y—Mangosti}t inhibits IKK Activity and COX-2 Gene Expression

COX-2 gene expression as well as the enzyme activity in C6
cells, this natural product is suggested to be valuable for drug
development for the treatment of these brain diseases and
inflammations. .

In conclusion, we for the first time demonstrated that
y-mangostin, a tetraoxygenated diprenylated xanthone iso-
lated from mangosteen, suppresses IKK activity .to inhibit
LPS-induced NF-«B activation without affecting cell viability
in C6 glioma cells and thereby decreases COX-2 induction.
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Fig. 7. Inhibitory effect of y-mangostin on LPS-induced enhancement of
luciferase activity of pNF«B-Luc (A) or phPES2(-327/+59)-Luc (B) in C6
cells. Cells were tranafected with 0.475 ug/well pNFxB-Luc or dN-Luc
(the NF-«B-responsive element-deficient pNF«B-Luc), or: 0.4 pgiwell
phPES2(-327/+59)-Lue, and 0.025 ugiwell of pRG-TK plasmid. After
-transfection, cells were preincubated with the indicated concentration of
v-mangostin or without this compound for 3 h and then incubated in the
absence or presence of 1 pg/ml LPE for 8 h. Cells were harvested, and
thereafter the luciferase activity was determined as described under
Materials and Methods. Relative luciferase activity was calettated as the
ratio of firefly luciferase activity to R. reniformis luciferase activity. Each
column represents the mean + SEM. (n = 3). , P < 0.05 compared with
the value for eotransfected cells with pNF«B-Luc (A), or phPES2(-327/
+59)-Lue (B) and pRG-TK plasmid, which were treated with LPS alone
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represents the mean & SEM. (n = 6. %, P < 0.05 and **, P < 0.01
compared with the value for the vehicle (DMSO).
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This study also demonstrated that y-mangostin had an anti-
inflammatory activity in vivo. These anti-inflammatery prop-
erties of this natural compound revealed by our present
study using the combined methods of biochemistry and mo-
lecular biology sufficiently account for the anti-inflammatory *
action of the fruit hull of mangosteen. The chemical structure
of this natural product is totally different from those of the
NSAIDs reported so far, including aspirin and sodium salic-
ylate. These findings thus suggest that y-mangostin serves
not only as a new attractive pharmacological tool for studying
the molecular mechanism underlying inflammation but also
as a new lead compound for drug development for the pre-
vention and/or treatment of inflammation and brain dis-
eases, including amyotrophic lateral sclerosis and brain tu-
mors.,
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Abstract

Substantial increases in cyclooxygenase-2 (COX-2) mRNA and protein levels were demonstrated in the peri-infarct and focal ischemic
areas after 3—24 and 12-24 b, respectively, in rats. In the ischemic core, significant increases in COX-2 mRNA followed 6 h of ischemia,
though the peak level was about one-third of that in the peri-infarct area. Increases in COX-2 protein in the ischemic core were not observed
during ischemic periods. Diffuse, ncuronal COX-2 staining was found in peri-infarct areas as well as in discrete, immunoreactive neurons in
the ischemic core, Robust increases in prostaglandin E, levels in the peri-infarct area were demonstrated following 24 h of ischemia.
Prostaglandin production as well as COX-2 expression in ischemic tissues depended on the degree and duration of the reduction in cerebral

blood Aow.
© 2003 Elsevier Ireland Ltd. All rights reserved.

Keywords: Cyclooxygenase-2; Focal brain ischemia; Prostaglandin E,; 6-keto-PG F,,; Cerebral blood flow; Rat

Cyclooxygenase-2 (COX-2), a rate-limiting enzyme in
prostaglandin synthesis, is rapidly induced by proinflam-
matory cytokines in vitro and has been shown to mediate the
induction of prostaglandin synthesis during the inflamma-
tory response in vivo [17]., Accumulating evidence suggests
that inflammatory processes play a role in the development
and progression of atherosclerosis [2,8,14] and COX-2 in
particular has become the focus of attention as a therapeutic
target enzyme in acute coronary syndromes [1] and
Alzheimer’s disease [16]. We previously reported that
neuronal COX-2 was induced within potentially viable
hypoperfused brain areas after a 24 h ischemic peried in
non-human primates [20]. The role of neuronal COX-2
within such peri-infarct areas, however, is still unclear.
Several reports using various rodent models suggested that
COX-2 played a role in the development of ischemic tnjury

* Corresponding author. Teb.: +81-6-6833-5012; fax: -+ 81-6-6872-8091 .
E-mail address: cyokola@ri.ncve.go.jp (C. Yokota).

[3.4,12]. A few postmortem reports suggested that the
production of prostanoids by COX-2 after acute ischemia
could contribute to the remodeling of neural networks that is
seen after focal infarction [15). The objective of the present
study was to elucidate the topography and time course of
COX-2 expression and prostaglandin (PG) E; (the major
prostanoid involved in inflammation) production, as well as
the production of the prostacyclin metabolite 6-keto-PG F |,
[11,13] during 24 h of focal brain ischemia.

