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FK506 is an immunosuppressive agent that has been reported
to have neuroprotective effects in several kinds of rodent mod-
els of stroke. The purpose of this study was to evaluate the
neuroprotective effects of FK506 in a monkey model of stroke.
Methods: Cynomolgus monkeys underwent 3 h of occlusion
followed by 5 h of reperfusion of the right middle cerebral artery
(MCA) through a transorbital approach. A single bolus dose of
FK506 (0.1 mg/kg) was injected intravenously 5 or 175 min after
MCA occlusion. Eight hours after ischemia, a neuropathologic
study was performed and the volume of ischemic damage was
determined. To measure local cerebral blood flow (CBF), the
cerebral metabolic rate of oxygen (CMRO,), and the oxygen
extraction fraction during the experiments, PET scans were
obtained using a steady-state 'O continuous-inhalation method.
Four consecutive PET scans (before and 2 h after ischemia and
immediately and 3 h after reperfusion) were obtained on each
monkey. Results: Treatment with FK506 (0.1 mg/kg) 5 or 175
min after ischemia significantly reduced cortical damage 8 h
after ischemia by 82% (P < 0.05) and 73% (P < 0.05), respec-
tively. In PET studies, FK506 did not affect CBF or physiologic
parameters in any treatments. In the FK506-treated group, a
volume of >40% CMRO, reduction 3 h after reperfusion de-
creased significantly (P < 0.05). Conclusion: This study
showed that FK506 showed a powerful neuroprotective effect in
a nonhuman primate model of stroke. The therapeutic time
window of FK506 was at least 3 h after onset. PET studies
detected neuroprotective effects only in areas with >40%
CMRO, reduction 3 h after reperfusion.
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An immunosuppressive agent, FK506 (tacrolimus, Pro-
graf; Fujisawa Pharmaceutical Co. Ltd., Osaka, Japan), is
used in clinica settings for the prevention of allograft
rejection (1-3). Severa studies have revealed its powerful
neuroprotective propertiesin cell culture systems (4—6) and
in several animal models of focal cerebral ischemia (7-10).
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Its mechanism of neuroprotection is unclear. However, its
inhibitive effects on nitric oxide synthase (4), ryanodine,
and the inositol 1,4,5-trisphosphate receptor complex (11—
14), superoxide production in neutrophils (15), or antiapop-
tosis effects (6,16,17) have been considered. FK506 pro-
tects against ischemic damage in severa models of focal
and global ischemia.

Recent clinical studies on acute stroke revealed a discrep-
ancy between the preclinical and clinical effectiveness of
neuroprotective agents. This discrepancy may be attributed
to the differences between human and nonhuman speciesin
experimental stroke models. Almost all preclinical experi-
ments have been performed on rodent models of stroke, as
in the case of FK506 (7-10,14). Therefore, it isimportant to
evaluate the neuroprotective effects of this agent in a suit-
able experimental model, which mimics human patients,
before clinical trials. In this study, we investigated the
neuroprotective effects of FK506 on a honhuman primate
model of stroke.

This monkey study allowed us to investigate brain func-
tion during cerebral ischemia by PET, which has proven to
be a powerful tool with which to investigate the pathophys-
iology of stroke (18—26). PET studies in animal models of
stroke have been useful for the characterization of the acute
phase of cerebral ischemia. Although several studies showed
hemodynamic and metabolic changes after ischemia or ische-
mia—eperfusion using a monkey or cat model of cerebral
ischemia (19,21-26), little is known about whether the
neuroprotective effects of potential therapeutic agents can
be evaluated with PET. In this study, we also examined the
neuroprotective effects of FK506 using PET.

MATERIALS AND METHODS

Animal Preparation

The studies were performed on 21 male cynomolgus monkeys
(Macaca fascicularis) with body weights ranging from 5.8 to 6.7
kg (Clea Japan Inc., Tokyo Japan). All experiments were per-
formed in accordance with the ingtitutional guidelines of
Hamamatsu University School of Medicine and the Central Re-
search Laboratory of Hamamatsu Photonics (Shizouka, Japan).
The monkeys were killed 8 h after ischemia because the animal
experiment committee recommended that animals should not re-
cover from anesthesia.
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The procedure for anima preparation was the same as that of
Takamatsu et al. (26). Anesthesia was induced with 10 mg/kg
intramuscular ketamine hydrochloride. The monkeys were trache-
ostomized, immobilized with 0.05 mg/kg intramuscular pancuro-
nium bromide every 2 h, and artificially ventilated. Anesthesiawas
continued with isoflurane (concentration range, 0.6%—-0.8%) in a
N,0:0O, gas mixture (N,O:0, = 7:3) during the entire experiment.
Catheterization of the left femora artery was then performed for
the measurement of mean arterial blood pressure (MABP), heart
rate, and arterial blood sampling. The MABP, heart rate, rectal
temperature, arterial Po, and Pco,, pH, and plasma glucose levels
were continuously or regularly monitored. The right middle cere-
bra artery (MCA) was occluded using a transorbital approach
(26,27). After the administration of 0.05 mg/kg intramuscular
atropine, the right globe was removed. A craniotomy was then
performed superolateral to the optic nerve. After opening the dura,
MCA occlusion was performed with 2 microvascular clips, 1 on
the proximal part of the main MCA trunk and the other on the
distal-to-orbitofrontal branch. Three hours after MCA occlusion,
the microvascular clips were removed. During the experiments,
body temperature was maintained within normal limits with heated
blankets.

