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Upregulation of the Enzyme Chain Hydrolyzing Extracellular ATP
after Transient Forebrain Ischemia in the Rat
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A short ischemic period induced by the transient occlusion of
major brain arteries induces neuronal damage in selectively
vulnerable regions of the hippocampus. Adenosine is consid-
ered to be one of the major neuroprotective substances pro-
duced in the ischemic brain. It can be released from damaged
cells, but it also could be generated extracellularly from re-
leased ATP via a surface-located enzyme chain. Using the rat
model of global forebrain ischemia, we applied a short (10 min)
transient interruption of blood flow and studied the distribution
of ectonucleotidase activities in the hippocampus. Northern
hybridization of mRNA isolated from hippocampi of sham-
operated and ischemic animals revealed an upregulation of
ectoapyrase (capable of hydrolyzing nucleoside 5'-tri- and
diphosphates) and ecto-5'-nucleotidase (capable of hydrolyz-
ing nucleoside 5’-monophosphates). A histochemical analysis
that used ATP, UTP, ADP, or AMP as substrates revealed a

strong and selective increase in enzyme activity in the injured
areas of the hippocampus. Enhanced staining could be ob-
served first at 2 d. Staining increased within the next days and
persisted at 28 d after ischemia. The spatiotemporal develop-
ment of catalytic activities was identical for all substrates. It was
most pronounced in the CA1 subfield and also could be de-
tected in the dentate hilus and to a marginal extent in CA3. The
histochemical staining corresponded closely to the develop-
ment of markers for reactive glia, in particular of microglia. The
upregulation of ectonucleotidase activities implies increased
nucleotide release from the damaged tissue and could play a
role in the postischemic control of nucleotide-mediated cellular
responses.
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Following global ischemia, neurons in specific subfields of the
hippocampus reveal selective vulnerability. Neuronal death takes
a characteristic delayed time course and becomes evident at the
light microscopic level 2—4 d after ischemia. It is accompanied by
a typical glial reaction involving both astrocytes and microglia
(Kraig et al., 1995). Reactive astrocytes display hypertrophy,
increased staining for the intermediate filament glial fibrillary
acidic protein (GFAP), and hyperplasia. In regions of permanent
ischemic injury astrocytes also express vimentin. From postisch-
emic day 1 onward, microglia proliferate and show increased
expression of major histocompatibility complex (MHC) class I
and II immunomolecules at their surface and finally transform
into intrinsic brain phagocytes, removing neuronal debris. Reac-
tive astrocytes and microglia undergo a considerable number of
additional specific functional changes, including the upregulation
of many protein species and the secretion of cytokines and growth
factors (Eddleston and Mucke, 1993; Gehrmann et al., 1995).
Some of these may mediate tissue damage. Others play an im-
portant role in limiting the extent of damage or also a role in
tissue repair.

A loss of energy charge resulting from the interrupted blood
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supply results in a massive release of excitatory neurotransmitters.
Glutamate is considered to play a major role in cytotoxicity by
inducing an intracellular and lethal increase in neuronal Ca®".
Extracellular adenosine is increased as an early response to
ischemia and may, in turn, exert neuroprotective actions by in-
hibiting glutamate release via presynaptic receptors (Schubert
and Kreutzberg, 1993). It can be released via carrier-mediated
mechanisms as a result of the hypoxia-induced massive break-
down of intracellular nucleotides, but hypoxia may result also in
the direct release of nucleotides such as ATP (Dubyak and
El-Moatassim, 1993). Both neurons and glia possess receptors for
ATP and other nucleotides (ADP, UTP, UDP) either that func-
tion as ion channels (P2X receptors) or that are G-protein-
coupled (P2Y receptors) (Boarder et al., 1995; Buell et al., 1996).
P2X receptors are permeable not only for Na* and K* but also
for Ca®*. Their hyperactivation is, therefore, potentially cyto-
toxic. Extracellular ATP is inactivated by a surface-located en-
zyme chain that results in the extracellular formation of adeno-
sine (Zimmermann, 1996). The chain potentially includes the
recently cloned ecto-ATP diphosphohydrolase (ectoapyrase) and
ecto-ATPase as well as ecto-5'-nucleotidase (Kegel et al., 1997).
Whereas ecto-ATPase has a high preference for ATP, ec-
toapyrase hydrolyzes ATP and ADP, resulting in the formation of
AMP. Ecto-5'-nucleotidase catalyzes the formation of adenosine
from AMP. An upregulation of these enzymes in the damaged
tissue could serve the rapid elimination of any cytotoxic effects of
ATP and in addition provide extracellular adenosine for purine
salvage or as a neuroprotective agent. We previously have ob-
served increased activity of ecto-5'-nucleotidase in the volume
bordering the infarcted tissue after permanent middle cerebral
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artery occlusion (MCAO) (Braun et al.,, 1997). In the present
study we induced transient forebrain ischemia by bilateral com-
mon carotid artery occlusion and hypertension in rats, and we
probed for the expression of the entire ectonucleotidase chain.

