible form is affected.
Neurons, astrocytes, perivascular nerves, and the endothe-
lium of cerebral vasculature have been shown to form
nitric oxide (NO) during cerebral ischemia (Endoh et al.,
1994; Kato et al., 1994; Loesch et a., 1994; Nakashima et
al., 1995; Sparrow, 1995). However, while the activity of
the constitutive NO synthase may be increased during
ischemia (Dawson et al., 1991; Nagafuji et al., 1995),
several studies have shown that its maximal stimulation
apparently takes place at intracellular concentrations of
Ca?* that are well below those encountered during cere-
bral ischemia (Knowles et al., 1989; Silver and Erecinska,
1990; see also the review by Aoki et al., 1995). Moreover,
expression of the calcium /calmodulin-dependent constitu-
tive form of NO synthase appears to depend largely on
small transients of intracellular Ca2* (Aoki et a., 1995).
The inducible isoform of NO synthase, on the other hand,
is independent of Ca2* transients (Dakara et al., 1994;
Sparrow, 1995) and, furthermore, late and sustained re-
lease of nitric oxide may be the result of enhanced expres-
sion of inducible NO synthase. Very recently, ladecola et
al. (1995) showed enhanced activity of inducible NO
synthase in hypertensive rats subjected to focal ischemia
with the peak occurring on the 2nd day after the insult.
Seven days after ischemia, NO synthase level returned to
the preischemic baseline. Although in our study the con-
trols showed very intense NO synthase staining as late as
seven days after ischemia, it is likely that the effect is also
related to the enhanced postischemic expression of the
inducible NO synthase. Hence, it may be expected that
chronic treatment with IB-MECA affects the same NO
synthase isoform as well.

Whether the demonstrated reduction of NO synthase
activity congtitutes the primary mechanism resulting in
postischemic protection of hippocampal neurons observed
in this (data not shown) and our previous study of chronic
IB-MECA administration is unclear. Studies in which spe-
cific NO synthase inhibitors have been used in either foca
(Dalkara et al., 1994) or global ischemia (Shapira et al.,
1994) indicate the dual role of nitric oxide, wherein its
lower concentrations appear to be protective, while exces-
sive release results in neuronal demise. The neuroprotec-
tive effect of NO synthase appears to be related to its
hemodynamic effects (reviewed by ladecola et al., 1994).
Interestingly, our preliminary observations indicate that the
depression of NO synthase expression in the postischemic
brain following chronic treatment with IB-MECA is much
more severe in the cerebral parenchyme than either in the
blood vessels or in the immediately surrounding tissue.
Furthermore, the same treatment also causes a significant
improvement of the postischemic blood flow (Von Lubitz
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et a., 1994). Hence, it is conceivable that rapid normaliza-
tion of the postocclusive blood perfusion is the result of
vasodilatory actions of NO released both by the endothe-
lium and by the perivascular end-feet of the activated
astrocytes. Such conclusion is also supported by the very
significantly enhanced presence of GFAP-expressing (i.e.,
activated) astrocytes in the IB-MECA treated group.

Rapid postischemic increase in the number of astrocytes
exhibiting GFAP reaction is a well known phenomenon
(Petito and Babiak, 1982; Petito et al., 1990). Thisincrease
appears to have two distinct forms (Petito et al., 1990):
either a rapid and reversible postischemic proliferation of
astrocytes indicating the presence of reconstitutive pro-
cesses (Abbracchio et a., 1995b), or persistent reactive
astrocytosis characterized by hyperplasia and hypertrophy
that are typica of the damaged regions (Petito et a.,
1990). Our preliminary data indicate that in the hippocam-
pus of animals treated chronically with I1B-MECA, the
number of GFAP-staining astrocytes returns to the baseline
in less than 4 weeks after ischemia, i.e., the time period
which corresponds well to the duration of the reversible
phase.

Activation of adenosine A ; receptors results in stimula-
tion of phospholipase C and protein kinase C (Ramkumar
et al., 1993; Abbracchio et al., 1995a) resulting in the
enhancement of extracellular Ca®* influx and liberation of
intracellular calcium stores (Kohno et a., 1996). It is,
however, unknown whether adenosine A ; receptor-media-
ted elevation of intracellular Ca?™* is sufficient to activate
proteolytic enzymes and Ca?*-activated kinases, e.q., cal-
pain or camodulin (Goodman and Zagon, 1986) whose
activation has been suggested to play a major role in the
development of ischemic damage. We have shown in our
previous study that preischemically administered IB-MECA
enhances both mortality and neuronal destruction in gerbils
(Von Lubitz et a., 1994). Chronic treatment with 1B-
MECA improved the outcome in al studied measures
(Von Lubitz et al., 1994; Von Lubitz, 1996, 1997). Al-
though the extensive preservation of MAP-2 reported in
this study does not provide the definitive proof of phos-
pholipase C attenuation induced by chronic treatment with
IB-MECA, it is consistent with the hypothesis of dimin-
ished intraneuronal levels of Ca2*, and the consequent
depression of calpain activity (Matesic and Lin, 1994).

Elevation of intracellular Ca®* is necessary in order to
activate Ca?* /calmodulin-dependent protein kinase I and
subsequent phosphorylation of GFAP (Yano et al., 1994).
Hence, the postulate that chronically administered 1B-
MECA depresses intracellular calcium levels may not be
true for astrocytes since chronic exposure to the drug
results in the increased number of GFAP-expressing astro-
cytes. The latter observation, may, however, indicate that
either the interactions of astrocyte A ; receptors with other
adenosine/non-adenosine receptor types or receptor—sec-
ond messenger systems are different from those observed
in neurons.

As mentioned previously, adenosine A ; receptors are
associated with at least two second messenger mecha
nisms, i.e., adenylate cyclase (inhibition) and phospholi-
pase C (activation). Recently, it has been also shown that
acute exposure of cultured astrocytes to very low concen-
trations (nanomolar) of selective adenosine A, agonists
induces their differentiation and reinforcement of their
cytoskeleton (i.e., enhanced expression of GFAP), while
higher levels of the agonist (micromolar) induce their
apoptotic death (Ceruti et al., 1996). These observations
suggest the possibility that both submaximal acute- and
chronic stimulation of astrocyte A ; receptors may attenu-
ate phospholipase C activity, and consequently (and in
similarity to adenosine A ; receptors) promote neuroprotec-
tive effects associated with the reduction of CAMP. While
the notion of such shift requires experimental verification,
there is no doubt that the present results confirm the fact
that adenosine A ; receptors may play an important role in
the development of ischemic brain damage. The wide
range of the effects induced by their chronic stimulation
aso indicate that adenosine A ; receptors may be involved
in other cerebral pathologies as well.
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