Male Sprague-Dawley rats (300350 g, n = 40) were
used in this study. All procedures were approved by our
[nstitutional Animal Research Committee and were per-
formed in accordance with the standards published by the
National Research Council. Rats were anesthetized with
chloral hydrate (400 mg/kg body weight i.p.) and focal brain
ischemia was produced by the intraluminal occlusion of the
ostium of the right middle cerebral artery with nylon
monofilaments, as previously described [7.9]. Rectal
lemperatures were monitored and maintained at around 37

0304-3940/03/% - see front matter © 2003 Elsevier Ireland Ltd. All rights reserved.
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°C with the aid of heating pads. Rats were sacrificed under
chloral hydrate anesthesia at time O and at different times
points after arterial occlusion (1, 2, 3,4, 6, 8,12, and 24 h,
n = 4-5/time point) and their brains immediately immersed
in ice-cold saline. The brains were then cut into four coronal
sections (blocks A-D) as shown in Fig. 1A, Several blocks
were frozen in isopentane-dry ice and stored at — 80 °C until
use, whereas others (from C) were embedded in paraffin for
immunchistochemistry, Analysis of COX-2 expression
{mRNA, protein}, and measurement of the concentrations
of PGE; and the prostacyclin metabolite 6-keto-PG Fy, in
the peri-infarct areas and the ischemic core were performed
using blocks A and C, respectively.

In some animals, N-isoproryl-p-['2*I}-iodoamphetamine
({'P1]IMP) (2.22 MBq/kg body weight) was injected into
the femoral vein 5 min before sacrifice and ex vivo
autoradiography was performed to measure cerebral bloed
flow (CBF) using blocks B and D. For each frozen block,
tissues that were adjacent to block C were serially sectioned
(20 pm). Exposure was carried out for 7 days in order to
visualize the distribution of ['2*I)IMP. The autoradiograms

were analyzed using a computerized imaging analysis
system (Bio-imaging Analyzer BAS-5000, Fuji Photo
Film, Tokyo, Japan). A total of four regions of interest
(ROIs), as shown in Fig. 1B, were bilaterally and
symmetrically positioned in the cerebral cortices in each
coronal slice of blocks B and D. Asymmetry indices (Als)
were defined as the ratios of values for ROIs in the
hemisphere ipsilateral to the arterial occlusion (right} to
those of the contralateral homologous ROIs. Als of the
ischemic core were defined as a/d, whereas the Als of the
peri-infarct area were defined as b/c (Fig. 1B). An average
Al value from blocks B and D was calculated for the CBF in
each area of the ischemic core and peri-infarction areas,
RNA preparation and blot analysis were perfermed using
cortices from blocks A (peri-infarct area) and C (ischemic
core) as previously described [6). For the immunoblot
analyses, right cortical samples from block A (peri-infarct
area) were obtained from each animal at tirne 0, and 3, 6, 12,
and 24 h after ischemia (n = 4-5 for each period). The
sample volumes, which were about 20 mg for each animal,
were pooled together for each ischemic period. Right
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Fig. I. Temporal profile of COX-2 expression associated with changes in CBF during 24 h of ischemia. (A) The brain was stereotaxically divided, on ice, into
four coronal sections using a brain matrix. The first slice was made 3 mm from the frontal pole (block A), while the other three were cut at 3 mm (block B), 7
mm (block C), and 10 mm {block D) intervals posterior to the first slice. Determination of COX-2 expression levels (mRNA, protein) in the peti-infarct area
and ischemic core was performed using blocks A and C, respectively. (B} To measure CBF in each animal, four regions of interest (ROls) were bilaterally
symmetrically placed on the cerebral cortices using coronal frozen slices from blocks B and D. Asymmetry indices (Als) of the ischemic core were defined as
ald, whereas the Als of the peri-infarct area were defined as b/c. (C,D) Lines indicate the mean Al values of CBF. The open and solid columns correspond to the
mean expression ratios of COX-2 mRNA and COX-2 protein, respectively. Figures C and D show the time course of COX-2 expression in the peri-infarct area
and ischemic core, respectively. A one-way ANOVA and post-hoc Fisher's tests were used to assess the differences in Als and expression ratios of COX-2
mRNA between the different ischemic time points. CBF values in the peri-infarct area and ischemic core were significantly reduced compared to controls
immediately after arterial occlusion (*P < 0.05), The mean CBF values in the ischemic core and peri-infarct area were 0.19 * 0.07 (mean * SD) and
0.67 + 0.06, respectively. The time course of COX-2 expression in the peri-infarct area was different from that in the ischemic core. Thus, the expression ratios
of COX-2 mRNA increased significantly after 3 h of ischemia (P < 0.05), with COX-2 protein also increasing with time in the peri-infarct area. On the other
hand, significant increases in COX-2 mRNA were found 6 h after ischemia (*P < 0.05), and increases in COX-2 protein were not observed during the ischemic
period in the ischemic core.
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cortical samples from block C (ischemic core) for each
ischemic period were also pooled together in this manner.
Immunoblot analyses were then performed on each pooled
sample as previeusly- described [19]. COX-2 expression
(mRNA, protein) in the ischemic cortices was calculated as
expression ratios, defined as the ratio of the COX-2 mRNA
or protein signals in the ischemic samples to their mean
values in the corresponding control areas.

For immunohistochemistry, a mirror sectioning tech-
nique was used to colocalize COX-2 and microtubule-
associated protein 2 (MAP-2), a neuronal skeletal protein, in
sections from block C as previously described [19].
Negative controls consisted of sections that were incubated
overnight without the primary antibody and processed as
above.

Tissue concentrations of PGE, and 6-keto-PG F,, in the
right (ischemic}) cortices of blocks A (peri-infarct area) and
C (ischemic core) were delermined using radioimmuno-
assay kits (Perkin-Elmer Life Sciences, Inc. MA, USA), and
values were normalized for protein content.