Eight hours after MCA occlusion, the monkeys were deeply
anesthetized with sodium pentobarbital. The brain was fixed
through transcardial perfusion with a 10% formalin neutral buffer
solution, pH 7.4, after saline perfusion at 100 mm Hg. The brain
was then removed, and 12 coronal sections at 2-mm intervals were
made using a brain matrix (MBM-2000C; Bioresearch Center,
Nagoya, Japan). Each section was embedded in paraffin wax, and
10-pm-thick sections were cut and stained with hematoxylin—eosin.
The neuronal damage to each section was defined (26,28) and, after
correction for brain edema (29), the area of neurona damage was
mesasured using a computerized image analysis system. For neuronal
damage, we measured the area of necrotic damage, which could be
identified as exhibiting pyknosis, karyorrhexis, karyolysis, and cyto-
plasmic eosinophilia or loss of hematoxylin affinity (30—32). The
neuronal damage volumes were calculated from the areas of damage
in the different coronal sections and their anteroposterior coordinates.

PET Studies

Four consecutive PET studies were performed on each monkey.
Serial PET scanning was performed with an SHR7700 system
(Hamamatsu Photonics, Hamamatsu, Japan) (33). The first scan
was obtained before MCA occlusion (mean, —87 = 7 min). The
second scan was obtained 120 *+ 3 min after the start of occlusion.
The third and fourth scans were obtained 187 + 8 min and 360 =
5 min after occlusion. Assessments of cerebral blood flow (CBF),
cerebral metabolic rate of O, (CMRO,), oxygen extraction fraction
(OEF), and local cerebral blood volume were done using the
steady-state 1°0 inhalation method (21,25,26,34,35), with succes-
sive inhalation of trace amounts of C'®0, (0.8 GBg/min), 150, (2
GBg/min), and C**0O (4 GBg/min). Each 50 gas was administered
through aventilator (15 strokes per minute; 70 mL per stroke). The
C150, and 150, scans were started after saturation of radioactivity
in the gantry of the PET camera; the C'®0 scan was started 2 min
after a 20-s inhalation of C'®0 gas. Each scan was obtained for 5
min, consisting of five 1-min time frames. During each scan, 2
arterial blood samples were taken (1 each at the beginning and the
end of acquisition) for whole-blood and plasma radioactivity mea-
surements. The mean values of radioactivity of whole blood and
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plasma were used for parametric image generation (35). The
calculated CMRO, and OEF values were obtained after correction
of cerebral blood volume.

Regions of Interest

Three regions of interest (ROIs) were chosen: 09%-20%, 21%—
40%, and >40% CBF, OEF, and CMRO, changes (decrease or
increase) in the ipsilateral hemisphere relative to the contralateral
hemisphere. To set each ROI, each PET image was divided by its
mirror image, which was made using an image analysis system
(Alice; Hayden Imaging Processing Group, Boulder, CO), and
areas of 0%—20%, 21%—40%, and >40% CBF, OEF, and CMRO,
changes (decrease or increase) in the ipsilateral hemisphere were
calculated. These calculations were performed in each plane above
the orbitomeatal plane (total plane number, 10). The volume of
each parameter changein the ipsilateral hemisphere was calculated
from the area of change at each plane and the plane interval (3.6
mm). The total volume of the ipsilatera hemisphere using this
caculation was 30,952.2 = 1,558.4 mm?3 (n = 21). In this study,
a 0%—20% decrease or increase in an ROI, a 21%—-40% decrease
or increase in an ROI, and a >40% decrease or increase in an ROl
were defined as ROIs with mild, moderate, and severe neuronal
damage, respectively. The validity of the data was checked by
calculation of preischemic values (theoretic value of 1).

