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ARTICLE INFO ABSTRACT

Children with severe neonatal hypoxic-ischemic encephalopathy (HIE) die or develop life-long neurological
impairments such as cerebral palsy and mental retardation. Decreased regional cerebral blood flow (CBF) is
believed to be the predominant factor that determines the level of tissue injury in the immature brain. How-
ever, the spatio-temporal profiles of CBF after neonatal HIE are not well understood. CB17 mouse and Wistar
rat pups were exposed to a unilateral hypoxic-ischemic (HI) insult at eight or seven days of age. Laser speckle
imaging sequentially measured the cortical surface CBF before the hypoxic exposure and until 24 h after the
hypoxic exposure, Seven days after the HI insult, brain damage was morphologically assessed by measuring
the hemispheric volumes and by semi-quantitative scoring for neuropathologic injury. The mean CBF on the
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Reperfusion
Laser speckle flowmetry ipsilateral hemisphere in mice decreased after carotid artery ligation. After the end of hypoxic insult (i.e., the
Neonatal reperfusion phase), the mean CBF level gradually rose and nearly attained its pre-surgery level by 9h of

Rat reperfusion. It then decreased. The degree of reduced CBF during reperfusion was well correlated with the
Mouse degree of later morphological brain damage. The correlation was the strongest when the CBF was measured

Dexamethasone in the ischemic core region at 24 h of reperfusion in mice (R2=0.89). A similar trend in resuits was found in
rats. These results suggest that the CBF level during reperfusion may be a useful predictive factor for later
brain damage in immature mice. This may enable optimizing brain damage for detail analyses.

2011 Elsevier Inc. All rights reserved.

Introduction (HI) injury (Johnston et al., 2005; Rice et al,, 1981). This model has

Children with severe neonatal hypoxic-ischemic encephalopathy
(HIE) typically die or develop life-long neurological impairments
such as cerebral palsy, mental retardation, and epilepsy (van Handel
et al, 2007). No therapeutic method is available for perinatal HIE,
apart from initiating hypothermia within 6 h after birth. An important
issue in neonatal practice is the early detection of pathophysiological
factors that are associated with permanent brain damage. Extensive
laboratory research with experimental models is being performed to
understand the mechanisms of brain injury and to find neuroprotec-
tive therapies. The Rice-Vannucci model, which combines permanent
unilateral ligation of a carotid artery with exposure to hypoxia for 2 to
3 h in seven-day-old rat pups, has been widely used to study the
physiological and therapeutic variables of neonatal hypoxic-ischemic
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variance.
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also been adapted for use in neonatal mice.

Decreased regional cerebral blood flow (CBF) is the predominant
factor that determines the topography of tissue injury in the immature
rodent brain, although metabolic factors (i.e., intrinsic vulnerability)
may influence injury in some brain structures (Ringel et al, 1991;
Vannucci et al.,, 1988). In immature rats with an HI injury, radioactive
tracers in coronal sections show a residual columnar perfusion deficit
within the cerebral cortex, which corresponds closely to the pathologi-
cal pattern of injury within this structure. The pathological pattern of in-
jury is characterized by alternating columns of normal and damaged
neurons, which are oriented at a right angle to the pial surface. CBF is
rarely monitored during and after HI insult in immature rodent models,
mainly because of the technical difficulties and invasiveness involved in
measuring it. Therefore, little is known about the spatial and temporal
extent of CBF response during the reperfusion period after an HI insult.

The autoradiographic techniques for analyzing CBF in small animals
entail sacrificing the animals at the time of measurement. A less inva-
sive method, laser Doppler flowmetry (LDF), has been widely used to
monitor relative perfusion changes. The LDF technique uses a single-
point measurement in which the hemodynamics of an area covering
1 mm? to 2 mm? can be measured from the tip of a probe (Stern et al.,
1977). CBF measured at a small arbitrarily selected area may not accu-
rately reflect the hemodynamics of the cerebral hemisphere, and the
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probe-position-specific manner of measurement makes repeated inter-
mittent measurements unreliable. Since LDF generally requires the at-
tachment of a probe onto the skull or the dura, long-term observation
would excessively strain the pups. Hence, the monitoring duration
with LDF in most cases is short, being less than 1 (Liu et al, 1999;
Matsiukevich, et al., 2010; Taniguchi et al., 2007), or 2 h after the end
of hypoxic exposure (Fabian et al, 2008; loroi et al., 1998). To our
knowledge, there is only one report in which the CBF was observed be-
yond the early perfusion phase in a rodent model of neonatal HIE
(Wainwright et al,, 2007). Laser Doppler perfusion imaging is a recent
development in LDF that extends its power to the two-dimensional
measurement of tissue perfusion. However, laser Doppler perfusion im-
aging cannot be used to dynamically image high frequency blood-flow
fluctuations since the temporal separation between the first and last
image points within a scan can be several minutes. In addition, its reso-
lution is not very high, ranging from 100 pm/pixel to 1.0 mm/pixel
(Forrester et al,, 2002; Riyamongkol et al,, 2002).

The laser speckle method for imaging vascular structure in a tissue
has been available since the 1980s. It has recently been revised to
measure CBF, as first described by Dunn et al. (2001). For a duration
of several milliseconds to several hours, the speckle imaging method
is able to accurately image the cortical blood-flow response over an
area ranging from a few millimeters to the whole rodent brain
(Dunn et al., 2001). Laser speckle flowmetry (LSF) provides excellent
spatial resolution, even through an intact skull. This allows the
measurement of CBF changes occurring within the pial vasculature
(Ayata et al., 2004). The laser speckle technique primarily measures
the velocity of scattering particles (e.g., red blood cells). LSF provides
an index of perfusion that has a linear relationship with the absolute
CBF value (which is measured by the [**Cliodoamphetamine tech-
nique (Ayata et al., 2004) and by the clearance rate of umbelliferone
(Strong et al., 2006)). LSF enables the long-term observation of CBF
(Fujita et al.,, 2010). To our knowledge, the use of two-dimensional
laser speckle perfusion imaging to observe CBF has never been inves-
tigated in immature rodent models of HI insult or stroke.

There is significant inter- and intra-litter variability in the extent of
the brain injury in the HI model: a subset of pups suffers no perceivable
brain injury, while other pups suffer massive hemispheric infarct
(Sheldon et al.,, 1998). This also holds true in neonatal stroke models
(Bonnin et al., 2011; Comi, et al,, 2005; Wendland et al., 2008). The var-
iability in animal models resembles the variability seen in human in-
fants with neonatal HIE. In a population-based study, the teenage
outcome of children who had been born with moderate neonatal HIE
was quite variable: 35% had cerebral palsy or other major neuroimpair-
ments; 46% had cognitive problems without cerebral palsy; and 9% had
no problems (Lindstrém et al., 2006). Hence, it is no wonder that some
pups may have no lesion after an HI insult. The variability in animal
models, however, makes detailed preclinical analyses difficult to per-
form., Efforts have been made to offset this hindrance and, in particular,
to exclude subjects with no lesion, but there is no widely used method
to optimize degree of brain injury. A few laboratories use parameters—
such as apparent diffusion coefficient (ADC) obtained by magnetic res-
onance imaging (MRI) (Derugin et al,, 2000; Wendland et al,, 2008), or
the CBF obtained by color-coded pulsed Doppler ultrasound imaging
(Bonnin et al., 2011)—to exclude pups without a lesion at an early
stage of brain injury. The objectives of our study are: 1) to show tempo-
ral changes in CBF in a mouse model and in a rat model of neonatal
HIE and 2) to examine the correlation between CBF during the early
stage of HI injury and later morphological brain damage.

Materials and methods
Hypoxia-ischemia procedure

All experiments were performed in accordance with protocols
approved by the Experimental Animal Care and Use Committee of

the National Cerebral and Cardiovascular Center. Eight-day-old (post-
natal day 8, [P8]) male and female CB17 mouse pups (CLEA Japan Inc.,
Tokyo, Japan) and seven-day-old (P7) male and female Wistar rat
pups (Japan SLC Inc., Hamamatsu, Japan) were prepared for surgery.
Under isoflurane anesthesia (4.0% for induction and 1.5% to 2.0% for
maintenance), the left carotid artery was permanently occluded in
the mouse and rat pups. After a one- to two-hour recovery period,
the mouse pups were subjected to hypoxia (8% oxygen and 92% nitro-
gen, at 33.0 °C) for 30 min and the rat pups were subjected to hypoxia
for 120 min. After a 60-min recovery period in a temperature-
controlled incubator, the pups were returned to their dams and
kept in a standard environment.