MATERIALS AND METHODS

Transient forebrain ischemia. Forebrain ischemia was induced in 28 male
Wistar rats (300-350 gm, Charles River, Sulzfeld, Germany). Rats were
fasted overnight with free access to water. They were anesthetized with
halothane (1.5%) in a mixture of N,O/O, (70%/30%). Body and skull
temperatures were maintained at 37.0-37.5°C by a temperature control
feedback system (Technical and Scientific Equipment, Bad Homburg,
Germany). The skull temperature was monitored with a thermocouple
placed subcutaneously over the midline of the skull. Ischemia was in-
duced for 10 min by clamping both common carotid arteries and lowering
the mean blood pressure to 40 mm Hg by trimethaphan camphor sulfo-
nate (5 mg/kg, i.v.) and central venous exsanguination (Smith et al.,
1984). After 10 min the clips were removed, and the shed blood was
reinjected rapidly. Arterial pH, pCO,, pO,, blood pressure, and plasma
glucose concentration were measured before ischemia. Sham-operated
animals were prepared as described above without clamping carotid
arteries and lowering blood pressure. They were compared with un-
treated animals. After ischemia, animals were kept at an environmental
temperature of 30°C for 2 hr and then at 20°C in their home cages. At 6
hr and at 2, 3, 7, 14, and 28 d after ischemia the rats received a lethal dose
of chloral hydrate and were decapitated. Brains were removed, snap-
frozen in prechilled (—20°C) 2-methylbutane, and stored at —70°C until
sectioning.

Nucleotidase histochemistry. For localization of nucleotidase activity a
lead phosphate method (Braun et al., 1997) was applied. Frozen sections
(12 wm) were deposited on 3-aminopropyltriethoxy Silane-coated (Sig-
ma, Deisenhofen, Germany) slides and allowed to dry for 1 hr. The dry
tissue sections were stored at —80°C until further processing. Sections
warmed to room temperature were fixed with 0.05 M cacodylate-buffered
4% paraformaldehyde, pH 7.4, for 12 min at room temperature and
subsequently were washed with 0.05 M cacodylate buffer, pH 7.4, con-
taining 0.25 M sucrose. Preincubation was performed for 30 min at room
temperature in a Tris-maleate sucrose buffer (TMS; 0.25 M sucrose and
50 mMm Tris-maleate, pH 7.4) containing 2 mm MgCl, when 5'-
nucleotidase activity was to be analyzed or 2 mm CaCl, for the subse-
quent detection of hydrolysis of ATP, UTP, or ADP. Nucleotides (ATP,
UTP, ADP, and AMP) (all from Sigma) were added to the buffer
solution at a concentration of 1 mM. The enzyme reaction for the
detection of ATPase, ADPase, or UTPase activity was performed for 2.4
hr at room temperature in a Tris-maleate-buffered substrate solution
[composition (in mm): 2 Pb(NO3),, 5 MnCl,, 2 CaCl,, and 50 Tris-
maleate, plus 0.25 M sucrose, pH 7.4]. AMP was applied in the same
buffer solution except that CaCl, was omitted. After the sections were
washed with demineralized water, the lead orthophosphate that was
precipitated as a result of nucleotidase activity was visualized as a brown
deposit by incubating sections in an aqueous solution of ammonium
sulfide (2% v/v). To control for nonspecific phosphatase activity, we
substituted nucleotides by p-nitrophenyl phosphate (Sigma). To control
for nonspecific lead precipitation, we omitted nucleotides from the incu-
bation medium. Subsequently, the sections were processed as for
immunocytochemistry.