Drug Administration

FK506 (10 mg/mL, for intravenous injection) and its vehicle
(polyoxyethylene hydrogenated castor oil 60 [400 mg/mL]) were
gifts from Fujisawa Pharmaceutical Co. FK506 was diluted to 0.4
mg/mL (25-fold dilution) with saline, and 0.25 mL/kg (0.1 mg/kg)
was administered intravenously. The vehicle was also diluted
(25-fold dilution) with saline, and 0.25 mL/kg was administered
intravenously in control animals.

An intravenous bolusinjection of FK506 (0.1 mg/kg) was given
to each monkey 5 min after MCA occlusion (control, n = 6;
FK506, n = 5) or 175 min after MCA occlusion (control, n = 5;
FK506, n = 5).

Data Analysis

Data are presented as the mean = SD. All data were evaluated
by ANOVA followed by the Dunnett multiple range test. P < 0.05
was considered significant.

RESULTS

The physiologic variables during prolonged experiments
in this study remained within the normal range (Table 1).

Neuropathologic Study

MCA occlusion and reperfusion caused necrotic damage
in the cortex and the basal ganglia 8 h after ischemia.
Treatment with FK506 5 min after MCA occlusion signif-
icantly (P < 0.05) reduced cortical damage by 82% (control
[n = 6], 747.7 = 509.6 mm3; FK506 [n = 5], 132.8 = 83.0
mm?3) (Fig. 1A), and treatment with FK506 175 min after
ischemia also significantly (P < 0.05) reduced cortical
damage by 73% (control [n = 5], 958.2 = 281.6 mm?
FK506 [n = 5], 262.3 = 177.1 mm?3) (Fig. 1C). Damage in
the basal ganglia was not affected by any treatment with
FK506 (Figs. 1B and 1D).
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TABLE 1

Physiologic Parameters

MABP HR RT Pco, Po, Glucose
Occlusion Experiment n  (mm Hg) (bpm) (°C) pH (mm Hg) (mm Hg) (mg/dL)
Before MCAO Exp-1 vehicle 6 98 +19 155+20 36.9+0.3 7.505+0.038 344 +35 186.2+32.1 66.0=*+ 4.1
FK506 5 98+ 9 147 +25 365+06 7.492+0.011 35127 1796143 675+ 7.5
Exp-2 vehicle 5 100+ 5 150+18 36.3+1.0 7.502 +0.028 33.2+23 163.8+209 67.9=* 10.1
FK506 5 103 +12 142*+19 36.9*+0.7 7.525+0.027 314*+17 151.0*+13.2 68.0=+ 5.0
2 h after
MCAO Exp-1 vehicle 6 110+10 171+ 8 36.9*+04 7.492+0.036 33.9+38 1894+ 126 755+ 8.6
FK506 5 107+ 9 152+30 37.0+x0.8 7.491*+0.018 339+19 170.0+ 16.8 81.3 = 23.1
Exp-2 vehicle 5 107 £15 16218 37.0+0.4 7498 £0.026 328*+1.9 1656183 794+ 7.8
FK506 5 114 +21 152+20 37103 7.511 +£0.043 314+29 1454177 785 +10.0
30 min after
MCAO/R Exp-1 vehicle 6 99 +20 170+ 9 374 +0.7 7.494+0.032 323 +x46 1929+ 199 80.0+ 12.8
FK506 5 100+ 10 149+32 37.0+06 7.481 +0.029 351+28 169.4+19.9 83.0+ 23.0
Exp-2 vehicle 5 108 +15 153 +23 37.3*+0.2 7.495+0.033 355*+28 158.1 =225 77.6+ 123
FK506 5 116+ 16 149 +18 37.3*+0.2 7.500+ 0.042 33.1£28 1421 =163 798+ 7.0
3 h after
MCAO/R Exp-1 vehicle 6 99+ 8 173+x19 371 +x05 7.485*+0.027 33.2+3.6 1927+ 151 90.6* 16.6
FK506 5 99 +14 164 +33 37.0+x0.7 7.486*+0.019 333+x1.0 173.1 =171 852+ 18.2
Exp-2 vehicle 5 101 +12 158 +33 372+ 0.3 7.484 +0.027 33.3*+1.0 168.4 *+19.9 87.8=* 10.2
FK506 5 100+ 13 144 *+14 37.3*+03 7.484*+0.016 328+0.9 142.0*+149 928+ 9.1

MABP = mean arterial blood pressure; HR = heart rate; RT = rectal temperature; MCAO = MCA occlusion; Exp-1 = FK506 (0.1 mg/kg)
was administered 5 min after MCA occlusion; Exp-2 = FK506 (0.1 mg/kg) was administered 175 min after MCA occlusion; MCAO/R =

reperfusion of MCA occlusion.
Data are expressed as mean = SD.