Laser speckle blood-flow imaging

In 23 mice and 33 rats, the cortical surface CBF was sequentially
measured by a laser speckle flowmetry (LSF) imaging system (Ome-
gazone, Omegawave Inc., Tokyo, Japan) at several time points: pre-
surgery; pre-hypoxia (which is post-surgery); and Oh, 1h, 2.5h,
6 h, 9 h, and 24 h after the end of hypoxia (i.e. after the start of reper-
fusion). The theory and technique for LSF have been described in de-
tail elsewhere (Dunn et al., 2001; Forrester et al., 2002). In brief, the
animals were placed in a prone position and spontaneously breathed
under isoflurane anesthesia. The animal's skull was exposed by a mid-
line scalp incision and the skull surface was diffusely illuminated by a
780 nm laser light. The penetration depth of the laser is approximate-
ly 500 pm. The scattered light was filtered and detected by a charge
coupled device (CCD) camera positioned above the animal's head.
Raw speckle images were used to compute the speckle contrast,
which is a measure of speckle visibility that is related to the number
and velocity of moving particles (in this case, CBF). Color-coded
blood-flow images were obtained in the high-resolution mode
(638 pixels x 480 pixels; 1 image/s). Five consecutive raw speckle im-
ages were acquired at 1 Hz, and then averaged. For analytical accura-
cy in repositioning of the animal's head and regions of interest (ROIs)
between imagings, we set the size and the position of an ROI, based
on a line drawn from the bregma to the lambda (Fig. 1A). We mea-
sured the CBF in three ROIs: the Core (the ischemic core region of
the middle cerebral artery (MCA) territory); the Penumbra (the pen-
umbra region of the MCA territory by the sagittal suture); and the
MCA region (the broader region covering most of the MCA territory,
including the Core and the Penumbra) (Fig. 1A). The same grid was
used to set the three matching regions on the contralateral side. The
total measuring procedure took approximately 3 min per pup.

Quantitative histological analysis

Seven days after the HI insult, the animals were deeply anesthe-
tized with an overdose of pentobarbital and intracardially
perfusion-fixed with 4% paraformaldehyde. After the perfusion, an
animal's brain was removed and coronally sectioned in slices 2-mm
thick by using a rat brain slicer (Neuroscience Inc., Tokyo, Japan).
The area (in mm?) of the contralateral and ipsilateral hemispheres
in each brain section was measured, using NIH Image software (Ima-
ge], 1.43r, NIH, Bethesda, USA). The hemispheric volume of the brain
of each pup was estimated by summing the hemispheric area of the
brain slices and multiplying the sum by the section interval thickness.
The injury was evaluated by using hematoxylin-eosin-stained sec-
tions from four brain regions: the cortex, striatum, hippocampus,
and thalamus. We used the system we previously developed for eval-
uating neuropathologic injury in the present study (Tsuji et al., 2004).
Neuropathologic injury in the cerebral cortex was scored on a scale
ranging from O to 4 points (0, no injury; 4, extensive confluent infarc-
tion). Neuropathologic injury in the hippocampus, striatum, and thal-
amus was scored on a scale ranging from 0 to 6 points. The total score
(ranging from O to 22 points) was the sum of these ratings. The
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Fig. 1. We measured the cerebral blood flow (CBF) in three regions of interest (ROIs) (A): the Core (the ischemic core region of the middle cerebral artery [MCA] territory) (a); the
Penumbra (the penumbra region of the MCA territory by the sagittal suture (b); and the MCA region (a broad region covering most of the MCA territory including the Core and the
Penumbra) (represented by a square with bold lines). We set the grid to standardize the size and position of the ROIs. A line is drawn from the bregma to the lambda. Using this line,
a square is drawn. The line perpendicular to the bregma-lambda line is divided into four equal segments, establishing four quarter-rectangles. The second quarter-rectangle from
the center (b) is the Penumbra. The posterior half of the most lateral quarter-rectangle (a) is the Core. The whole square, excluding the most medial quarter-rectangle, is the MCA
region. Representative laser speckle images were sequentially taken at several time points in two mouse pups. One pup (B) shows progressive reduction of CBF on the ipsilateral
hemisphere of the carotid artery ligation, while the other pup (C) shows restoration of CBF.

hemispheric volume measurement and neuropathological scoring
were assessed blindly.

Drug administration

In a different cohort, we used dexamethasone to examine how
drug treatment affects the correlation between CBF and brain
damage. Dexamethasone is a known neuroprotective drug, if it is ad-
ministered before a neurologic insult in rodents (Tuor, 1995). On
postnatal day 7, mouse littermates were randomly assigned to either
a dexamethasone-treated group (n=17) or a vehicle-treated group
(n=16). In the former group, 0.5 mg/kg of dexamethasone dissolved
in normal saline (40 pl) was injected intraperitoneally 24 h before the
HI insult. The vehicle was administered in the same manner.

Statistics

Hemispheric differences in CBF were assessed using repeated-
measures two-way analysis of variance (ANOVA), followed by the
Bonferroni-Dunn test. The temporal changes in CBF were analyzed
by the Friedman test, followed by the Bonferroni-Dunn test.
Pearson's productmoment correlation coefficient analysis was per-
formed to determine the correlation between CBF and brain injury.
Linear regression analysis and the Student t-test were performed to
assess the effects of dexamethasone. Differences were considered

240

significant at P<0.05. The results are presented as the mean4+
standard error of the mean (SEM).

Results
Temporal profile of CBF in mice

LSF imaging through the intact mouse skull demonstrated clear
two-dimensional images of the cortical surface blood flow (Figs. 1B,
C). The surface blood flow during the pre-hypoxia period (i.e., after
carotid artery occlusion but immediately before hypoxic exposure)
decreased in the MCA territory on the ipsilateral side of the carotid
artery occlusion in all mouse pups. In some pups, the CBF on the ipsi-
lateral side of the carotid artery occlusion remained decreased or de-
creased further during the reperfusion phase (Fig. 1B). In other pups,
the CBF on the ipsilateral side was nearly restored to the same level
as on the contralateral side (Fig. 1C).

On the ipsilateral side of the carotid artery occlusion, temporal
profiles of the mean surface CBF in the Core and the MCA region
(but not the Penumbra region) differed significantly from the match-
ing regions on the contralateral side, based on repeated-measures
two-way ANOVA (Figs. 2A-C). The mean surface CBF in each of the
three regions of each hemisphere was significantly decreased before
the hypoxic exposure, compared with mean surface CBF in these re-
gions before surgery. During the early reperfusion phase, the mean
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Fig. 2. The temporal profile of the mean CBF in mice in (A) the Core region; (B) the
Penumbra region; and (C) the MCA region. The line with closed circles represents the
ipsilateral CBF; the dashed line with open circles represents the contralateral CBF; the
line with closed squares represents the ipsilateral/contralateral CBF ratio. The surface
CBF level in each ROI in each hemisphere is significantly increased 6 h, 9h, and 24 h
after the end of hypoxia (i.e. the reperfusion phase), compared with the pre-hypoxia
CBF level. *p<0.05; **p<0.01. The CBF in each ROI in the ipsilateral hemisphere (but
not the contralateral hemisphere) is significantly decreased at 24 h, compared with
the CBF at9h. 1p<0.05

CBF in all three regions of both hemispheres increased slightly from
the pre-hypoxic level; however, the increases were not statistically
significant. During the late reperfusion phase (i.e., 6h, 9h, and 24 h
after the end of hypoxia), the mean CBF in the three regions of both
hemispheres increased significantly, compared with the mean CBF
before the hypoxia. After 9 h of reperfusion, the mean CBF in the Pen-
umbra region in the ipsilateral hemisphere and in all regions in the

contralateral hemisphere were restored to their pre-surgery levels.
At 24 h, the mean CBF in the three regions in the contralateral hemi-
sphere remained the same; however, the mean CBF in all the three re-
gions in the ipsilateral hemisphere was significantly decreased after
9 h. In the three regions, the ratio of the ipsilateral CBF to the contra-
lateral CBF did not change significantly from before the hypoxic expo-
sure to 9 h after the hypoxic exposure. From 9h to 24 h, the ratio
decreased significantly in the three regions.

Correlation between the CBF and later brain injury in mice

Brain injury was assessed histologically seven days after the HI in-
sult. The CBF in each region at each time point was then compared
with the histological brain injury in the mice. This was to determine
whether the surface CBF (as measured by LSF during the reperfusion
phase) can be used as an early indicator of later histological injury
after an HI insult. The ratio of the ipsilateral CBF to the contralateral
CBF was compared with the ratio of the ipsilateral hemispheric vol-
ume to the contralateral hemispheric volume (Fig. 3). Linear regres-
sion analysis demonstrated that the longer the time after the
hypoxic exposure, the stronger was the correlation between the de-
gree of reduced CBF and the degree of brain damage. The correlation
was stronger in the Core than in the other two regions. Of all the re-
gions and time points measured, the CBF in the Core at 24 h of reper-
fusion had the strongest correlation with brain injury (R2=0.89).

We also used neuropathological injury scoring to examine the cor-
relation between CBF and brain injury. Linear regression analysis
demonstrated that the surface CBF in the Core at 24 h was significant-
ly correlated with neuropathological scores in all four anatomical
structures (the hippocampus, thalamus, cortex, and striatum) that
were examined seven days after the HI insult (Fig. 4). Interestingly,
the correlation was strongest for the injury score in the hippocampus
(R2=0.58) (data not shown), followed by the injury score in the thal-
amus. The correlation for the injury score in the cortex (R2=0.36)
was weaker than that of total score (R2=0.51).