Significant reductions in Als for CBF in the peri-infarct
area and ischemic core were demonstrated in animals at
each tschemic time point compared to controls (Fig. 1C,D).
The expression ratios of COX-2 mRNA increased signifi-
cantly between 3 and 24 h of ischemia in the peri-infarct
area compared to controls (Fig. 1C). In the ischemic core,
significant increases in COX-2 mRNA were seen following
6 hof ischemia, which remained through 24 h (Fig. 1D). The
peak value of the expression ratio of COX-2 protein in the
peri-infarct area was 10.7 at 24 h of ischemia, while the peak
expression ratio in the ischemic core was 2.0 at 6 h of
ischemia.

COX-2 immunoreactive neurons were found predomi-
nantly in the peri-infarct area, though elevations in the
immunohistochemical staining of discrete neuronal popu-
lations were also observed in the ischemic core (Fig. 2).
Both COX-2 and MAP-2 immunoreactivity were abolished
when the primary antibody was omitted.

Although no significant increases in PGEa and prostacy-
clin levels were observed in the peri-infarct and ischemic
core areas following 3 h of ischemia, significant increases in
prostaglandin levels were found in the ischemic hemisphere

Table |

B

s

Fig. 2. Immunohistochemical analysis of COX-2. The single top figure
shows a coronal slice of the brain of an animal that had undergone 3 h of
ischemia, which was immunoestained for microtubule-associated protein 2
{MAP-2), The bottom figures are sections that were immunostained for
COX-2 and MAP-2 that were derived from either the peri-infarct area
(region A in the top figure) or the ischemic core {B). Immunoreactive COX-
2 and MAP-2 were localized in the same neurons in the ischemic core and
peri-infarct area (arrow heads). Scale bar: 100 pum.

following 24 h of ischemia. In particular, PGE, levels in the
peri-infarct area increased significantly (Table 1).

We previously demonstrated, in a small number of non-
human primates, that post-ischemic COX-2 expression was
regulated by the extent of CBF reduction [20]. In the present
study, serial changes in the expression of COX-2 during
focal ischemia were evaluated more closely in relation to the
degree and duration of CBF reduction, and COX-2 reaction
products (PGE, and prostacyclin), which were not analyzed
in our previous study, were also examined. The time course
of COX-2 expression in the ischemic core, characterized by
a CBF of <<20% of baseline values, was different from that
seen in the peri-infarct area, where 70-80% of control CBF
was observed following 24 h of ischernia. The upregulation

Prostaglandia production {pa/mg total protein) in the right {ischemic) hemisphere

Prostagtandia

Duration of ischemia ¢h)

Peri-infarct area Ischemic core

PGE, 0
3

24

Prostacyclin metabolite (6-keto-PG F\,,) 0
k!

24

60.8 * 16.6
156.6 £ 70.1
2609.0 + 2522.0%°

204+ 114
544 223
414.6 + 226.3+"

1223 £ 476
2008 * 59.7
1143.0 % 623.7+"

47.6 2230
934 £435
3416 £ 845+

“P << 0.05 vs. 0 h (conuoly; TP < 0.05 vs. 3 h ischemia by ANOVA. The values are the mean * SD.
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of COX-2 mRNA in the peri-infarct area persisted for at
least 24 h after ischemia, as did the production of COX-2
protein, which led to significant increases in prostacyclin as
well as PGE,; levels following 24 h of ischemia. In the
ischemic core, increases in COX-2 mRNA persisted during
the 24 h of ischemia, though significant increases in COX-2
protein were not observed, This latter finding was
considered to be due to the severe ischemic injury that
was caused by reduced CBF, which likely affected protein
synthesis [5]. This assertion is supported by the work of Xie
et al. [18] who reported that a CBF of <70% of controls
suppressed protein synthesis. In spite of these effects on
COX-2 protein, significant increases were seen in the
concentration of prostaglandins in the ischemic core 24 h
after ischemia. Local increases in neuronal COX-2
expression in the ischemic core, as determined by
immunohistochemical analysis, could have accounted for
this increase in prostaglandin concentration. Increases in
PGE, in ischemic cortices after 24 h of ischemia,
particularly in peri-infarct areas, were probably due to the
upregulation of membrane-associated PGE; synthase
{mPGES) activity as well as the induction of COX-2,
which were reported to be essential components for delayed
PGE, biosynthesis [10].

The induction of neuronal COX-2 is important for the
regulation of prostaglandin signaling in post-ischemic
regions, and the magnitude of COX-2 activity and
prostaglandin production is determined by the degree and
duration of CBF reduction. Before novel therapeutic options
for stroke patients can be developed, further clarification of
the effects of COX-2 during and after ischemia will be
required.
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Abstract. We investigated pathophysiology of a primate model eliciting spreading depression (SD),
as well as a primate thromboembolic model, by using PET, Immediately after the first SD, focal
cortical hyperemia was demonstrated without being followed by spreading or persistent
hypoperfusion: Cyclooxygenase-2 {COX-2) induction was detected in SD animals by microarray
analysis. Immunoreactive neurons werz observed in SD animals. In the thromboembolic model,
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demonstrated in SD animals as well as within potentially viable hypoperfused brain areas in
primates, © 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cortical spreading depression (SD) [1] has been suggested to play a significant role in
the development of ischemic injury under conditions of focal brain ischemia in rat models
[2,3]. As proposed by the Stroke Therapy Academic Industry Roundtable [4], nonhuman
primate studies are required to clarify the pathophysiology of ischemic stroke and to verify
the safety and efficacy of newly developed drugs that show promising results in rodents. In
order to investigate the pathophysiology of acute ischemic stroke, we have developed a
primate model eliciting SD, as well as a primate thromboembolic stroke model.