Immunocytochemical procedures. For immunocytochemical labeling of
microglia, the monoclonal antibody MRC OX42 (Camon, Wiesbaden,
Germany) was applied (Milligan et al., 1991). This antibody recognizes
the rat complement receptor type 3 (Robinson et al., 1986). A monoclo-
nal antibody G-A-5 (Sigma) against the GFAP from pig spinal cord was
used as an astroglial marker. Vimentin was detected by using a mono-
clonal antibody (VIM 3B4, Progen Biotechnik, Heidelberg, Germany)
against vimentin from bovine lens. Frozen sections were prepared as
described for enzyme histochemistry. For immunoperoxidase labeling,
frozen sections were warmed to room temperature, fixed with absolute
methanol (7 min at —20°C), and rinsed with PBS [composition (in mMm):
137 NaCl, 3 KCl, and 15 Na */K " -phosphate buffer, pH 7.4]. Nonspecific
binding was suppressed with 5% bovine serum albumin (BSA; Roth,
Karlsruhe, Germany). Antibodies were diluted with PBS containing 1%
BSA. Sections were incubated for 80 min at room temperature with
antibodies against GFAP (1:100), OX42 (1:50), or vimentin (1:10). All
further steps were performed at room temperature. After being washed
with PBS for 25 min, the sections were incubated for 1 hr with a
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peroxidase-linked affinity-purified secondary antibody against mouse-
IgG (Amersham, Braunschweig, Germany). After excess washing with
PBS, the peroxidase reaction was performed with a diaminobenzidine
(DAB) substrate solution (0.25 mg of DAB/mI, 0.03% NiCl,, 0.01%
H,0,, and 100 mMm Tris-HCI, pH 7.5). In control experiments only the
secondary antibody was applied. After dehydration in graded ethanol, the
sections were mounted with Permount (Fisher Scientific, Springfield,
NY). They were examined with a Zeiss Axiophot microscope
(Oberkochen, Germany) and photographed on Ilford Pan F film devel-
oped in Ultrafin (Tetenal).

Northern analysis. For Northern blotting, hippocampi were excised
from rat brains 7 d after vessel occlusion or sham operation. Polyadenyl-
ated RNA was isolated by using the Oligotex direct kit (Qiagen, Hilden,
Germany). Polyadenylated RNA (0.5 ug), as determined photometri-
cally, was separated on a 1% agarose formaldehyde gel. Subsequently, the
RNA was transferred by pressure (PosiBlot, Stratagene, Germany) onto
a Hybond N membrane (Amersham). Using various constructs of DIG-
labeled RNA as a probe, we hybridized blots overnight at 68°C in the
presence of 5X SSC and 50% formamide. Filters were washed twice at
room temperature with 2X SSC containing 0.1% SDS and twice at 68°C
for 15 min with 0.2X SSC containing 0.1% SDS. The hybridization signal
was visualized by using an alkaline phosphatase-conjugated anti-DIG
antibody and a chemiluminescent substrate (CSPD; both from Boeh-
ringer Mannheim, Mannheim, Germany) according to the manufactur-
er’s instructions. For obtaining riboprobes, the mouse ectoapyrase con-
struct CD39-5b (Maliszewski et al., 1994) and the rat ecto-ATPase
construct rat9.4 (Kegel et al., 1997) were digested with Sall and with
BamHI, respectively. The insert of the rat liver ecto-5'-nucleotidase
construct AcNT34 (Misumi et al., 1990) was subcloned into pBluescript 11
SK and digested with BamHI. DIG-labeled antisense RNAs (ec-
toapyrase, 2.3 kb; ecto-ATPase, 1.6 kb; ecto-5'-nucleotidase, 1.8 kb) were
transcribed by using T3 or T7 RNA polymerase according to the manu-
facturer’s instructions (Boehringer Mannheim). For detection of B-actin
mRNA, a riboprobe from a cDNA clone coding for mouse B-actin
(Stratagene, Heidelberg, Germany) was used.

RESULTS

Northern analysis

To probe for the expression of ectonucleotidases identified in
molecular terms, we isolated polyadenylated RNA from hip-
pocampi 7 d after transient forebrain ischemia or 7 d after sham
operation. Equal amounts (0.5 ug) of mRNA were analyzed for
ecto-5'-nucleotidase, ectoapyrase, and ecto-ATPase (Fig. 1). The
probe for rat ecto-5'-nucleotidase hybridized with a 3.9 kb mRNA
species (Misumi et al., 1990). Corresponding to previous results
(Kegel et al., 1997), the probe for ectoapyrase detected two major
bands of 4.9 and 5.4 kb, which may represent the use of different
polyadenylation sites at the 3’-uncoding region, whereas the ri-
boprobe for ecto-ATPase yielded a prominent mRNA band at 2.2
kb. The hybridization signal for B-actin (2.2 kb) was determined
as a control. As compared with sham-operated controls, the
hybridization signals for both ecto-5'-nucleotidase and ec-
toapyrase were increased distinctly 7 d after ischemia. In contrast,
the hybridization signal for ecto-ATPase was not affected by
forebrain ischemia. Actin mRNA levels were evaluated by rehy-
bridization. They did not differ between controls and postisch-
emic hippocampi.