The effect of drug treatment on the correlation between CBF and later
brain injury

The hemispheric volume was assessed seven days after the HI in-
sult. Dexamethasone pretreatment, as expected, significantly reduced
brain injury. However, this treatment did not improve CBF 24 h after
the HI insult. The correlation between the CBF and brain injury in the
dexamethasone-treated group was not significant (P=0.08) (Fig. 5).
The loss of correlation between the CBF and brain injury after dexa-
methasone treatment indicates that its neuroprotective mechanisms
are independent of CBF, at least at the time of measurement.

Temporal profile of CBF and its correlation with later brain injury in rats

Based on the results of repeated-measures two-way ANOVA, the
temporal profile of the mean surface CBF in the Core on the ipsilateral
side of the carotid artery occlusion significantly differed from the
matching regions on the contralateral side in rats (Fig. 6A). The
mean surface CBF in the Core on the ipsilateral hemisphere before
the hypoxic exposure was significantly decreased from its pre-
surgery level, while the mean surface CBF in the Core on the contra-
lateral hemisphere remained the same. The mean CBF in the Core in
both hemispheres significantly increased after 2.5 h of reperfusion,
compared with the mean CBF before hypoxia. After 6 h of reperfusion,
the mean CBF in the Core on the ipsilateral side was restored to its
pre-surgery level, and the mean CBF in the matching region on the
contralateral side increased beyond its pre-surgery level. The mean
CBF in the Core of each hemisphere at 24 h was significantly de-
creased from its level at the previous time point measurement. The
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Fig. 3. The ratio of the ipsilateral CBF to the contralateral CBF at each time point was compared with the ratio of the ipsilateral hemispheric volume to the contralateral hemispheric
volume (which was assessed seven days after the HI insult in the mice). The correlation between the degree of CBF reduction and the degree of brain damage is stronger in the Core
than in the other two regions. The correlation was stronger at the later time points. Of all the time points and regions measured, the CBF in the Core at 24 h of reperfusion has the

strongest correlation with later brain injury (R2=0.89).

ratio of the ipsilateral CBF to the contralateral CBF increased from
2.5 h of reperfusion onward, compared with the pre-hypoxia ratio.
Among the three regions, the correlation between CBF and later
brain injury (as assessed by the hemispheric volume) was the stron-
gest in the Core in rats. This was also the case in mice. In the Core re-
gion, the CBF at 6 h of reperfusion had the strongest correlation with
later brain injury (R2=0.35) (Fig. 6B). When assessed by neuropath-
ological injury scoring, a correlation was evident between the CBF
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8 4 o 20
° o
g 3 o 15
2 10
> >
31 35
£ |Rr=038 * < o LREZ051
0.4 0.6 0.8 1 0.4 0.6 0.8 1
CBF ratio CBF ratio

(ipsilateral/contralateral) (ipsilateral/contralateral)
Fig. 4. The ratio of the ipsilateral CBF to contralateral CBF 24 h after the HI insult was
compared with brain injury (as assessed by neuropathological scoring seven days
after the HI exposure). Linear regression analysis demonstrates that the surface CBF
in the Core at 24 h is significantly correlated with the neuropathological scores in the
cortex and with the total score (which combines the scores of the cortex, hippocampus,
striatum, and thalamus).
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and brain injury. Linear regression analysis demonstrated that the
CBF in the Core at 6 h was significantly correlated with the total neu-
ropathological scores, which were assessed seven days after the HI in-
sult (R2=0.27) (data not shown). These correlations were weaker in
rats than in mice.
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Fig. 5. The hemispheric volume (measured seven days after the HI insult) was used to
assess the effect of the neuroprotective drug dexamethasone on the correlation be-
tween CBF (24 h after the HI insult) and brain injury. The data points show the correla-
tion between CBF and brain injury in the PBS-pretreated mice and the dexamethasone-
pretreated mice. The data points for the dexamethasone-pretreated mice tends to be
shifted toward the top of the graph (indicating less brain injury), but is not shifted in
the horizontal axis (indicating no change in the CBF).
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Fig. 6. (A) The temporal profile of CBF in the Core region in rat pups. The mean CBF in the ipsilateral hemisphere is significantly decreased after carotid artery ligation alone. After
the hypoxic exposure, the mean CBF level is significantly increased at 2.5 h, 6 h, and 24 h of reperfusion, compared with its pre-hypoxia level. By contrast, the mean CBF in the con-
tralateral hemisphere remains unchanged after carotid artery ligation alone. After the hypoxic exposure, the mean CBF level significantly increased at 2.5 h and 6 h, compared with
the pre-hypoxia CBF level. **p<0.01. The CBF level in each hemisphere is significantly decreased at 24 h, compared with its level at the 9 h. Tp<0.05. (B) The ratio of the ipsilateral
CBF to contralateral CBF in the Core at each time point was compared with the ratio of the ipsilateral hemispheric volume to the contralateral hemispheric volume that was assessed
seven days after the HI injury in the rats. The correlation between CBF and brain injury is significant and strongest at 6 h of reperfusion.

Discussion
Temporal profiles of CBF

In the present study, we demonstrated the spatial and temporal
profiles of cortical surface CBF in mouse and rat pups. After carotid
artery ligation alone, the mean CBF was decreased in the ipsilateral
hemisphere in the mouse and rat pups. Following the hypoxic insult
(i.e., with the initiation of reperfusion), the mean CBF on the ipsilater-
al side gradually increased; it nearly approached its pre-surgery level
during the late reperfusion phase (at 9 h in mice and at 6 h in rats). It
then decreased by 24 h.

In a classical study that used carbon-14 autoradiography in imma-
ture rats, blood flow to individual structures in the ipsilateral cerebral
hemisphere was not affected by unilateral arterial occlusion alone
(Vannucci et al., 1988). During the HI insult, the regional CBF of the
ipsilateral hemisphere decreased. In a subsequent study, the re-
searchers found that the CBF was similar in both hemispheres after
30min, 4h, and 24 h of recovery, and that the CBF did not differ
from age-matched controls (Mujsce et al., 1990).

Most non-invasive studies measure CBF only until the early re-
perfusion phase; however, one LDF study measured CBF changes oc-
curring from before surgery until 24h after an HI injury in
immature rodents (Wainwright et al., 2007). The CBF in the ipsilat-
eral hemisphere was significantly decreased after carotid artery
ligation alone and at 2 h after the HI insult, compared with the
pre-surgery level. The CBF level then slowly returned to its pre-
surgery level. On the other hand, the CBF in the contralateral hemi-
sphere increased during reperfusion, before normalizing 24 h after

the HI insult. Using the magnetic resonance arterial spin-labeling
technique, Qiao et al. (2004) measured CBF prior to hypoxia, during
hypoxia, and 1 h and 24 h after hypoxia in P7 rats with an HI injury.
Following carotid artery occlusion and prior to hypoxic exposure,
the cortical CBF levels were reduced, compared with the levels in
the sham animals. At 1 h of reperfusion (i.e., after the cessation of
hypoxia), the CBF approached levels close to the pre-hypoxic expo-
sure levels. At 24 h of reperfusion, the CBF in the ipsilateral cortex
further recovered, although the flow was still below that of the
sham animals. These two reports are mostly in accordance with
our data.

The apparent conflicting results of our study with studies using
autoradiography may be because of the different techniques and re-
gions used to measure CBF. We measured the CBF on the cortical sur-
face, while the other researchers used coronal sections. The CBF was
measured with a diffusible indicator in the other studies. A diffusible
indicator is more representative of plasma flow (Mujsce et al., 1990),
whereas LSF and LDF reflect red blood cell flow in the brain surface.
Even among studies using the same CBF measuring techniques,
there are conflicting reports.

The intensity of an HI insult may also explain the discrepancy of
the reported data on CBF during reperfusion (Karlsson et al., 1994;
Todd et al., 1986). Mild to moderate ischemia is followed by an ini-
tial period of hyperperfusion; a severe insult is followed by hypo-
perfusion (Fellman and Raivio, 1997). In adult rats with ischemia,
it has been shown that the degree of postischemic hypoperfusion
increases with increasing duration of ischemia, while the onset of
postischemic hypoperfusion is delayed with increasing duration of
ischemia. The mechanisms of hypoperfusion have been variously
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ascribed to endothelial injury and swelling, to granulocytic plug-
ging of microvessels, and to intravascular clotting (Fellman and
Raivio, 1997).

The temporal profiles of CBF after an HI insult were similar in mice
and rats, although there were some differences. Apart from species
differences, differences in the intensity of the HI insult may have
influenced the results. The degree of brain injury was more severe
in the mice than in the rats, even though we had tried to optimize
the duration of the hypoxic exposure to obtain a similar degree of
brain injury, to obtain a similar percentage of pups with no obvious
brain lesion, and to obtain a similar mortality rate in each species.
Another factor that may have influenced the differences is that the
CB17 mouse is a strain in which there are few variations in the MCA
branches (Taguchi et al., 2010).