All procedures in this study were approved by our Institutional Animal Research
Committee and were performed in accordance with the standards published by the
National Research Council (Guide for the Care and Use of Laboratory Animals).

2. Material and methods

2.1. Spreading depression in a primate model

We used nine adult male cynomolgus monkeys. Animals were anesthetized with
pentobarbital (0.1 mg/kg, i.p.). Anesthesia was maintained with an N0/O; (70%:30%)
gas mixture inhalation under artificial ventilation through an experimental period. They
were divided into two groups, such as normal control (group C, n=3) and SD-evoked
animals (group SD, n=6).

SD was elicited by applying 3.3 mol/l potassium chloride (KCI) through a burr hole
made in the left parietal skull [5]. Two other burr holes were made rostral to the hole for
KCl application. DC potentials were monitored with microelectrodes inserted into the
cortex to a depth of 1 mm through the burr holes, except the hole for KCl application.

Cerebral blood flow (CBF) was measured with PET and the '*O-labeled water bolus
injection method. A baseline CBF measurement was done once prior to application of KCI
solution. CBF measurements were repeated five times, beginning 3 min after the first SD
at intervals of approximately 15 min. After completion of the PET studies (at 120 min after
KC1 application), the brain tissues in group SD were quickly removed after exsanguination
following perfusion with cold saline. Samples of brain tissues in group C were also
obtained in the same manner as those in group SD. We investigated the gene expression
profile associated with SD by a ¢cDNA array system containing 9182 human elements,
which was confirmed by RNA blot, immunoblet, and immunohistochemical analyses [6].

2.2. Thromboembolic stroke model in primates

Thromboembolic stroke was produced in male cynomolgus monkeys (n=4) as
described previously [7). CBF was measured with 130-labeled water before and 1, 2, 4,
6, and 24 h after embolization. CMRglc was measured with ['®F] FDG methods 24 h after
embolization [8]. Lesion size and location was determined 24 h after embolization by the
2,3,5-triphenyl-tetrazolium chloride (TTC)-staining method.

For biochemical analyses of brain tissues in the thromboembolic stroke model, we used
nine adult male cynomolgus monkeys; three monkeys served as normal control and the
remaining six as ischemic animals [9]. Two hours after a single autologous blood clot
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injection in three monkeys, or after the completion of the PET studies in the other
monkeys with 24-h ischemia, brain tissues were perfused with cold saline, and the animals
were sacrificed. Three normal controls were also sacrificed in the same manner.
Expression ratios of cyclooxygenase-2 (COX-2) mRNA were calculated as ratios of
COX-2 mRNA against those of normal brains. Cell injury was evaluated by incorporation
of digoxigenin deoxy-uridine-5' -triphosphate (dUTF) with the use of DNA polymerase I
[10].

3. Results

3.1. 8D in primates

SD waves were recorded in eight of the nine monkeys. Single episodes in three
monkeys, twice in two, and six episodes in one were recorded in the rostral sites. In two of
three animals with the caudal hole, one had eight episodes, and another had one in the
caudal sites for chemical stimulation, while there were no SD waves in the rostral sites.
The remaining one had two episodes in the rostral and six episodes in the caudal sites.
Focal hyperemia was demonstrated adjacent to the site of the KKCl application immediately
after the first SD. Average cortical CBF in the ipsilateral hemisphere increased signifi-
cantly immediately after the chemical stimulation (p<0.05 by paired t-test), and the
significant increase in CBF persisted throughout the experimental period of 2 h. In the
contralateral hemisphere, no significant changes in CBF were observed.

As a result of microarray analysis, increases in normalized signals of gene expression
above 1.5-fold was seen in the cyclooxygenase-2 (COX-2) gene (1.6-fold), and 265 genes
were different by at least 1.3-fold between the two groups. COX-2 induction was

Fig. 1. Induction of COX-2 protein. (A) Immunoblot analysis shows a 70-72-kDa COX-2-tmmunoreactive band

that is barely detectable in the group C (control), but clearly seen in the group SD. (B} Representative image of

intense, immunoreactive neurons are shown in the animals with 6 SD episodes in the site rostral to the site of

chemical stimulation. In these immunoreactive neurons, cell bodies and apical dendrites showed intense
" immunoreactivity. Scale bars: 100 pm.
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confirmed by RNA blot, immunoblot (Fig. 1), and immunohistochemical analyses (Fig. 1).
Intense immunoreactive neurons were induced in the animals with SDs.

3.2. Focal brain ischemia in primates

CBF in the temporal cortex and the basal ganglia decreased to <40% of the
contralateral values 1 h after embolization, following further decline in CBF as well as
CMRgle at 24 h of ischemnia. These regions were consistently unstained with TTC,
indicating that both temporal cortex and basal ganglia ipsilateral to the arterial emboli-
zation were regarded as the ischemic core. CBF was >40% of the contralateral values 1
h after embolization and recovered gradually with time in the parietal cortex ipsilateral to
the embolization. No obvious TTC-unstained lesions were demonstrated in these regions,
which implicated that the parietal cortex ipsilateral to the embolization was regarded as the
ischemic penumbra. An increase in CMRglc at 24 h of ischemia compared with those in
the contralateral regions, an uncoupling of CBF and CMRgle, was demonstrated in these
regions.