Increase in the activity of ATPase, UTPase, and
ADPase in lesioned regions

The postischemic reaction was investigated at the septodorsal
level of the hippocampus. Brain sections were analyzed at 6 hr
and at 2, 3, 7, 14, and 28 d after ischemia. The extent of neuronal
degeneration was visualized by Nissl staining (Figs. 24, 34, 4A4).
In the pyramidal cell layer of CA1, damaged neurons first became
apparent at 2 d after ischemia. At 3 d the cell death of pyramidal
cells was increased (Fig. 34), and from day 7 onward most
neurons of CAl were disintegrated (Fig. 44). No neuronal dam-



Braun et al. ¢ Ischemic Upregulation of Ectonucleotidases

e -
R-actin

--

R-actin

R-actin

Figure 1. Northern blot analysis of ectonucleotidases. Equal amounts
(0.5 ng) of polyadenylated RNA isolated from hippocampi 7 d after sham
operation (a) or 7 d after 10 min of global ischemia (b) were subjected to
electrophoresis, blotted, and hybridized with rat ecto-5'-nucleotidase
(e-5'-nucl.), ectoapyrase (e-apyrase), and ecto-ATPase (e-ATPase) anti-
sense riboprobes. A significant postischemic enhancement of the hybrid-
ization signals is detectable for ecto-5'-nucleotidase and ectoapyrase. The
riboprobe for ectoapyrase hybridizes with two major bands at 4.9 and 5.4
kb. A riboprobe for mouse B-actin was used as an internal control.

age was detected in hippocampal sections of sham-operated ani-
mals (see Fig. 24).

Because suitable antibodies for the immunodetection of ecto-
nucleotidases were not available, we analyzed the hippocampi by
enzyme cytochemistry. The histochemical staining pattern in the
hippocampal formation was practically identical for the hydrolysis
of ATP, UTP, and ADP and demonstrated a parallel and strong
postischemic increase in staining intensity. UTP was included in
the analysis to probe for the presence of ectoapyrase that hydro-
lyzes both ATP and UTP. The enzyme reaction in hippocampal
sections of sham-operated animals (see Fig. 2E-G') was very low
and identical to the staining pattern obtained for untreated rats.
There was a faint staining of the entire tissue section, except for
fiber tracts, the pyramidal cell layer, and the granule cell layer of
the dentate gyrus. These neuronal layers became apparent as a
light and unstained band. Reaction product was enhanced slightly
in the stratum lacunosum moleculare. Intense lead staining was
restricted to the endothelium of brain capillaries, the meninges
covering the hippocampal formation, and the choroid plexus.
These observations suggest that the histochemical staining per-
formed at alkaline pH does not represent the activity of intracel-
lular nucleoside 5’'-triphosphate or 5'-diphosphate-hydrolyzing
enzymes that are present at high activity in every cell.

At 2 d after global ischemia the unstained band corresponding
to the pyramidal cell layer of CAl had disappeared. It now
revealed the same faint staining as the stratum oriens and stratum
pyramidale. At 3 d the histochemical reaction for all three sub-
strates clearly was enhanced in the stratum pyramidale of CA1l
(see Fig. 3E-G). There was also a small increase in staining
intensity in the dentate hilus. The postischemic enzyme reaction
was developed strongly at 7 d (see Fig. 4E-G). All layers of CAl
exhibited a distinct upregulation of ATP, UTP, and ADP hydro-
lysis. The pyramidal cell layer revealed the strongest enhance-
ment. Staining was increased in the stratum lacunosum molecu-
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lare and in the dentate hilus. There were small variations in
overall staining intensity between individual experiments and
also between individual days of experimentation. This did not
affect, however, the qualitative staining pattern. The intense
staining in CA1 persisted 14 and 28 d after global ischemia. The
reaction in the dentate hilus was still present at 14 d but had
disappeared at 28 d. No reaction product was obtained in the
control experiments in which nucleotides were replaced by
p-nitrophenyl phosphate or when nucleotides were omitted from
the incubation medium.

Lesion-induced increase in 5’'-nucleotidase activity
When AMP was used as a substrate, the staining pattern differed
clearly from that obtained with the other nucleotides, but the time
course of the postischemic increase was comparable. 5'-
Nucleotidase activity was high in all layers of CAl of sham-
operated (see Fig. 2H) or untreated animals. Also, the stratum
lacunosum moleculare of CA3 displayed a distinct reaction. The
other layers of CA3 and the hilus and the molecular layer of the
dentate gyrus were stained only faintly. The pyramidal cell layer
and the dentate granule cell layer were unlabeled. Fiber tracts
were labeled intensely (for example, fimbria, alveus, and corpus
callosum). This also applied to the choroid plexus. As for the
other nucleotides, the previously unstained pyramidal cell layer in
CAl had disappeared by 2 d. At 3 d a slight enhancement of
5'-nucleotidase activity became apparent in the CA1l pyramidal
cell layer and in the dentate hilus (see Fig. 3H). At 7 d the
upregulation of enzyme activity was apparent in all layers of CA1,
whereby the pyramidal cell layer and the stratum lacunosum
moleculare displayed the strongest staining. A clear enhancement
of the enzyme reaction also was observed in the dentate hilus.
The enhanced staining of the dentate hilus had disappeared at
28 d, but the increase in CAl persisted. No reaction product was
obtained when 5'-AMP was replaced by p-nitrophenyl phosphate
as a substrate or when 5'-AMP was omitted from the incubation
medium.