Predicting later brain injury by CBF and reducing animal variability

Animal models of ischemic disease show a heterogeneous degree
of brain injury. This lesion variability is highlighted by animals that
do not develop any lesion, despite proper surgical procedures.
These animals with an intact brain are seen in HI models and in
stroke models that use transient occlusion of the MCA (Derugin
et al., 2000; Wendland et al,, 2008) or that use permanent occlusion
of the MCA (Bonnin et al, 2011) and carotid artery (Comi et al,
2005). To offset this animal variability, we examined CBF during re-
perfusion to see if it could be utilized as a predictive factor for later
brain injury. The correlation between CBF and later brain injury was
significant in mice (R2=0.89) and in rats (R2=0.35). The strong
correlation in mice in the current study is remarkable when com-
pared with other measures in literature. It is even stronger than
the coefficient of determination for the cortex (R2=0.83), which
was assessed by MRI (using the 94T system) and Nissl-stained his-
tology (Ten et al., 2004). MRI and histological examinations were
performed at the same time point (i.e., 10 weeks after the HI insult).
(In our study, the CBF was analyzed hours after the HI insult and a
histological examination was performed seven days after the HI in-
sult. The correlation is nevertheless stronger in our study than in
the MRI study.) The present study interestingly demonstrated that
the cortical surface CBF, as measured by LSF, was well correlated
with later injury in deep brain structures, such as the hippocampus
and thalamus.

We believe that CBF, as measured by LSF, can be used in preclinical
research with rodents in two different ways. First, the LSF technique
optimizes the extent of brain injury by excluding a portion of pups
with no lesion or excluding pups with a massive lesion. Second, the
LSF technique enables the analysis of the effect of an intervention
on temporal and spatial changes in CBF, so that the mechanisms of
neuroprotection (in relation to the CBF) can be assessed.

We examined how effectively pups with no brain lesion or mini-
mal brain lesion can be excluded by using CBF analysis. In the present
study, there were seven mouse pups with no lesion or a minimal le-
sion, which was defined as an ipsilateral/contralateral hemispheric
volume ratio greater than 0.90. With the ipsilateral/contralateral
Core CBF ratio cut-off value set at 0.78 at 24 h of reperfusion, nine
pups out of 22 pups were excluded. Using this criterion, all seven
mouse pups with no lesion or a minimal lesion were accurately ex-
cluded. (Therefore, the sensitivity was 100%; and the specificity,
87%). There were seven rat pups with no lesion or a minimal lesion.
In rats, a minimal lesion was defined as an ipsilateral/contralateral
hemispheric volume ratio greater than 0.95. With the ipsilateral/
contralateral Core CBF ratio cut-off value set at 0.90 at 6 h of reperfu-
sion, the sensitivity was 57% and specificity was 65% for excluding
pups with no lesion or a minimal lesion.

A limitation of this method is that excluding pups with no lesion
may not be practical at an early time point. Most therapeutic inter-
ventions tested in experimental models are administered either
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before or immediately after an HI insult. In the mice in the current
study, the correlation between later brain injury and the Core CBF
after reperfusion remained strong at 2.5h (R2=0.36) and at 6 h
(R2=0.73). However, the correlation at 0h (R2=0.05) and at 1h
(R2=0.15) was weaker than at later time points, and therefore was
not useful for predicting brain injury. This was the same trend
noted in rats.

Cell therapies such as umbilical cord blood mononuclear cells or
mesenchymal stem cells derived from bone marrow have recently
been shown to be effective treatments in ischemic models (Taguchi
et al,, 2004; van Velthoven et al., 2010). The cells are administered
days after a brain injury. Our method of using CBF to predict brain
injury would be particularly useful in studies in which interventions
such as cell therapy are administered some time after the brain
injury.

The graph with linear regression in Fig. 5 shows that a relationship
is evident between neuroprotection and CBF. A flattened slope of lin-
ear regression indicates that neuroprotection is independent of CBF.
By contrast, when the line is unchanged and the data points shift
toward the right upper side of the line, neuroprotection would be
mainly the result of increased CBF after an intervention. In this way,
the mechanisms of the intervention, in relation to the CBF, can be
speculated. In the present study, a graph of the correlation between
CBF and brain injury shows that dexamethasone treatment shifted
the plots to the top (which indicates decreased brain injury), but
the treatment did not shift the plots horizontally (which indicates
no change in the CBF). This finding is in line with a previous study
that used carbon-14 autoradiography and showed that dexametha-
sone prevented cerebral infarction without affecting the CBF during
hypoxia in neonatal rats (Tuor et al., 1993). LSF can be used to test
speculations concerning the mechanisms of an intervention, regard-
less of the timing of the intervention.

Derugin et al. (2000) used diffusion-weighted MRI (DWI) in a
neonatal rat model with transient MCA occlusion to offset animal var-
iability. DWI performed 24 h after reoxygenation, predicted the histo-
logical development of a lesion seven days after an ischemic insult in
nine of 10 rats studied. They were not able to predict a lesion when
DWI was performed 2 h after the initiation of reoxygenation. DWI
did not detect a lesion in three rats at 2 h or at 24 h after the Hl insult;
however, one of these three rats developed a brain injury (Wendland
et al., 2008).

Bonnin et al. (2011) used color-coded pulsed Doppler ultrasound
imaging to assess CBF in a neonatal rat model that used permanent
MCA occlusion with transient left common carotid artery occlusion.
They measured the mean blood-flow velocity in the internal carotid
arteries and the basilar trunk at three time points: before arterial oc-
clusion, during the left common carotid artery occlusion, and 15 min
after reperfusion. The mean blood-flow velocity during the transient
occlusion showed a predictive value for brain injury. To our knowl-
edge, there are no other reports demonstrating useful predictive pa-
rameters for brain injury after an HI insult in immature rodents. We
believe that our LSF method is a useful and easy-to-perform way
to predict later brain injury. By contrast, MRI is a time-consuming
technique to perform, and color-coded pulsed Doppler ultrasound
imaging may require trained hands, especially when examining im-
mature rodents.

Clinical studies in CBF after HIE

The data of temporal changes in CBF in asphyxiated neonates dur-
ing the first day of life are scarce and contradictory. Most studies
using MR, single photon emission tomography, or positron emission
tomography assess CBF several days or weeks after birth (Rosenbaum
et al.,, 1997).

In some studies, decreased CBF during reperfusion indicated a
poor prognosis. One study used near-infrared spectroscopy (NIRS)
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to assess changes in cerebral hemodynamics (van Bel et al.,, 1993). In
neonates with an adverse outcome at one year of age, the cerebral
blood volume had been decreased during the first 12 h of life (com-
pared with the baseline value), suggesting a decrease in cerebral
perfusion. Kirimi et al. (2002) used ultrasonography to assess the he-
modynamic parameters of the MCA during the first 12 h of life in term
neonates with HIE. The peak systolic velocity and the end diastolic ve-
locity were significantly lower (and the resistive index was signifi-
cantly higher) in neonates with a poor prognosis than in neonates
with a good prognosis. By contrast, the cerebral blood volume was
stable or increased during the first 12 h of life in infants with a normal
one-year outcome.

In other studies, increased CBF during reperfusion indicated a
poor prognosis. In asphyxiated term neonates, the global CBF during
the first day of life was assessed by using the intravenous xenon 133
technique (Pryds et al,, 1990). The mean CBF in infants with a poor
prognosis was significantly higher than the mean CBF in infants
with a good prognosis or in the control infants. Using Doppler ultra-
sonography, Ilves et al. (1998) assessed changes in CBF velocity in
the major cranial arteries. Asphyxiated infants with a moderate
stage of HIE had a significantly low CBF velocity (i.e., hypoperfusion)
in the MCA at the age of 12 h. From the age of 24 h onward, there
were no differences in the mean CBF velocity in these infants, com-
pared with the CBF velocity in normal infants. Infants with a severe
stage of HIE had a significantly high CBF velocity (i.e., hyperperfu-
sion) in the MCA from the age of 12 h onwards. All of the infants
that had a severe stage of HIE and a markedly high mean CBF veloc-
ity at the age of 12 h either died or developed multicystic degenera-
tion of the brain.

Conclusions

Our major finding is that the degree of the CBF during the late
reperfusion phase is strongly associated with the extent of later
morphological brain damage. Using LSF to analyze CBF reduces an-
imal variability, thereby reducing the number of animals that need
to be used. Conflicting results in reports suggest that hemodynamic
responses to an HI insult are sensitive to the severity and the du-
ration of the insult; the time points and regions measured; and
the strains and species of animals used. Because of this sensitivity,
an easy and repeatable technique is crucial in assessing the CBF in
animals with an HI insult. We believe that our LSF method is useful
for studies using immature rodents with an HI insult and stroke.
We also believe that this method would make detailed analyses
possible.
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Cilostazol Reduces the Risk of Hemorrhagic Infarction After

Administration of Tissue-Type Plasminogen Activator in a
Murine Stroke Model

Yukiko Kasahara; Takayuki Nakagomi, MD; Tomohiro Matsuyama, MD;
David Stern, MD; Akihiko Taguchi, MD

Background and Purpose—Prior use of antiplatelet agents improves stroke outcome in patients undergoing thrombolytic
therapy as shown by reduced arterial reocclusion, although the risk of cerebral hemorrhage can be increased.