The upregulation of COX-2 mRNA expression was observed at 2 h (expression ratio,
7.4), but disappeared by 24 h in the ischemic temporal cortex (Fig. 2), where cell injury
was apparent by incorporation of dUTP. In the ischemic parietal cortex, where flow-
metabolism uncoupling was observed, COX-2 mRNA was persistently induced even at

TC BG PC

TC BG PC TC BG PC

IR

9 temporal cortex (TC)
D basal ganglia {BG)
Bl caristal cortex (PC)

Expression ratio
[=>]
1

control 2H ischemia 24H ischemia

Fig. 2. RNA blot analysis of COX-2 expression. Autoradiograms of COX-2 (top) and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA (bottom) from the following samples: notmal control, 2-h ischemia
on the ipsilateral side, 24-h ischemia on the ipsilateral side relative to the arterial embolization. Note that induced
COX-2 expression is prominent in ischemic temporal and parietal cortices in 2-h ischemia. Upregulated
expression of COX-2 mRNA was also shown in the ischemic paretal cortex in 24-h ischemia, while detection of
COX-2 mRNA was faint in control. The diagram shows the expression ratio of COX-2 in each region. The
expression ratio of the ischemic temporal cortex in 2-h ischemia was significantly higher than that in control
(*p<0.05). Neither COX-2 nor GAPDH mRNA levels were determined in the ischemic temporal cortex in
24-h ischemia because of a reduction in both COX-2 and GAPDH mRNA levels. The expression ratio of the
ischemic parietal cortex in 24-h ischemia was the same as that in 2-h ischemia, and both were significantly higher
than in the normal control (*p<0.05).
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24 h after ischemia (expression ratio, 4.7), and few damaged cells could be detected by
incorporation of dUTP as well as in each region from the hemisphere contralateral to the
clot injection. Intense COX-2 immunoreactivity was found in discrete neurons in the
ischemic parietal cortex, although no significant increases in COX-2 protein level were
shown either in the ischemic temporal or parietal cortices.

4. Discussion

The CBF pattern obtained in the SD model of primates differed from those obtained in
other studies using rat and cat SD models [11,12]. The focal hyperemia was not followed
by prolonged hypoperfusion. The changes in CBF during the SD phenomenon in primates
also differed from those in patients with migraine [13,14]. These unique features of SD in
this primate demand reappraisal of the hypothesis that SD contributes to the pathogenesis
of human brain diseases. In biochemical analyses for brain tissues, COX-2 was induced in
the cortices where SD was recorded, in accordance with previous observations in rodent
models [15,16]. COX-2 was reported to play a role in mediating the increase in CBF
produced by synaptic activity in the somatosensory cortex of mice [17].

We observed COX-2 expression during focal brain ischemia in a primate thromboem-
bolic stroke model. In the ischemic core, in which a significant decrease in CBF was
accompanied by reduced CMRgle, we observed upregulated COX-2 mRNA at
2-h ischemia with a decrease by 24 h. Disappearance of COX-2 at 24-h ischemia was
parallel to a housekeeping GAPDH-mRNA reduction, indicating that ischemic injury was
already apparent at 24-h ischemia in the temporal cortex and the basal ganglia. In the peri-
infarct area, on the contrary, induced expression of COX-2 mRNA was still found at
24-h ischemia in the parietal cortex with a mild CBF reduction and maintained CMRgle.
The results suggested that COX-2 expression might be regulated by the depth and duration
of CBF reduction that is highly associated with local metabolic conditions.

The induction of neuronal COX-2 in brain tissues where SDs were elicited as well as in
the ischemic cortices may participate in activity-dependent neural plasticity {18], because
the metabolites of the arachidonic acid cascade are considered to play an important role in
neuronal signaling [19,20]. Further studies describing the time course and topography of
COX-2 expression, effects of a selective COX-2 antagonist given at various time-points
after ischemia on ischemic brain damage, and prostanoids production downstream from
COX-2 are required to clarify the role of COX-2 expression in ischemic brain injury.
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Abstract

In order to clarify the pathophysiclogy of ischemic stroke, we examined a primate mode! eliciting
SD, a primate thromboembolic model, and a rat model of focal brain ischemia. Immediately after the
first SD, focal cortical hyperemia was demonstrated without being followed by spreading or persistent
hypoperfusion. Cyclooxygenase-2 (COX-2} induction was detected in SD monkeys by microarray analy-
sis. Immunoreactive neurons were observed in SI? animals. In the thromboembolic model, upregulation
of COX-2 mRNA expression was observed after 2 h of ischemia, but disappeared by 24 h in the ischemic
core. In peri-infarct areas, where flow-metabolism uncoupling was observed, COX-2 €Xpression per-
sisted even after 24 h of ischemia, In focal ischemic rats, diffuse, neuronal COX-2 staining was found in
peri-infarct areas as well as in discrete, immunoreactive neurons in the ischemic core. Robust increases
in prostaglandin E: levels in the peri-infarct areas were demonstrated following 24 h of ischemia. In con-
clusion, neuronal COX-2 induction was observed in SD animals as well as within potentially viable hy-
poperfused braip areas. COX-2 expression and prostaglandin production in ischemic tissues depended
on the degree and duration of the reduction in cerebral blood flow.
Key words: spreading depression, focal brain ischemia, cyclooxygenase 2, cerebral blood flow
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zyme in prostaglandin synthesis, was induced as-
sociated with either eliciting SD or focal brain
ischemia in the cortex ipsilateral to the SD elicita-
tion or brain ischemia in the nonprimate cortex®.
Therefore we examined COX-2 expression and
its reaction products during SD and focal brain
ischemia in primates as well as rats.