Comparison with the distribution of astrocytes
and microglia
To identify cell types that could be responsible for the increase in
nucleotidase activities, we compared—within corresponding sec-
tions—the pattern obtained by enzyme histochemistry with that
for immunostaining for GFAP (astrocytes), vimentin (endothelial
cells, reactive astrocytes, and activated microglia) (Graeber et al.,
1988; Schmidt-Kastner et al., 1990), and complement receptor 3
(OX42, microglia). In the hippocampal formation of sham-
operated (see Fig. 2B,C) and untreated animals the immunostain-
ing for vimentin and OX42 was very low. The immunoreaction for
vimentin was confined to capillaries (Fig. 5D). GFAP-labeled
astrocytes were frequent throughout the entire hippocampus of
sham-operated (see Fig. 2D) or control animals. GFAP staining
was strongest in the stratum lacunosum moleculare. The pyrami-
dal cell layer (see Figs. 2D, 5G) and the granule cell layer of the
dentate gyrus (see Fig. 2D) were mainly free of GFAP positive
astrocytes. GFAP-positive astroglial cells displayed a normal
morphology, with small cell bodies and fine branched processes
(see Figs. 2D, 5G).

The postischemic microglial activation was detectable first at
2 d as a faint enhancement in OX42 staining of the pyramidal
layer. At 3 d a distinct microglial activation appeared in the layer
of damaged pyramidal cells within CA1 and in the dentate hilus
(see Fig. 3B). At higher magnification, activated microglia also
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Figure 2. Corresponding hippocampal sections 7 d after sham operation. Comparison of Nissl staining (A4), immunocytochemistry (B-D), and nucleotidase
histochemistry (E-H). A, Nissl staining revealed no neuronal damage in the hippocampus. B, OX42 immunostaining is significant only in fiber tracts, as for
example in the corpus callosum. C, Vimentin is detectable in capillaries. D, GFAP immunoreaction is strongest in the stratum lacunosum moleculare. E-G,
ATPase (E), UTPase (F ), and ADPase ( G) reaction product in the hippocampus is restricted mainly to capillaries. Staining is enhanced slightly in the stratum
lacunosum. H, 5'-Nucleotidase activity is highest in CA1 and in the stratum lacunosum moleculare of CA1 and CA3. The pyramidal cell layers and the dentate
granule cell layer are free of reaction product. CA1, CA3, Subfields of the hippocampus; cc, corpus callosum; gr, granular cell layer of the dentate gyrus; H, hilus
of the dentate gyrus; Im, stratum lacunosum moleculare; pyr, stratum pyramidale; PC, plexus choroideus; M, meninx. Scale bar, 1 wm.
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Figure 3. Corresponding hippocampal sections 3 d after global ischemia. Comparison of Nissl staining (A4), immunocytochemistry (B-D), and
nucleotidase histochemistry (E-H ). A, Reduced Nissl staining in CA1 (arrowheads) indicates damaged pyramidal neurons. Immunostaining for OX42
(B), vimentin (C), and GFAP (D) is upregulated most significantly in CAl and the dentate hilus. E-H, ATPase (E), UTPase (F), ADPase (G), and
5'-nucleotidase activity (H) is enhanced in the pyramidal cell layer of CAI (arrows). Abbreviations as in Figure 2. Scale bar, 1 um.
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Figure 4. Corresponding hippocampal sections 7 d after global ischemia. Comparison of Nissl staining (A), immunocytochemistry (B-D), and
nucleotidase histochemistry (E-H). A, Reduced Nissl staining in the CA1 subfield (arrowheads) indicates damaged pyramidal cells. Immunolabeling for
0X42 (B), vimentin (C), and GFAP (D) is strongly enhanced in CAI and the dentate hilus. In contrast to GFAP immunoreactivity, OX42 and vimentin
immunostaining is very distinct in the layer of damaged pyramidal cells. E-H, Strong upregulation of ATPase (E), UTPase (F), ADPase (G), and
5'-nucleotidase (H) activity in all layers of CA1 and the dentate hilus. The reaction product is most intense in the layer of damaged pyramidal cells and
the stratum lacunosum moleculare. Abbreviations as in Figure 2. Scale bar, 1 um.
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Figure 5. Immunocytochemical detection of the postischemic glial reaction in CA1. A-C, OX42 immunoreactivity 7 d after sham operation (A4) and 3 d
(B) and 7 d (C) after ischemia. Arrows depict activated microglial cells that are apparent at 3 and 7 d. At 7 d the accumulation of the OX42
immunoreaction is strongest in the pyramidal cell layer. D—F, Vimentin immunoreactivity 7 d after sham operation (D) and 3 d (E) and 7 d (F) after
ischemia. Capillaries are strongly labeled for vimentin (arrowheads). Vimentin-expressing cells with radiate ramifications (arrows) presumably represent
reactive astrocytes, whereas rod-shaped cells presumably represent microglia. G-I, GFAP immunoreactivity 7 d after sham operation (G) and 3 d (H)
and 7 d (1) after ischemia. Reactive and swollen astrocytes are clearly detectable at 3 and 7 d. Note that astrocytes do not accumulate in the pyramidal
cell layer after the disappearance of neurons. ori, Stratum oriens; pyr, pyramidal cell layer; rad, stratum radiatum. Scale bar, 100 wm.