Methods—The effect of cilostazol, an antiplatelet drug that improves endothelial function through upregulation of
intracellular cAMP, on cerebral hemorrhage after thrombolytic therapy was investigated using a highly reproducible

transient ischemia model.

Results—Treatment with cilostazol for 7 days before ischemia significantly suppressed the risk and severity of cerebral
hemorrhage after injection of tissue-type plasminogen activator, although treatment with aspirin had no such protective
effect compared with nontreated mice. Immunohistological analysis revealed that treatment with cilostazol suppressed
disruption of the microvasculature in the ischemic area associated with reduced matrix metalloproteinase-9 activity.

Conclusions—Our results suggest that patients treated with cilostazol before onset of stroke could have a lower risk
of cerebral hemorrhage after thrombolytic therapy and might also have a longer therapeutic time window for
thrombolysis. Furthermore, the risk of cerebral hemorrhage can be significantly altered by prestroke therapies, and
analysis of the effects of multiple drugs on tissue-type plasminogen activator-induced cerebral hemorrhage in
animal models is essential for the extending safe and effective thrombolytic therapy to a wider group of patients.

(Stroke. 2012;43:499-506.)

Key Words: antiplatelet drugs m brain ischemia m ICH m murine model m thrombolysis

Intravenous thrombolysis with tissue-type plasminogen ac-
tivator (tPA) has been shown to improve functional out-
comes of patients with stroke when given within 3 hours from
the onset of stroke.!:2 However, treatment with tPA signifi-
cantly increases the risk of bleeding events, including hem-
orrhagic infarction.®* Although a number of clinical studies
indicate that prior use of antiplatelet agents increases the risk
of cerebral hemorrhage after thrombolytic therapy,>7 the use
of antiplatelet agents had been shown to improve stroke
outcome compared with patients without such therapy.®° The
beneficial effects of antiplatelet drugs may be attributed to
improved microcirculatory function and diminished reocclu-
sion after tPA treatment, the latter observed in 20% to 34% of
patients after initially successful recanalization.’®!! Reocclu-
sion after tPA treatment is induced, at least in part, by the
activation of the coagulation cascade by tPA.1213 These
findings indicate that the use of antiplatelet drugs is poten-
tially a double-edged sword in the context of tPA treatment;
that is, use of antiplatelet agents is likely to be beneficial for

stroke outcome despite increased risk of hemorrhagic infarc-
tion. Consistent with these findings, a randomized controlled
trial in the Netherlands has shown that thrombolysis in
combination with antiplatelet drugs prevented reocclusion
and improved the clinical outcome.!#

Recently, cilostazol, an antiplatelet drug that inhibits the
activity of cAMP phosphodiesterase Type 3, has been shown
to be superior to aspirin for secondary prevention of stroke
with fewer hemorrhagic events.!> Compared with other anti-
platelet drugs, cilostazol is known to have milder hemor-
rhagic side effects'é and prevent the increase in bleeding
time.'” In this study, we focused on cilostazol and investi-
gated its effect on hemorrhagic infarction after treatment with
tPA using a murine ischemia—-reperfusion model.

Materials and Methods
All procedures were performed under the auspices of an approved
protocol of the National Cerebral and Cardiovascular Center Animal
Care and Use Committee.
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Induction of Focal Cerebral Ischemia

To evaluate the effect of cilostazol on tPA-induced hemorrhagic
infarction, we developed a highly reproducible murine transient
cerebral ischemia model based on modification of our previous
method.’® In brief, the left middle cerebral artery (MCA) was
isolated in male 7-week-old CB17/Icr mice (Clea, Tokyo, Japan)
under halothane inhalation (3%) anesthesia and transient focal
cerebral ischemia was induced under direct vision by transiently
occluding the distal portion of the left MCA with a monofilament
nylon suture (7-0 in size; Tyco) for 90, 120, 180, or 240 minutes.
During surgical procedures, rectal temperature was monitored and
controlled at 37.0+0.2°C by a feedback-regulated heating pad.
Cerebral blood flow in the MCA area was monitored as described.?®
All mice showed a >75% decrease in cerebral blood flow rapidly
after occlusion and restored cerebral blood flow (>0%) soon after
reperfusion compared with before transient ligation of the MCA. tPA
(10 mg/kg body weight in 0.1 mL saline; Mitsubishi Tanabe
Pharmaceutical Co, Tokyo, Japan) was infused through the tail vein
just before reperfusion. In sham-operated controls, the same proce-
dure was used and intravenous saline (same volume) was injected in
place of tPA.

Drug Administration

Mice were fed cilostazol (0.3% in the diet; Otsuka, Tokushima,
Japan), aspirin (0.1% in the diet; Eizai, Tokyo, Japan), or a normal
diet for 7 days before induction of ischemia. Doses of cilostazol and
aspirin were determined according to previous reports.20-22 tPA (10
mg/kg) was administered through the tail vein just before reperfu-
sion. The dose of tPA was determined according to previous
reports.?324

Assessment of Hemorrhage and Infarction

Hemorrhagic infarction was evaluated at 24 hours after induction of
ischemia as described previously.?526 Briefly, coronal forebrain
sections (1 mm thick) were stained with 1% 2,3,5-triphenyltetrazo-
lium (Sigma-Aldrich, St. Louis, MO) for 20 minutes at 37°C and
fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS; pH
7.4). Infarct volume was measured using a microscopic digital
camera system (Olympus, Tokyo, Japan) as described previously.?”
Briefly, the 2,3,5-triphenyltetrazolium-positive area of each hemi-
sphere was estimated using National Institutes of Health Image
software (Version 1.62), and volume of the surviving/viable tissue

120

180 240

Ischemic time {minutes)

was calculated by integrating the overall coronally oriented area.
Percent stroke volume was evaluated by [(contralateral hemisphere
volume)—(infarcted hemisphere volume)]/[(contralateral hemi-
sphere volume)X2]X100%.

The severity of cerebral hemorrhage was quantified by investiga-
tors who were not informed regarding the experimental protocol and
identity of samples under study, as described previously?82°: non-
hemorrhage (Score 0); hemorrhagic infarction Type 1 (HI-1), de-
fined as heterogeneous small petechiae, generally along the bound-
ary of the infarct (Score 1); hemorrhagic infarction Type 2 (HI-2),
with more confluent petechiae within the infarcted area (Score 2);
parenchymal hemorrhage Type 1 (PH-1), characterized by hema-
toma covering <30% of the injured parenchyma (Score 3); and
parenchymal hemorrhage Type 2 (PH-2) with dense hematoma in
>30% of the infarct (Score 4). Examples of each score are
demonstrated in Figure 1B (no mouse showed PH-2 in our
experiment).

Immunohistochemistry
Twenty-four hours after reperfusion, mice were deeply anesthetized
with sodium pentobarbital and perfused transcardially with saline
followed by 4% paraformaldehyde. Forebrain coronal sections
(20 pm) were prepared using a vibroslicer (Leica, Wetzlar, Ger-
many) and immunostained with antibodies to platelet endothelial cell
adhesion molecule 1 (PECAM-1; BD Pharmingen, San Jose, CA;
dilution 1:500), lectin (Invitrogen, Carlsbad, CA; 1:50), and matrix
metalloproteinase (MMP)-9 (Santa Cruz Biotechnology, Santa Cruz,
CA; dilution 1:100) using standard immunohistochemical proce-
dures. Anti-PECAM-1 and lectin were visualized by the 3,3'-
diaminobenzidine method. Alexa488 or AlexaS55 antibody was used
as the secondary antibody for anti-MMP-9 and PECAM-1. Vascular
density was evaluated using anti-PECAM-1 antibody as described
previously.?”

Briefly, the number of PECAM-1-positive vascular structures in
the anterior cerebral artery area (border of cerebral ischemia;

~ approximately 0.5 mm from the border of infarction), MCA area

(stroke area), and contralateral cortex at the exact center of the
forebrain section was counted by investigators who were not
informed regarding the experimental protocol and identity of sam-
ples under study (3 random fields in each section were scored and the
area of each field was 0.12 mm?). Sections stained with antilectin
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Figure 2. Administration of cilostazol reduced the risk of cerebral hemorrhage after tPA treatment. A, Mice fed a cilostazol-containing
diet for 7 days before ischemia showed significantly reduced risk of cerebral hemorrhage after 90 and 120 minutes ischemia with tPA
injection compared with mice fed a normal diet. B-C, The distribution of each hemorrhagic severity is shown in B. Quantitative analysis
revealed reduced severity of cerebral hemorrhage in mice fed cilostazol after 90 and 120 minutes of ischemia with tPA injection com-~
pared with mice fed a normal diet (C). *P<<0.05 vs normal diet control (A, C). N=8, in each group. tPA indicates tissue-type plasmino-

gen activator.

were counterstained with Mayer hematoxylin solution (Wako,
Osaka, Japan).