Alt procedures in this study were approved by
our Institutional Animal Research Committee
and were performed in accordance with the stan-
dards published by the National Research Coun-
cil (Guide for the Care and Use of Laboratory Ani-
mals).

2. Material and methods

2. 1. Spreading depression in a primate model

We used nine adult, male cynomolgus mon-
keys. Animals were anesthetized with pentobar-
bital (0.1 mg/kg, L.p. ). Anesthesia was maintained
with a N:0/0, (70% :30%) gas mixture inhala-
tion under artificial ventilation through an experi-
mental period. They were divided into 2 groups,
such as normal control (group C,n=3) and SD
evoked animals (group SD, n=6).

SD was elicited by applying 3.3 mol/L potas-
sium chloride (KCl) through a burr hole made in
the left parietal skull®. Two other burr holes
were made rostral to the hole for KCl application.
DC potentials were monitored with microelec-
trodes inserted into the cortex to a depth of 1 mm
through the burr holes except the hole for KCl
application,

Cerebral blood flow (CBF) was measured with
PET and the “O-labeled water bolus injection
method. A baseline CBF measurement was done
once prior to application of KCl solution. CBF
measurements were repeated 5 times, beginning
3 minutes after the first SD at intervals of ap-
proximately 15 minutes. After completion of the
PET studies (at 120 min after KCl application),

Blek m2E

the brain tissues in the group SD were quickly re-
moved after exsanguination following perfusion
with cold saline. Samples of brain tissues in the
group C were also obtained as the same manner
as those in the group SD. We investigated the
gene expression profile associated with SD by a
c¢DNA array system containing 9,182 human ele-
ments, which was confirmed by RNA blot, im-
munoblot, and immunohistochemical analyses”.

2. 2. Thromboembolic stroke model in primates

Thromboembolic stroke was produced in male -
cynomolgus monkeys (n=4) as described previ-
ously”. CBF was measured with *Qlabeled water
before and 1, 2, 4, 6, and 24 hours after emboliza-
tion, Cerebral glucose metabolic rate (CMRglc)
was measured with {"F] FDG methods 24 hours
after embolization®. Lesion size and location 24
hours after embolization was determined by the
2.3, 5-triphenyl-tetrazolium chloride (TTC)} stain-
ing method.

For biochemical analyses for brain tissues in
thromboembolic stroke model, we used 9 adult
male cynomolgus monkeys ; 3 monkeys were
served as normal control and the remaining 6

" Two hours after a

were as ischemic animals
single autologous blood clot injection in 3 mon-
keys or after the completion of the PET studies in
the other monkeys with 24 h-ischemia, brain tis-
sues were perfused with cold saline and the ani-
mals were sacrificed. Three normal controls were
also sacrificed as the same manner. Expression
ratios of COX-2 mRNA were calculated as ratios
of COX-2 mRNA against those of normal brains,
Cell injury was evaluated by incorporation of di-
goxigenin deoxy-uridine-5’ -triphosphate {(dUTP)
with the use of DNA polymerase I

2.3. Focal brain ischemia in rats

Male Sprague-Dawley rats (300-350 g, n = 40)
were used. Focal brain ischemia was produced by
the intraluminad occlusion of the ostium of the
right middle cerebral artery with nylon monofila-
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ments, as previously described®”, Rats were sacri-
ficed at time 0 and at different times points after
arterial occlusion (1,2,3,4.6,8.12,and 24 h, n=
4-5/time point) and their brains immediately im-
mersed in ice-cold saline. Several blocks were fro-
zen in isopentane-dry ice and stored at— 80T un-
til use, whereas others were embedded in paraf-
fin for immunohistochemistry. Analysis of COX-2
expression (mRNA, protein), and measurement
of the concentrations of PGE; and the prostacy-
clin metabolite, 6-keto-PGF,, in the peri-infarct ar-
eas and the ischemic core were performed. In
some animals, N-isoprorylp-{"*I]-iodoampheta-
mine { [**I] IMP) (222 MBq/kg body weight) was
injected into the femoral vein 5 min before sacri-
fice and ex-vivo autoradiography was performed
to measure cerebral blood flow (CBF) as de-

scribed previously™,

3. Results

3. L. SD in primates

SD waves were recorded in eight of the 9 mon-
keys. Single episode in three monkeys, twice in
two, and six episodes in one were recorded in the
rostral sites. In two of three animals with the cau-
dal hole, one had eight episodes and another did
once in the caudal sites for chemical stimulation
while they did no SD waves in the rostral sites.
The remaining one had twice episodes in the ros-
tral and six episodes in the caudal sites. Focal hy-
peremia was demonstrated adjacent to the site of
KCl application immediately after the first SD.
Average cortical CBF in the ipsilateral hemi-
sphere increased significantly immediately after
the chemical stimulation (p <005 by paired
ttest}, and the significant increase in CBF per-
sisted throughout the experimental period of 2
hours. In the contralateral hemisphere, no signifi-
cant changes in CBF were observed,

As a result of microarray analysis, increases in

normalized signals of gene expression above 15
fold was cyclooxygenase-2(COX-2) gene (L6-fold),
and signal levels in 265 genes were different by at
least 1.3-fold between the 2 groups. COX-2 induc-
tion was confirmed by RNA blot, immunoblot,
and immunohistochemical analyses. Intense im-
munoreactive neurons were induced in the ani-
mals with SDs.