PET Study

Figure 2 shows typical PET images in a control animal
and an FK506-treated animal (5 min after ischemia). MCA
occlusion decreased CBF and CMRO, and increased OEF.
Reperfusion produced hyperperfusion and decreased OEF.
The CMRO, decrease during ischemia was partially recov-
ered by reperfusion. Three hours after reperfusion, a mild
hypoperfusion was observed, and OEF and CMRO, de-
creased further. In an FK506-treated animal, the OEF and
CMRO, decrease after reperfusion seemed to be mild.

Figure 3 shows the volumes of CBF, OEF, and CMRO,
changes after MCA occlusion, when FK506 was adminis-
tered 5 min after ischemia. Before ischemia, no differences
in CBF, OEF, and CMRO, were found between the ipsilat-
eral and contralateral hemispheres or between the control
group and the FK506-treated group (data not shown).
FK506 did not affect the CBF decrease, OEF increase, or
CMRO, decrease during ischemia. Reperfusion caused
postischemic hyperperfusion and decreased OEF and
CMRO,. FK506 did not affect these changes. Postischemic
hypoperfusion was observed 3 h after reperfusion. How-
ever, FK506 did not affect it. FK506 significantly (P <
0.05) attenuated the OEF decrease in severe ROIs. A vol-
ume of >40% CMRO, decrease (a severe ROI) was aso
significantly (P < 0.05) decreased by FK506 and, in con-
trast, the volume of CMRO, decrease in a mild ROI signif-
icantly (P < 0.05) increased with FK506 treatment.

Figure 4 shows the volumes of CBF, OEF, and CMRO,
changes after MCA occlusion, when FK506 was adminis-
tered 175 min after reperfusion. Before ischemia, no differ-
ences in CBF, OEF, and CMRO, were found between the
ipsilateral and contralateral hemispheres or between the
control group and the FK506-treared group (data not
shown). During MCA occlusion (before FK506 treatment),
no significant difference was found in the decrease in CBF
or CMRO; or in the increase in OEF. Immediately after
reperfusion, FK506 did not affect CBF, OEF, or CMRO..
Three hours after reperfusion, FK506 did not affect any
changes in CBF or OEF. However, FK506 significantly
(P < 0.05) decreased the volume of >40% CMRO, de-
Ccreases.

DISCUSSION

In this study, we showed that FK506 has neuroprotective
effects in a nonhuman primate model of stroke. We evalu-
ated the neuroprotective effects of FK506 in a 3-h, temporal
MCA occlusion model in the monkey because recent pilot
clinical studies of ischemic stroke suggested that intrave-
nous recombinant tissue plasminogen activator therapy is
beneficial only when it is performed within 3 h of onset
(36). The purpose of this study was to test the neuroprotec-
tive effects of FK506 in an animal model that mimics
human stroke. The amount of FK506 (0.1 mg/kg) given to
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FIGURE 1. Volume of ischemic brain damage 8 h after MCA occlusion. Intravenous bolus administration of FK506 (0.1 mg/kg)

was performed 5 min (control, n = 6; FK506, n = 5) (A and B) or 175 min (control, n = 5; FK506, n = 5) (C and D) after MCA
occlusion. Volume of cortical damage (A and C) and volume of damage in basal ganglia (C and D) are shown. Data are expressed

as mean * SD.

the animal was based on the study of Sharkey et al. (7), who
reported that this amount was sufficient to show neuropro-
tective effects. Drug administration was performed 5 min
(beginning of ischemia) or 175 min (just before end of
ischemia) after ischemia. FK506 significantly reduced cor-
tical damage by 82% when it was administered 5 min after
ischemia and by 73% when its administration was started
175 min after ischemia. In PET studies, MCA occlusion
decreased CBF and CMRO, and increased OEF, whereas
reperfusion caused postischemic hyperperfusion and then
caused delayed hypoperfusion while it decreased OEF and
CMRO,. These observations are in agreement with previous
reports (19,21-26). FK506 did not affect CBF changes in
any type of treatment. These results indicate that FK506
showed powerful neuroprotective effects against cortical
ischemic damage, and its therapeutic time window was at
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least 3 h after the onset of stroke. It is well known that
FK506 has neuroprotective properties (4-14,16,17) and
shows neuroprotective effects in severa kinds of rodent
models of stroke (7-10,14). This study shows the effective-
ness of FK506 in monkeys.