Gelatin Zymography

The level of MMP-9 in the ischemic brain was evaluated by gelatin
zymography, as described previously.?? Briefly, at 24 hours after
reperfusion with injection of tPA, brain tissue from the ipsilateral
ischemic and contralateral nonischemic hemispheres was removed
and homogenized in lysis buffer (CelLytic MT; Sigma). After
centrifugation at 500 g for 10 minutes, supernatant was collected and
protein concentrations were measured by the Bradford assay (Bio-
Rad). Protein samples (35 pg/pl) were mixed with 2X zymogram
sample buffer (TEFCO, Tokyo, Japan) and loaded onto 10%
Zymogram-PAGE mini (TEFCO). After electrophoresis, the gel was
stained with Coomassie blue R-250 according to the manufacturer’s
protocol (ZYMOGRAM buffer kit; TEFCO). Gel images were
captured using a digital camera (Olympus, Tokyo, Japan) with
reversed brightness, and the intensity of each band was quantified
with National Institutes of Health Image.

Data Analysis

Statistical comparisons among groups were determined using the
Kruskal-Wallis test to compare with controls. Data are expressed as
mean=*SE.

Results

Administration of tPA Increases the Risk of
Cerebral Hemorrhage After Transient Ischemia

To confirm the increased risk of cerebral hemorrhage after
administration of tPA, transient ischemia was induced and
tPA or PBS was injected just before reperfusion. The inci-
dence and degree of hemorrhagic infarction were evaluated at
24 hours after reperfusion. As shown in Figure 1A, the

incidence of hemorrhagic infarction was significantly in-
creased with tPA injection after 90, 120, and 180 minutes of
transient ischemia, although no significant increase was
observed after 240 minutes ischemia. To investigate the
severity of hemorrhagic infarction, degrees of hemorrhage
were scored according to 5 subtypes, as described previ-
ously.?8:2° In our experimental groups, no mice showed PH-2
(Grade 4). Representative photographs of hemorrhage sub-
types are shown in Figure 1B. It is notable that none of the
mice that received PBS before reperfusion showed parenchy-
mal hematoma (Grade =2) after 90, 120, and 180 minutes
transient ischemia (Figure 1C). In contrast, mice receiving
tPA showed PH even after 90 minutes ischemia. In both
treatment groups, more than half of the mice showed PH after
240 minutes ischemia. Quantitative analysis revealed a sig-
nificant increase in hemorrhagic score in mice treated with
tPA at 90, 120, and 180 minutes after transient ischemia
compared with PBS-treated groups (Figure 1D). The volume
of infarcted tissue at 24 hours, consequent to 90 minutes
ischemia to induce stroke, was evaluated. There was no
significant difference in percent stroke volume between
treatment with tPA and PBS (13.8%*1.1% and
13.7%+0.8%, respectively; P=0.96).

Cilostazol Reduced the Risk of tPA-Induced
Cerebral Hemorrhage

To evaluate the risk of cilostazol on tPA-induced cerebral
hemorrhage, mice were fed cilostazol for 7 days and transient
ischemia was induced followed by injection of tPA. Contrary
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to our initial expectation, the incidence of cerebral hemor-
rhage was significantly reduced on administration of cilosta-
zol in mice after 90 and 120 minutes of transient ischemia,
although no significant difference was observed after 180 and
240 minutes (Figure 2A). Figure 2B shows the distribution of
severity in each group. It is notable that all of the mice fed
cilostazol before injection of tPA showed no or mild hemor-
rhage (score O or 1) after 90 or 120 minutes ischemia.
Quantitative analysis using the hemorrhagic score revealed a
significant reduction of severity in mice pretreated with
cilostazol at 90 and 120 minutes after transient ischemia
compared with the nontreated group (Figure 2C). However,
no statistical difference in the severity was observed between
groups after 180 or 240 minutes of transient ischemia.

Aspirin Did Not Reduce the Risk of tPA-Induced
Cerebral Hemorrhage '

Aspirin is known to increase the risk of cerebral hemor-
rhage.>230 To investigate its effect on tPA-induced cerebral
hemorrhage, mice were treated with aspirin for 1 week and
transient ischemia was induced (90 minutes). The results
displayed no significant reduction or increase in the incidence
of cerebral hemorrhage on treatment with aspirin compared
with normal controls (Figure 3A). Analysis of severity using
the hemorrhagic score also revealed no significant change
between the aspirin-treated and normal diet groups (Figure
3B-C). Although the incidence of hemorrhage was dependent
on the time to reperfusion, these results indicate that aspirin
has a nonsignificant effect on reduction of tPA-induced

cerebral hemorrhage after 90 minutes of transient ischemia,
whereas cilostazol had significant protective effects.

Cilostazol Prevented the Degradation of
Cerebrovasculature After Transient Ischemia and
Administration of tPA

To investigate mechanisms underlying the protective effect of
cilostazol pretreatment on cerebral hemorrhage, morpholog-
ical changes in cerebromicrovasculature were investigated at
24 hours after induction of transient ischemia (90 minutes).
Immunohistological analysis revealed a decrease in PECAM-
1-positive microvasculature at the border of cerebral ischemia
after transient ischemia with tPA injection compared with the
contralateral cortex (Figure 4A, contralateral; Figure 4B;
ipsilateral). In contrast, pretreatment with cilostazol pre-
vented the reduction in PECAM-1-positive microvasculature
(Figure 4C). These impressions were confirmed by quantita-
tive analysis of PECAM-1-positive vascular density (Figure
4D). PECAM-1 is known to be important for survival,
migration, and functional organization of endothelial cells,
and our data indicate a beneficial effect of cilostazol on the
preservation of these endothelial functions at the border of the
stroke. In contrast, pretreatment with aspirin had no effect on
the preservation of microvasculature (Figure 4E-F).

Next, we investigated possible degradation of cerebrovas-
culature in the stroke area with antilectin antibody, a marker
of vascular morphology.?’ At 24 hours after transient ische-
mia (90 minutes) with tPA injection, a marked dissociation of
microvasculature was observed in the ischemic brain in mice
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Figure 4. Pretreatment with cilostazol prevented cerebrovascular disruption after transient ischemia with tPA injection. A-D, Represen-
tative micrographs of cerebral cortex from the stroke-affected area in mice fed a normal diet (A, contralateral; B, ispilateral) or cilostazol
(B) at 24 hours after ischemia. Quantitative analysis confirmed significant preservation of microvasculature by pretreatment with cilosta-
zol compared with a normal diet alone (D). E-F, Representative micrographs of the stroke-affected cortex in mice pretreated with aspi-
rin (E). No significant change in vascular density was observed between normal diet and aspirin-treated groups (F). G=J, Immunohisto-
chemical staining with lectin at 24 hours after induction of ischemia. In contrast to the contralateral cortex (G), disruption of cerebral
vascular structures was observed in stroke-affected cortex in mice fed a normal diet (H). Treatment with cilostazol had a protective
effect on the cerebral vasculature (l), although no such effect was observed by treatment with aspirin (J). *P<0.05 vs normal diet con-
trol (D). N=4, in each group. Scale bars, 100 um (A) and 20 um (G). tPA indicates tissue-type plasminogen activator.

fed a normal diet (Figure 4G, contralateral; Figure 4H,
ipsilateral). In contrast, preservation of vascular structure in
the stroke area was observed in mice pretreated with cilosta-
zol (Figure 4I). Similar to the results obtained with anti-
PECAM-1 antibody, the pretreatment with aspirin had no
protective effect on degradation of cerebrovasculature at the
poststroke area (Figure 47).

Cilostazol Prevented Activation of MMP-9 in the
Poststroke Cortex

Activation of MMP-9 is well known to cause the deteriora-
tion of tight junctions and basement membranes.>>3* To
investigate activation of MMP-9 in the vasculature in the
poststroke cortex, brain sections were costained with anti-
PECAM-1 and anti-MMP-9 antibodies. Although no MMP-
9-positive vascular structures were observed in the contralat-
eral cortex (Figure SA~C), MMP-9-positive vasculature was
observed in the poststroke cortex in control mice (Figure
5D-F). In contrast, no MMP-9-positive vasculature was
observed in mice pretreated with cilostazol (Figure 5G-I). In
contrast, pretreatment with aspirin did not prevent activation
of MMP-9 in the poststroke cortex (Figure 5J-L). To confirm
these results, protein samples were extracted from each brain
and MMP-9 activity was investigated by zymography. Con-
sistent with results obtained by immunohistologic analysis,
suppressed expression of MMP-9 activity was observed with
pretreatment with cilostazol compared with pretreatment with
aspirin (Figure SM-N).