could be detected in the stratum oriens and the stratum radiatum
of CA1 (see Fig. 5B). At 7 d immunostaining for OX42 was
strongest in the pyramidal cell layer and the stratum lacunosum
moleculare (see Fig. 4B). Rod-shaped microglial cells were fre-
quent in the stratum radiatum (see Fig. 5C). This general staining

pattern persisted up to 28 d, with the exception of the dentate
hilus, where the microglial reaction was reduced.
Ischemia-induced immunostaining for vimentin appeared first
at 2 d in sparsely distributed astroglia-like processes of CAl. At
3 d vimentin expression was clearly detectable in cells with
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radiating processes that could represent activated astrocytes and
also in smaller elongated cells that presumably represent micro-
glia (see Figs. 3C, 5E). Staining for vimentin was enhanced
significantly at 7 d in CA1 and the dentate hilus (see Fig. 4C). The
pyramidal cell layer containing damaged neurons expressed
strong vimentin immunoreactivity (see Fig. 5F). At 28 d after
ischemia the reaction clearly was reduced in the dentate hilus.

GFAP staining of the hippocampus was enhanced at 2 d, and at
3 d positive astrocytes displayed the swollen morphology typical
for reactive astrocytes (see Figs. 3D, 5H ). The staining for GFAP
was enhanced further at 7 d, particularly in CA1, dentate hilus,
and CA3 (see Fig. 4D). There was a significant difference in the
postischemic expression within the pyramidal cell layer of CAl
between GFAP on the one hand and OX42 and vimentin on the
other hand. The band corresponding to the dead pyramidal cells
displayed a very strong immunoreactivity for OX42 and vimentin
(see Figs. 5C,F). GFAP-reactive astrocytes invaded this layer
with increasing time but did not accumulate there (see Fig. 5I).
This pattern persisted at 28 d. In control experiments no immu-
noreaction was obtained when only the secondary antibody was
applied.

Spatial distribution and the time course of the increased im-
munoreactivity for OX42 and vimentin within the layer of dam-
aged pyramidal cells of CA1 correspond closely to the increase in
postischemic nucleotidase activity. This suggests that the expres-
sion of nucleotidases in this region is mainly by activated micro-
glia. Considering the lack of cellular resolution for the nucleoti-
dase histochemistry, we also cannot, however, exclude an
expression of these enzymes by reactive astrocytes. Nucleotidase
activity also is upregulated distinctly in the stratum oriens, stra-
tum radiatum, and the dentate hilus. This increase in enzyme
activity is not paralleled by a comparable increase in immunore-
activity of OX42 and, rather, corresponds to the distribution of
GFAP immunoreactivity (see Figs. 4D, 5I).