We anticipated that the PET study would reveal the
neuroprotective mechanism of FK506. However, this study
showed only that FK506 attenuated CMRO, reduction 3 h
after ischemia, and this result suggests that the FK506-
treated group had more living cells as a result of neuropro-
tection. In this study, FK506 attenuated cortical damage but
not striatal damage. In our previous study, which compared
histology and oxygen metabolism using PET between a
transient MCA occlusion model and a permanent MCA
occlusion model in the monkey, cortical damage in the
transient model was significantly larger than that in the
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permanent model, and postischemic hyperperfusion was
observed in the cortex but not in the striatum (26). Thus, it
seems that the striatum and the cortex behave differently in
the acute occlusion—reperfusion model. At the same time,
OEF and CMRO; in the cortex, in which hyperperfusion
and histologic changes were observed 8 h after ischemia,
were reduced (26). In this study, events that were similar to
those of the previous study were also likely to be observed
(Fig. 2). The observations of the previous study suggest that
these PET findings (i.e., reduction in OEF and CMRO,)
may serve as an indicator of reperfusion injury. Thus, reper-

FIGURE 2. Typical PET images of CBF
(A), OEF (B), and CMRO, (C) in control an-
imal and FK506-treated animal 5 min after
ischemia. T1, T2, T3, and T4 indicate be-
fore ischemia, 2 h after ischemia, immedi-
ately after reperfusion, and 3 h after reper-
fusion, respectively. Each plane was 18
mm above orbitomeatal plane.

fusion injury appearsto play an important rolein the genesis
of cortical damage in our monkey model. Because the
neuroprotective effects of FK506 were significant only in
the cortex but not in the striatum, it would be reasonable to
speculate that the effects of FK506 may include the atten-
uation of reperfusion injury, which is also supported by the
PET results. Bochelen et al. (14) also showed in rat models
of cerebral ischemia that FK506 attenuated ischemic dam-
age in a transient MCA occlusion model but not in a
permanent MCA occlusion model. Although the exact neu-
roprotective mechanisms of FK506 remain to be elucidated,
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FIGURE 3. Volume of CBF (top), OEF (middle), and CMRO, (bottom) changes in case of FK506 administration 5 min after
ischemia. Left, center, and right show results 2 h after MCA occlusion, immediately after reperfusion, and 3 h after reperfusion,
respectively. Results of control group (white bars; n = 6) and FK506-treated group (hatched bars; n = 5) are shown. Intravenous
bolus administration of FK506 (0.1 mg/kg) or vehicle was performed 5 min after MCA occlusion. Mild, moderate, and severe mean
ROls were from 0% to 20%, from 21% to 40%, and >40% decrease or increase in each parameter in ipsilateral hemisphere relative
to that in contralateral hemisphere, respectively. Data are expressed as mean * SD. #Significantly different (P < 0.05, ANOVA,;
followed by Dunnett multiple range test) from value of control group.

the neuroprotective effect of FK506 only against cortical
damage suggests that it is an inhibitor of reperfusion injury.

This study had several limitations in its use of a higher-
order animal species, the monkey. The most serious limita-
tion was that we could not awaken the animals after ische-
mia because of the severity of the ischemic preparation.
Therefore, we could not examine neurologic outcome data
and mature infarction data. Furthermore, we recognized the
influence of anesthesia on the ischemic condition. In gen-
eral, to evaluate the neuroprotective effects of agents, his-
tologic determination is required at the time point of mature
infarction formation. Therefore, although FK506 attenuated
early ischemic damage in the monkey, it remains unclear
whether it attenuates final infarction, which must be ad-
dressed in further studies. The other problem with using
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monkeys was individual differences. There was a difference
in the amount of ischemic damage between 2 control
groups, which may not be associated with the differencesin
ischemic conditions because physiologic monitoring did not
show any differences (Table 1). These animals were bred on
Deli Island, Indonesia, not in a closed colony, and they
could move freely in the island colony. Because we per-
formed 2 separate experiments and used different lots of
animals, the difference in the amount of ischemic damage
may have depended on the colonies used.

CONCLUSION

This study showed the neuroprotective effect of FK506
using a nonhuman primate model of stroke. FK506 showed
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relative to that in contralateral hemisphere, respectively. Data are expressed as mean + SD. #Significantly different (P < 0.05,
ANOVA,; followed by Dunnett multiple range test) from value of control group.

powerful neuroprotective effects, and its therapeutic time
window was at least 3 h after the onset of stroke. Although
there were several limitations to using a nonhuman primate
model and the exact mechanisms of neuroprotection with
FK506 still remain to be elucidated, the primary purpose of
this study was to show the neuroprotective effects of FK506
in a primate model of acute stroke.
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