Discussion
In this study, we have demonstrated that treatment with
cilostazol for 7 days before induction of cerebral ischemia
significantly reduced the hemorrhagic risk accompanying
tPA injection and was associated with suppressed MMP-9
activity in stroke vasculature (and its endothelium).

Thrombolysis with tPA after stroke is associated with an
increased risk of hemorrhagic transformation.33-35 In addition
to endothelial cell injury caused by reperfusion after transient
ischemia, tPA is known to induce disruption of the blood-
brain barrier.233637 Consistent with these reports, administra-
tion of tPA after 90, 120, or 180 minutes of transient ischemia
significantly increased the risk of cerebral hemorrhage, com-
pared with PBS-injected mice, in our experimental model.
Because of the homogeneity of cerebral vascular structure/
organization between animals in CB-17 mice, the ischemia
induced in this strain by transient occlusion of the MCA
under direct visualization produced a highly reproducible
ischemic area.?® Although thrombolytic effects of tPA cannot
be addressed in this model, these findings indicate the model
in CB-17 mice is suitable to evaluate the effect of drugs on
hemorrhagic transformation caused by tPA injection with
high reproducibility.

Intracerebral hemorrhage is associated with worse clinical
outcomes in the context of stroke.39:4° Prior use of antiplatelet
drugs remains a concern in terms of increasing the risk of
hemorrhage after tPA treatment.?® However, patients who
received aspirin for prevention of stroke showed better

Downloaded from http:// stroke.ahaj2c>5ulrnals.org/ by guest on May 21, 2013



504 Stroke

February 2012

Normal
diet

100kD->

75kD->

|
Cilostazol Aspirin Contraiaterai

2 .

[

Ratio of MMP-9 activity
{vs normal diet}
©
w

o

Cilostazol Aspirin
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(G-1). Pretreatment with aspirin did not change the expression of MMP-9 in the microvasculature in the stroke-affected cortex com-
pared with the normal diet (J-L). M-N, Representative photograph of zymogram. Suppressed activity of MMP-9 (105 kDa) was
observed with pretreatment with cilostazol, although no change was observed with aspirin (M). Reverse images were obtained and the
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mice pretreated with cilostazol compared with mice pretreated with aspirin (N). *P<0.05 vs aspirin. N=3, in each group. Scale bar,
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sion molecule 1.

clinical outcomes after treatment with tPA, although some
studies reported increased risk of cerebral hemorrhage in
patients with aspirin compared with patients who did not
receive it.>%4142 This discrepancy can be attributed to reoc-
clusion of the artery after initial successful recanalization by
tPA,1011 which can be suppressed by antiplatelet drugs,
thereby improving outcome.'* Cilostazol is an antiplatelet
drug with additional effects, including improvement in func-
tion of vascular endothelium.*? It is known to be superior to
aspirin in terms of reduction of the risk of cerebral hemor-
rhage.'¢ Consistent with these previous reports, pretreatment
with cilostazol for 7 days before ischemia and subsequent
tPA administration significantly suppressed the occurrence/
extent of cerebral hemorrhage. In contrast, pretreatment with
aspirin had no effect on the risk of bleeding compared with
nontreated control mice. These findings suggest that patients
treated with cilostazol for prevention of ischemic diseases

would have a lower risk of hemorrhagic transformation after
thrombolytic therapy compared with nontreated or aspirin-
treated patients. Cilostazol-treated patients might be expected
to have a reduced risk of reoccluding the recanalized cerebral
artery compared with nontreated patients.

To extend the therapeutic time window for effective
thrombolytic therapy, the risk of cerebral hemorrhage must be
evaluated in individual cases. Our current study demonstrates
that the risk of cerebral hemorrhage can be significantly
modified by treatments administered before the onset of
stroke. However, the effects of other commonly used drugs
for patients with a high risk of stroke such as calcium channel
blockers, angiotensin receptor blockers, and statins are still
controversial.*+*> We believe that analysis of the effects of
multiple drugs on tPA-induced cerebral hemorrhage in ani-
mal models is essential for extending safe and effective
thrombolytic therapy to a wider group of patients, especially
for those beyond the current 3-hour window for treatment.
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Activation of MMP-9 in injured endothelial cells has been
suggested as a mechanism for tPA-induced cerebral hemor-
rhage?33746 in addition to direct injury due to ischemia-
reperfusion. MMP-9 activation enhances the permeability and
decreases structural integrity of the blood-brain barrier in
postischemic brain.??47 Our studies have shown that pretreat-
ment with cilostazol markedly reduced the expression of
MMP-9 in endothelial cells after injection of tPA and
suppressed degradation of cerebral vasculature in the ische-
mic brain. Our findings are consistent with a previous study
demonstrating that cilostazol decreased MMP-9 expression in
balloon-injured vasculature.*® Cilostazol is known to raise the
intracellular cAMP concentration in endothelial cells. In this
context, CAMP promotes functional integrity of tight junc-
tions between endothelial cells in the blood-brain barrier.49-50
The vasculoprotective effect of cilostazol was also shown in
other studies in which cilostazol suppressed endothelial
hyperpermeability by inhibiting redistribution of the actin-
based cytoskeleton3! and protected endothelial cells against
lipopolysaccharide-induced apoptosis by the activation of
MAP kinase.>? These findings indicate that the beneficial
effect of cilostazol on cerebral hemorrhage might be
achieved, at least in part, through suppression of endothelial
injury after thrombolysis with tPA injection. Consistent with
these findings, cilostazol-treated mice displayed retention of
vascular density in ischemic cerebral cortex after tPA treat-
ment, whereas aspirin did not prevent reduction in the number
of cerebral microvessels. In the current study, we used 1 dose
of cilostazol. Because both antiplatelet and vasculoprotective
activity of cilostazol are known to be dose-dependent,52->4
further study will be necessary to determine the optimal dose
of cilostazol to suppress cerebral hemorrhage after tPA
treatment.

In conclusion, our results suggest that treatment of patients
with cilostazol for prevention of stroke may have significant
merit with regard to suppressing the risk of hemorrhagic
transformation after thrombolytic therapy as well as reduc-
ing the risk of cerebral hemorrhage!’> compared with
treatment with aspirin. Furthermore, our data suggest that
the therapeutic time window of thrombolytic therapy using
tPA might be extended in patients treated with cilostazol.
Furthermore, antithrombotic treatment might be safely
started with cilostazol soon after injection of tPA to reduce
the incidence of reocclusion of the artery after initial
successful recanalization.
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ARTICLE INFO ABSTRACT

Progesterone and its metabolite, allopregnanolone, are neurosteroids that are present at high concentrations
in fetal brains that decrease right after birth. Allopregnanolone is a potent positive modulator of ~y-
aminobutyric acid A (GABA,) receptor function. We examined the effect of exogenous administration of
these steroids on hypoxic-ischemic encephalopathy in immature rats. Progesterone (10 mg/kg), allopregna-
nolone (10 mg/kg), or vehicle alone was intraperitoneally administered immediately before and then subcu-
taneously 6 h and 24 h after hypoxia-ischemia to postnatal day 7 (P7), day 14 (P14), and day 21 (P21) rats.
The effects of the treatments were evaluated using histological analyses (hemispheric volumes and semi-
Allopregnanolone quantitative scoring for neuropathologic injury). Both progesterone and allopregnanolone significantly ex-
Hypoxic-ischemic brain injury acerbated brain injury in P7 and P14 rats, but not in P21 rats. This detrimental effect was similar across the
GABA examined brain regions (the cortex, striatum, hippocampus, and thalamus) and showed no sex differences.
Immature rat Co-administration of the GABA, receptor antagonist, bicuculline, partially mitigated the exacerbating ef-
fect of allopregnanolone. Based on the similarity of the effects of these neurosteroids, we speculate that
progesterone accentuates neuronal injury mainly via the activity of allopregnanolone. The present study
indicates that the detrimental effects of allopregnanolone were, at least in part, mediated via GABAergic
neuroexcitability. This is in line with the notion that GABA is excitatory for immature neurons, while it
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Introduction

Fetuses physiologically experience hypoxic conditions because
they have a relatively low oxyhemoglobin saturation (65%) in their
cerebral circulation (du Plessis, 2009). Hence, we assumed that fe-
tuses might have innate mechanisms for coping with hypoxia and
possibly protect themselves from hypoxia-ischemia (HI) better than
children and adults. We hypothesized that certain compounds pre-
sent at higher concentrations in the brain during the fetal period
compared with other periods of life might have neuroprotective
properties against hypoxia. Neonatal HI encephalopathy is caused
by respiratory and/or circulatory insufficiency, and many survivors
have long-term cognitive dysfunctions, as well as cerebral palsy
(Lindstrom et al., 2006).