DISCUSSION

Neural death and upregulation of glial markers after
transient two-vessel occlusion

The two-vessel or the four-vessel occlusion models are used when
transient interruption of blood flow and reperfusion are required.
The two models yield similar neuronal injury in the hippocampus,
including the CA1 and CA4 pyramidal cells and the subiculum
(Ginsberg and Busto, 1989). Our results obtained for the markers
GFAP, vimentin, and OX42 correspond closely to those previ-
ously described by others, using the four-vessel occlusion model
and similar occlusion times. The immunoreactivity for the micro-
glial marker OX42 develops progressively during the postisch-
emic time period. It is restricted mainly to the band of injured
pyramidal cell bodies and to a lesser extent to the stratum lacu-
nosum moleculare and the dentate gyrus (Morioka et al., 1992;
Jorgensen et al., 1993; Kato et al., 1995). The hippocampal
distribution of vimentin is very similar to that of OX42 immuno-
reactivity. Several studies on transient cerebral ischemia have
demonstrated an increase in immunoreactivity for vimentin in
the lesioned neuronal layers and have interpreted it as an astro-
cytic reaction. In contrast to vimentin, the immunoreactivity for
the astrocytic marker GFAP also is prominent throughout the
hippocampus in unlesioned animals. Ischemia causes a time-
dependent increase in GFAP immunoreactivity within the entire
hippocampus, particularly in CA1 and dentate hilus (Petito et al.,
1990; Schmidt-Kastner et al., 1990; Jgrgensen et al., 1993). Pro-
longed postischemic survival time results in the immigration of
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GFAP-positive astrocytes into the damaged pyramidal cell layer
of CAl, but the immunoreactivity never becomes as intense as
that for OX42 and vimentin.

Glial upregulation of ectonucleotidases

Northern analysis demonstrates an ischemia-induced upregula-
tion of ectoapyrase and ecto-5'-nucleotidase. Together, the two
enzymes can account for the entire hydrolysis chain from ATP to
adenosine. Ecto-5'-nucleotidase is bound to the membrane via a
glycosyl phosphatidylinositol (GPI) anchor. Ectoapyrase repre-
sents a transmembrane protein with two hydrophobic domains at
the N- and C-terminal ends and the catalytic site facing the
extracellular space. Both enzymes have a very broad substrate
specificity toward nucleoside 5'-di- and tri- and monophosphates,
respectively (Zimmermann, 1996). ATP, UTP, and ADP thus
could be hydrolyzed by a single enzyme (ectoapyrase). These
results suggest that the histochemical staining pattern observed in
the injured regions is attributable to the activity of two defined
enzymes, ectoapyrase and ecto-5'-nucleotidase.

Hydrolysis of nucleoside 5’'-tri- and diphosphates was very low
in the hippocampal subfield of unlesioned animals. Staining for
5'-nucleotidase activity was strong in CA1 and within fiber tracts.
This corresponded to earlier histochemical analyses of 5'-
nucleotidase in the rat hippocampus (Lee et al., 1986; Fastbom et
al., 1987). With all substrate nucleotides, ischemia induced an
increase in staining intensity in select hippocampal regions. Its
temporal development corresponded to that of markers for acti-
vated glia. There was a strong and continued increase in the
entire CA1 subfield, with particular emphasis on the layer of
damaged pyramidal cell bodies and the stratum lacunosum mo-
leculare. Enzyme activity also was upregulated within the dentate
hilus and to a small extent in CA3. CA1 neurons, along with some
hilar neurons, are considered to represent the most vulnerable
neurons of the hippocampus. The strong focus of histochemical
reaction product in the pyramidal layer and the stratum lacuno-
sum moleculare suggests that enzyme activity there is attributable
mainly to activated microglia. The more diffuse upregulation in
the other areas could result from both activated microglia and
astrocytes. In our previous study applying permanent MCAO,
staining for 5'-nucleotidase at the immediate rim of the infarcted
tissue corresponded to the distribution of binding sites for OX42,
whereas the more distant and less intensive staining corre-
sponded to the distribution of GFAP (Braun et al., 1997).

Hydrolysis of inosine 5'-diphosphate (IDP) previously has
been allocated to the surface of microglia and subsequently has
been used as a microglial marker. The ischemia-induced increase
in staining for IDP as a substrate (Finsen et al., 1993) is similar to
that observed for ATP, UTP, and ADP as substrates. This would
be expected if all substrates were hydrolyzed by the same enzyme
(ectoapyrase). The presence of the extracellular hydrolysis chain
from ATP to adenosine previously has been demonstrated in
astrocytic cultures (Lai and Wong, 1991) and hippocampal slices
(Wieraszko et al., 1989; Cunha et al., 1996; Dunwiddie et al.,
1997). The activity of ectonucleotidases also is associated with
isolated synaptosomes (Nagy et al., 1986) and cultured neural
cells (Stefanovic et al., 1976). We have no indication for an
upregulation of ectoapyrase and ecto-5'-nucleotidase on neural
cells or their processes.