3.2. Focal brain ischemia in primates

CBF in the temporal cortex and the basal gan-
glia decreased to< 40% of the contralateral val-
ues 1 hour after embolization, following further
decline in CBF as well as CMRglc at 24 hour of
ischemia. These regions were consistently un-
stained with TTC, being indicated that both tem-
poral cortex and basal ganglia ipsilateral to the
arterial embolization were regarded as the
ischemic core. While CBF was > 40% of the con-
tralateral values 1 hour after the embolization
and recovered gradually with time in the parietal
cortex ipsilateral to the embelization. No obvious
TTC-unstained lesions were demonstrated in
these regions, implicated that the parietal cortex
ipsilateral to the embolization was regarded as
the ischemic penumbra. Increased in CMRglc at
24 hours of ischemia compared with those in the
contralateral regions, an uncoupling of CBF and
CMRgle, were demonstrated in these regions.

The upregulation of COX-2 mRNA expression
was observed at 2 h (expression ratio was 74),
but disappeared by 24 h in the ischemic temporal
cortex, where cell injury was apparent by incor-
poration of dUTP. In the ischemic parietal cortex,
where flow-metabolism uncoupling was ob-
served, COX-2 mRNA was persistently induced
even at 24 h after ischemia {(expression ratio was
4.7, and few damaged cells could be detected by
incorporation of dUTP as well as in each region
from the hemisphere contralateral to the clot in-
jection. Intense COX-2 immunoreactivity was
found in discrete neurons in the ischemic parietal
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Fig. 1. Temporal profile of COX-2 expression associated with changes in CBF during
24 h of ischemia
Lines indicate the mean asymmetry index (AD values of CBF. The open and solid
columns correspond to the mean expression ratios of COX-2 mENA and COX-2 pro-
tein. respectively, Figures A and B show the time course of COX-2 expression in
the peri-infarct areas and ischemic core, respectively. A one-way ANOVA and post-
hoc Fisher's tests were used to assess the differences in Als and expression ratios
of COX-2 mRNA between the different ischemic time points. CBF in the peri-infarct
areas and ischemic core were significantly reduced compared to controls immedi-
ately after arterial occlusion (*:p<0.05). The mean CBFs in the ischemic core and
peri-infarct areas were 019+ 007 (mean+SD) and 0.67 = 0.06, respectively. The
time course of COX-2 expression in the peri-infarct areas was different from that in
the ischemic core. Thus, the expression ratios of COX-2 mRNA increased signifi-
cantly after 3 h of ischemia (1 : p<<005), with COX-2 protein increasing with time
in the peri-infarct areas. On the other hand, significant increases in COX-2 mRNA
were found 6 h after ischemia (1 :p<005), and increases in COX-2 protein were
not observed during the ischemic period in the ischemic core,

cortex, although no significant increases in COX-2 temporal or parietal cortices.
protein level were shown either in the ischemic 3.3 Focal brain ischemia in rats
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Table 1. Prostaglandin production {pg/mg total protein) in the ischemic hemi-

sphere
Prostaglandin Duration of Peri-infarct area Ischemic core
ischernia
PG Ez 0 hours 608 £ 166 214 £ 114
3 hours 1566 = 70.1 544 + 223
24 hours 26000 + 25220 *1 4146 * 2263 *1
Prostacyclin 0 hours 1223 + 476 476 £ 230
metabolite 3 hours 2008 = 597 934 * 435
(6-keto-PG Fir) 24 hours 11430 ® 6237 *1 3416 + 845+1

*p<005vs.0h {(control} ; T :p < 005 vs. 3 hischemia by ANOVA

The values were the mean * SD,

Significant reductions in CBF in the peri-infarct
areas and ischemic core were demonstrated in
animals at each ischemic time point compared to
the controls (Fig. 1}. The expression ratios of
COX-2 mRNA increased significantly between 3
and 24 h of ischemnia in the peri-infarct areas com-
pared to the controls. In the ischemic core, signifi-
cant increases in COX-2 mRNA were seen follow-
ing 6 h of ischemia, which remained through 24 h.
The peak value of the expression ratio of COX-2
protein in the peri-infarct area was 10.7 at 24 h of
ischemia, while the peak expression ratio in the
ischemic core was 2.0 at 6 h of ischemia. COX-2
immunoreactive neurons were found predomi-
nantly in the peri-infarct area. Elevations in the
immunohistochemical staining of discrete neuro-
nal populations were also observed in the ische-
mic core. Although no significant increases in
PGE: and prostacyclin levels were observed in
the periinfarct and ischemic core areas following
3 h of ischemia, significant increases in prostagla-
ndin levels were found in the ischemic hemi-
sphere following 24 h of ischemia, In particular,
PGE; levels in the peri-infarct area increased sig-
nificantly {Table 1),

4. Discussion

The CBF pattern obtained in the SD model of

primates differed from those obtained in other
studies using rat- and cat-SD models™?*, The focal
hyperemia was not followed by prolonged hypop-
erfusion. The changes in CBF during SD phe-
nomenon in primates also differed from those in
patients with migraine’. In biochemical analysis
for brain tissues, COX-2 was induced in the corti-
ces where SD was recorded, being in accord with
prvious observations in rodent models®.

We observed COX-2 expression during focal
brain ischemia in a primate thromboembolic
stroke model. In the ischemic core, in which a sig-
nificnat decrease in CBF were accompanied by
reduced CMRglc, upregurated COX-2 mRNA at 2
h-schemia but decreased by 24 h. Disappearance
of COX-2 at 24 h-ischemia was paralle! to a house-
keeping GAPDH-mRNA reduction, indicating
that ischemic injury was already apparent at 24-
ischemia in the temporal cortex and the basal
ganglia. In the peri-infarct area, on the contrary,
induced expression of COX-2 mRNA was still
found at 24-h ischemia in the parietal cortex with
a mild CBF reduction and maintained CMRgle.