Abbreviations: HI, hypoxic-ischemic, hypoxia-ischemia; PROG, Progesterone;
ALLO, allopregnanolone; P, postnatal day; GABA,, y-aminobutyric acid A; ANOVA,
analysis of variance.
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Progesterone (PROG) and its metabolite, allopregnanolone (ALLO,
3a-hydroxy-5a-pregnan-20-one,  3a,5a-tetrahydroprogesterone),
are neuroactive steroid hormones that are also known as neuroster-
oids because they are synthesized de novo in the nervous system
(Belelli and Lambert, 2005). PROG and ALLO are present at high con-
centrations in the brains of fetal rats and sheep (Grobin et al., 2003,
Nguyen et al, 2003). These two neurosteroids are both supplied
from the maternal circulation and synthesized in the fetal brain.
Serum PROG and ALLO levels in pregnant women continue to in-
crease during pregnancy, with the highest levels at term, i.e., 10 to
100 times higher than during preconception (Luisi et al., 2000). The
levels of ALLO in umbilical cord blood are almost the same as those
in maternal blood (Hill et al., 2000), and these steroids easily pene-
trate the brain (Wang et al.,, 2010). The PROG and ALLO concentra-
tions in the fetal brain decrease right after birth, mainly due to the
loss of the maternal blood supply (Grobin et al,, 2003, Nguyen et al.,
2003). Given that the fetal brain is exposed to high levels of PROG
and ALLO, we hypothesized that these neurosteroids might have
some neuroprotective properties against hypoxia and that an exoge-
nous supply of these steroids might alleviate HI-induced brain injury
in immature subjects. Erythropoietin, for example, which is promi-
nent in the fetal brain, has shown to be neuroprotective in rodents
with HI injury when administered exogenously after birth, and is
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currently being tested for infants with HIE and for extremely-low
birth weight infants (Juul, 2000; McPherson and Juul, 2010).

Despite the appeal of the hypothesis that compounds present at
high concentrations in the fetal brain could have neuroprotective
properties, there is a critical concern regarding the use of PROG and
ALLO in immature animals and humans. ALLO acts as a potent positive
modulator of y-aminobutyric acid A (GABA4) receptors (Belelli and
Lambert, 2005). GABA depolarizes immature neurons and is excitato-
ry, while it hyperpolarizes mature neurons and is inhibitory (Ben-Ari
et al.,, 2007). Therefore, PROG and ALLO treatment could potentially
exacerbate neonatal HI encephalopathy through a neuroexcitatory
mechanism involving GABA, receptors.

To our knowledge, no study has examined the effect of an exoge-
nous supply of PROG or ALLO on immature animals with brain injury.
The purpose of this study was to examine the effects of PROG and
ALLO on immature rats with Hl-induced brain injury.

Materials and methods
Hypoxia-ischemia

Seven-day-old (P7; experimental paradigm), 14-day-old (P14),
and 21-day-old (P21) Wistar rat (Japan SLC, Hamamatsu, Japan)
pups were prepared for surgery. All experiments were performed in
accordance with protocols approved by the Experimental Animal
Care and Use Committee of the National Cerebral and Cardiovascular
Center. Rats were subjected to a modified Rice~Vannucci procedure
to produce HI injury. The Rice-Vannucci model combines permanent
ligation of the unilateral carotid artery with exposure to hypoxia for
several hours in 7-day-old rat pups and has been widely used for nu-
merous studies on the pathogenesis of HI injury (Rice et al., 1981;
Johnston et al., 2005). The brain of newborn rats cannot be damaged
by either anoxia alone or unilateral carotid artery ligation alone (Rice
et al., 1981). Briefly, under isoflurane anesthesia (4.0% for induction
and 1.5 to 2.0% for maintenance), the left carotid artery was perma-
nently occluded. After a 1-2 h recovery period, the P7, P14, and P21
rats were subjected to hypoxia (8% oxygen and 92% nitrogen, at
33.0 °C) for 120, 80, and 50 min, respectively. The duration of the
hypoxic exposure was optimized to obtain a similar degree of brain
injury in each group as assessed by hemispheric volume and neuro-
pathological scores. After 1h recovery in a temperature-controlled
incubator, rats were returned to the dams until sacrifice.

Drug administration

PROG (Sigma-Aldrich, St. Louis, MO) and ALLO (Calbiochem/EMD
Biosciences, San Diego, CA) were dissolved in 22.5% (2-hydroxypro-
pyl)-R-cyclodextrin. Bicuculline (Sigma-Aldrich, St. Louis, MO) was
dissolved in hydrochloric acid and then titrated to pH 5.2 by adding
sodium hydroxide and phosphate-buffered saline (PBS). A total of
five different experimental groups were used: regular dose paradigm
in P7, P14, and P21 rats, low dose paradigm in P7 rats, and bicuculline
paradigm in P7 rats. Ten to fourteen littermates, both males and fe-
males, were randomly assigned to one of three or four different treat-
ment groups. As sex differences were designed to be assessed in
Experiment 1 (P7), double the number of littermates was assigned
to each treatment group, so that each sex group consisted of approx-
imately 10 pups. As four different treatment groups were assessed in
Experiment 3 (P7), 14-20 pups were used.

Experiment 1 (P7): To produce physiological prenatal levels of the
two steroids in P7 rats (the level of brain maturation in P7 rats is gen-
erally considered comparable to that of PO human neonates (Dobbing
and Sands, 1979), although other authors have suggested that P12-13
rats fulfill this criterion (Romijn et al,, 1991) (Clancy et al, 2007)),
PROG and ALLO were each administered at a dose of 10 mg/kg body
weight (5mg/ml) immediately before the start of the hypoxic

2R7

exposure. To simulate the clinical situation of treating newborn
babies in the P7 rats, the steroids were administered 6 and 24 h
after the start of the hypoxic exposure. The first injections (immedi-
ately before hypoxia) were given intraperitoneally to ensure rapid
absorption, and the subsequent injections were given subcutaneously
for more gradual absorption. The vehicle was administered in the
same manner. This protocol is based on the one reported for neuro-
protective effects in adult rats with stroke (Jiang et al., 1996, Sayeed
et al., 2006), with minor modifications.

Experiment 2 (P7): In this protocol, ALLO was administered at a
dose of either 3 mg/kg or 1 mg/kg. Other than the dosage, the proto-
col was same as that used in experiment 1. The vehicle was also ad-
ministered in the same manner.

Experiment 3 (P7): Littermates were randomly assigned to one of
four groups: vehicle (PBS) -+ vehicle (B-cyclodextrin), bicuculline +
vehicle (RB-cyclodextrin), vehicle (PBS)+ALLO, or bicuculline +
ALLO. ALLO and the vehicle (B-cyclodextrin) were both administered
in the same manner as that described in experiment 1. The GABA, re-
ceptor antagonist, bicuculline (2 mg/kg), and its vehicle (PBS adjust-
ed to pH 5.2) were each administered intraperitoneally just before
and subcutaneously 6 h after each ALLO injection, for a total of 5 in-
jections (Fig. 1A). This protocol is based on one used previously to
study the effects of GABA, blockade in immature rats (Galanopoulou,
2008).

Experiments 4 (P14) and 5 (P21): The same protocol used in ex-
periment 1 was used for P14 and P21 rats.

Quantitative histological analysis

Seven days after the HI insult, the rats were deeply anesthetized
with an overdose of pentobarbital and perfused with saline followed
by 4% formaldehyde via the left ventricle. After perfusion, the brains
were removed and sectioned coronally into 2-mm slices using a rat
brain slicer (Neuroscience Inc., Tokyo, Japan). The area (mm?) of
the contralateral and ipsilateral hemispheres in each brain section
was measured using NIH Image software (Image], 1.43r). The hemi-
spheric volume of each brain was estimated by summing the hemi-
spheric area of the brain slices and multiplying by the section
interval thickness. The injury was evaluated in hematoxylin-eosin-
stained sections from four brain regions (cortex, striatum, hippocam-
pus, and thalamus). The system we previously developed for evaluat-
ing neuropathologic injury (Tsuji et al., 2004) was used in the present
study. Neuropathologic injury in the cerebral cortex was scored from
0 to 4 (0: no injury, 4: extensive confluent infarction). Neuropatho-
logic injury in the hippocampus, striatum, and thalamus was scored
from O to 6. The total score (0-22) was the sum of these ratings.
Both hemispheric volume measurement and neuropathological scor-
ing were assessed blindly.

Statistics

The effects of the neurosteroid treatment on the cerebral hemi-
spheric volumes were assessed using a two-way analysis of variance
(ANOVA) followed by Bonferroni's test. The injury scores were not
distributed normally, so differences in injury scores were assessed
using a Kruskal-Wallis test, followed by Dunn's multiple comparison.
Sex differences in the injury scores were assessed using Mann-Whit-
ney U test with Bonferroni's correction for multiple comparisons. The
death rate of the animals was analyzed using Fisher's exact test with
Bonferroni's correction for multiple comparisons. The differences in
body weight and in rectal temperature were analyzed using a one-
way ANOVA, followed by Bonferroni's test. Differences were consid-
ered significant at P<0.05. The results are presented as the mean +
standard error of the mean (SEM).