Upregulation of ectonucleotidases and
nucleotide release

The upregulation of ectonucleotidases implies increased nucleo-
tide release. ATP can be released from a large variety of cells and
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mechanisms of membrane passage other than exocytosis may be
involved (Cantiello, 1997). Tissue injury or hypoxia alone can
release ATP and other adenine nucleotides from a variety of
tissues, including the brain (Dubyak and El-Moatassim, 1993;
Lutz and Kabler, 1997). Transient global ischemia resulting in the
alteration of both composition and flow rate of the blood may
induce osmotic stress with changes in cell volume (van der Toorn
et al., 1996). Increases in cell volume can lead, in turn, to the
cellular efflux of ATP. ATP is released from HTC rat hepatoma
cells by hypotonic exposure and subsequently is required for
recovery from swelling (Wang et al., 1996). Because this effect is
attenuated by enzymes hydrolyzing ATP, an increase in ecto-
nucleotidase activity would be damaging rather than protective.
The increase in ectonucleotidase activity may be induced directly
by neural cell damage or indirectly by general homeostatic shifts.
Because the increase is not global but is restricted to sites of
intense neural damage, it appears to be correlated directly with
neural cell death. Its onset coincides with that of significant neural
cell death, which becomes apparent at the microscopic level after
2 d (Sweeney et al., 1995).

Significance of increased ectonucleotidase activity

A major factor for neuron survival is the efficient replenishment
of the depleted ATP stores. An effective extracellular hydrolysis
of released ATP to adenosine would provide the nucleoside for
purine salvage via carrier-mediated cellular uptake. There is a
wealth of literature in support of a neuroprotective function of
extracellular adenosine in attenuating the release of cytotoxic
amino acids or as a vasodilating agent (Rudolphi et al., 1992;
Sweeney, 1997). ATP, on the other hand, may be cytotoxic. A role
of ATP as a fast neurotransmitter as well as a neuromodulator has
been demonstrated for several central and peripheral synapses
(Gibb and Halliday, 1996). When released in large amounts and
for an extended period of time, it may cause a P2X receptor-
mediated buildup of intracellular calcium that would be equally
damaging as that induced by excess glutamate (Edwards, 1996).
Studies on hippocampal neurons suggest that glutamate itself may
stimulate the release of ATP, which in turn can act as a transmit-
ter and induce an increase in [Ca]; via P2 receptors. This increase
also can be elicited in the presence of high Mg?* concentrations
and thus can evoke membrane depolarization that removes Mg?*
blocking of the NMDA receptor. ATP therefore even could
potentiate the cytotoxic effects of glutamate (Inoue et al., 1995).
Upregulated ectonucleotidases would counteract this effect.
Ectonucleotidase activity also could be relevant for glial cells.
The reactive glial cells may have a demand for increased energy
supply and thus may reinforce the extracellular purine salvage
pathway. In addition, nucleotides can affect glial cells directly.
Cultured astrocytes and microglia express metabotropic as well as
ionotropic receptors for nucleotides (Walz et al., 1994; Norenberg
et al., 1997). ATP or also UTP mediates an increase in intracel-
lular Ca?* concentrations in cultured astrocytes in vitro
(Czubayko and Reiser, 1996; Centemeri et al., 1997). In vitro
ischemia has been found to promote Ca?* influx and intracellular
Ca?* release in hippocampal astrocytes (Duffy and MacVicar,
1996). ATP or adenosine can stimulate the proliferation of astro-
cytes (Abbracchio, 1996). ATP induces astrogliosis in vitro, in-
cluding an increase in expression of GFAP, promotion of astro-
cytic hypertrophy, and elongation of cellular processes (Bolego et
al., 1997). Extracellular GTP increases the synthesis and release
of NGF from cultured astrocytes (Middlemiss et al., 1995).
Microglial cells are endangered by ATP. They express the
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cytolytic P,, (P2X,) subtype of ATP receptors as do peripheral
macrophages (Collo et al., 1997; Ferrari et al., 1997a). Activation
of this receptor mediates a reversible permeabilization of the
plasma membrane that causes the opening of a pore associated
with ion fluxes and the leakage of small metabolites such as
nucleotides. Sustained exposure to ATP would be a potent cyto-
lytic stimulus. Microglial cell lines release mediators of inflam-
mation, including interleukin-183, when stimulated with bacterial
endotoxins, and this release can be inhibited by the blockade of
P2X,, receptors (Ferrari et al., 1997b). The upregulation of ec-
toapyrase on activated microglia may be a protective reaction.

In summary, our data suggest that transient forebrain ischemia
results in an upregulation of the enzyme chain for the complete
hydrolysis of extracellular ATP and other nucleoside 5'-
triphosphates in the damaged hippocampal areas. Enzyme activ-
ity appears to be associated mainly with reactive glia. The in-
crease in ectonucleotidase activity implies increased nucleotide
release and could play a role in the postischemic control of
nucleotide-mediated cellular responses.
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