In the focal ischemia in rats, the time course of
COX-2 expression in the ischemic core was differ-
ent from that seen in the periinfarct area. The
upregulation of COX-2 mRNA in the peri-infarct
area persisted for at least 24 h after ischemia, as
did the preduction of COX-2 protein, which lead
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to significant increases in prostacyclin as well as
PGE, levels following 24 hours of ischemia,
though significant increases in COX-2 mRNA per-
sisted during the 24 h of ischemia, though signifi-
cant increases in COX-2 protein were not ob-
served. This latter finding may be attributable to
the severe ischemic injury that was caused by re-
duced CBF, which likely affected protein synthe-
sis?. In spite of these effects on COX-2 protein,
significant increases were seen in the concentra-
tion of prostaglandins in the ischemic core 24
hours after ischemia. Local increases in neuronal
COX-2 expression in the ischemic core, as deter-
mined by immunochistochemical analysis, could
have accounted for this increase in prostaglandin
concentration.

The induction of neuronal COX-2 is important
for the regulation of prostaglandin signaling in
post-ischemic regions, and the magnitude of
COX-2 activity and prostaglandin production is
determined by the degree and duration of CBF
reduction. Before novel therapeutic options for
stroke patients can be developed, further clarifi-
cation of the effects of COX-2 during and after
ischemia will be required.
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43, SHEREEFLE LT, BFBEIME 7V L spreading depression (SD) £F V%W,
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FIALICEEFRBEY T/ =N LAXRS FA-NCET 3RO DELE

VARG b= VEHET 4 VI E T RAHBLER A Eo 7 4 FT LAY Y BN R) THB. L
AN b O— VEREEDT 4 VEENCLER, BED, EROGRELEOHEERT, whY3
[7LyFNT Ny 2 AJICHASTAHELEL SR TEL, BARERE, VART FO—-LVIBRER
% PPAR {peroxisome proliferators activated receptor) o & PPARy % ERIGISEMLTH I &, & HIZPPARa
EUAYBREENEEF 0TI RWAELRD, ThOoOHMRR[ 7Ly F37 Fy ¥ A2 #HBT
DY LWEREERRMT I L L2 TWE, —HT, LAXT MO LVREGERGRETRONO) —
HIIREEME TH A LD, A LA NIY ) —AT I FAPPARCOFTLVWARRY A FTaHbH, #
DIEBALIZ L > TEREZI L PO —ATAZENPREEINTVE., FITIRLOHMRLEDT, &
BOREE L LI LIz,

PPARBE ¥ X v DEFEBELIVITLFIL FEEELER, BAXEE7T7 IV -RL, B
EIFEOF 77/ 7o, v, 8 B)HHMLATVA, PPARRLVF/ L FXEHEERR) EAT O
BEEFEL, PPARIGELL A ¥ 4L T, He o REFOREREICHES LTWD, FIRTER
BRI L TVvi5 PPAR 13T 42 DRREFEEIC X W BME(LENA DT, MeoliERHEBO - & LTE(<
EWIEIANSHS. 7, PPARa 7 IT= R MIRBIROAEMSE fibrates KH O R TS, —F,
PPARY ISRl 07 7 =V CEIRHAL, PPARy7X=RA ML LTA ¥ A VEFIMIEE
rosiglitazone % EDF 7V ¥ L iFEK, TOA S YT LY (PG)D, DRBEY 15-deoxy-Al214 PG,
HEMEELENTVA, PPARSIZIL S BADEHRTREL, ZORE® )V FELTRTTX 584
T A ERHE o TWARD, PPARIEWTNROEMEL /Y FELTWwa, K, PPARS I3FEHS
PEOB#METF L LT, PPARY REEHEOHIBRT L LTE ZLRIBENTWS, LLE, PPAR
DIBEOV 7Y 4 TREINFRBEL B TR >R RIBTILELIONEN, wThi
EETEOERS T LTHRECEE 2 EOTWAGTFRTHIY

BARTAE) v AT FHRAEEOENTH S PC EEOEERITE - BEE 7ot %
L F—H(COX-D T AFREEDTVDE, FLTI/VMITINFI{ FEEHER PPARY 2 EDH
HEREHCOX2 DMIERENERAGICHS T2 I LEHE LA, —F, BILERTLICRE
AL PG, LANT FO—LOEbLYIIoVnTEV L O»ORENH L, KEWREOHRE, LANRT
FO— AP AMRIIBWT, COX2NEMBEURBLIMTAZLERVELAO, £ZTH4
DM TLART PO—LOMELRIFLAER, COX20RHAI >V THROBRICLTEL-
THEY, VART M- AFHEBORAEEFE) F Y FE LTEBLTWAOTREVPAWIFH LY

El BHEALTOASTF Py, LANT FI-LORDY,

LIFSHNARTORER, Vv FRELRLTTAEY L E2EBRAEALTVAERERREFAICL ST
T 40~50 % KD,

2§ A OIFERVAMEL BV ATORPAZERICBWT, TAY Y YR EEAF2 M PR
RIEE (NSAIDS) BHEIHADRERIHT 5.

3. MEESABRBEOSFAL L AT Y ATOERNESE, COX2 DiEMEIIMT 2L, RIE
DRESLEIEEICHLT R,

A FRTA VI ETNDILAANT FO—WidwT ABERPATFATESANRDR 2 RT9,

- 357 —



