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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, Immunochisto-
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 (1), 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 4J).

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.>* 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.335 In addition
to endothelial cell injury caused by reperfusion after transient
ischemia, tPA is known to induce disruption of the blood-
brain barrier.2336.37 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.3® 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.3*° Prior use of antiplatelet
drugs remains a concern in terms of increasing the risk of
hemorrhage after (PA treatment.®® However, patients who
received aspirin for prevention of stroke showed better
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Figure 5. Pretreatment with cilostazol suppressed activation of MMP-9 in vasculature in the poststroke cortex. A-L, Representative
micrographs of the contralateral (A—C) and ipsilateral cortex (D-L) at 24 hours after ischemia with tPA treatment (PECAM-1 [A, D, G,
red]; MMP-9 [B, E, K, green]; and merged image [C, F, L, yellow]). Although no expression of MMP-9 was observed in the microvascu-
lature of the contralateral cortex (A-C), expression of MMP-9 was observed in the ipsilateral cortex in mice pretreated with a normal
diet (D-F). In contrast, reduced expression of MMP-9 was observed in the stroke-affected cortex in mice pretreated with cilostazol
(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
ratio of activity between cilostazol or aspirin vs the normal diet was quantified. Significant reduction of MMP-9 activity was observed in
mice pretreated with cilostazol compared with mice pretreated with aspirin (N). *P<0.05 vs aspirin. N=3, in each group. Scale bar,

80 um (A). MMP indicates matrix metalloproteinase; tPA, tissue-type plasminogen activator; PECAM-1, platelet endothelial cell adhe-

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.594142 This discrepancy can be attributed to reoc-
clusion of the artery after initial successful recanalization by
tPA,'%'" 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.!6 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.#+45 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.32#7 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, cCAMP 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 cytoskeleton>! and protected endothelial cells against
lipopolysaccharide-induced apoptosis by the activation of
MAP kinase.52 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,52-54
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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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-
quantitative scoring for neuropathologic injury). Both progesterone and allopregnanolone significantly ex-
acerbated brain injury in P7 and P14 rats, but not in P21 rats. This detrimental effect was similar across the
examined brain regions (the cortex, striatum, hippocampus, and thalamus) and showed no sex differences.
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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is inhibitory for mature neurons.

© 2011 Elsevier Inc. All rights reserved.

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 (GABAA) 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 1 h 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)-B-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 (5 mg/ml) immediately before the start of the hypoxic

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 (B-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]j, 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 0 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 4
standard error of the mean (SEM).
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Fig. 1. [Exps. 1-3] Diagram of drug injections (A). Data from three experiments (Exps. 1-3) were pooled and analyzed together. Effects of progesterone (PROG; 10 mg/kg) and allo-
pregnanolone (ALLO; 10 mg/kg) administration in postnatal day 7 (P7) rats. Representative photographs of rat brains at 7 days after hypoxia-ischemia (Hi) (B). PROG and ALLO
reduced the ipsilateral hemispheric volume (C). A lower dose of ALLO (1 mg/kg) did not reduce the hemispheric volume (D). ** P<0.01, *** P<0.001. (vehicle n=42; PROG

n=22; ALLO, 10 mg n=28; ALLO, 3 mg n=10; ALLO, 1 mg n=10).

Results
PROG and ALLO exacerbate brain injury in P7 rats

First, the effect of PROG {10 mg/kg % 3) and ALLO (10 mg/kgx 3) ad-
ministration on P7 rats with Hl-induced brain injury was examined
[Exp. 1]. With respect to hemispheric volumes, two-way ANOVA revealed
a hemispheric difference and a treatment group difference. Ipsilateral
hemispheric volume was significantly reduced in the PROG-treated
group (271-£11 mm?) and the ALLO-treated group (29315 mm?)
compared with the vehicle-treated group (345 - 14 mm?) (Fig. 1B). Sec-
ond, the effect of the dose of ALLO administration on P7 rats with HI-
induced brain injury was examined [Exp. 2]. Two-way ANOVA did not re-
veal a dose difference, Because the vehicle-control groups in three exper-
iments with P7 rats [Exps. 1-3] did not differ from each other (two-way
ANOVA) with respect to hernispheric volumes, these data were pooled to-
gether into a single control group. The exacerbating effects of PROG and
ALLO were the same as the original analysis (Fig. 1C), and the effect of
the dose of ALLO became significant. The administration of 10 mg/kgx 3
ALLO or 3 mg/kgx3 ALLO, but not 1 mg/kgx 3 ALLO, significantly re-
duced the ipsilateral hemispheric volume compared with that of the
vehicle-treated group (Fig. 1D).

Based on the neuropathological scores, PROG (10 mg/kgx 3) sig-
nificantly exacerbated injury in all four regions examined, the cortex,
striatum, hippocampus, and thalamus (Fig. 2A). Although ALLO
(10 mg/kgx 3) increased the injury scores, its effect was not statisti-
cally significant in any of the four regions. Given that the mortality
rate was significantly higher in the ALLO-treated, but not the PROG-
treated group, than in the vehicle group (Table 1), ALLO may be det-
rimental in Hl-induced brain injury. The number of pups that died or
were severely injured with a neuropathological score greater than 10
was significantly higher in both the PROG- and ALLO-treated groups
compared with that in the vehicle-treated group (P<0.05, Fisher's
exact test with Bonferroni's correction) (Fig. 2B).

There were no sex differences in the effects of PROG or ALLO on ei-
ther evaluation of brain damage, i.e., hemispheric volume (data not
shown) or the neuropathological injury score (Fig. 2C).

GABA,4 receptor antagonism abolishes the exacerbating effect

To better understand the mechanism behind the exacerbation
caused by ALLO, bicuculline, a GABA, receptor antagonist, was co-
administered with ALLO to the rats [Exp. 3]. After pooling data from
the three P7 experiments [Exps. 1-3], two-way ANOVA revealed a
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Fig. 2. [Exp. 1] Effects of PROG (10 mg/kg) and ALLO (10 mg/kg) administration in P7 rats. The neuropathological injury score 7 days after HI in each region (A). PROG administra-
tion exacerbated Hl-induced brain injury in all four regions examined. The number of pups that died or were severely injured (i.e,, an injury score greater than 10) was significantly
higher in both the PROG and the ALLO groups when compared with the vehicle group (B). There was no sex difference in the effects of PROG or ALLO on total injury score (C).

* P<0.05, ** P<0.01, ™** P<0.001. (vehicle n=20; PROG n==22; ALLO n=18).

treatment difference in hemispheric volumes. Post hoc tests showed
statistical significance only for the comparison of ipsilateral hemi-
spheric volumes between the vehicle- and the ALLO-treated groups
and between the bicuculline- and the ALLO-treated groups (Fig. 3).
Ipsilateral hemispheric volumes in the bicuculline + ALLO-treated
group (312 + 13 mm?) were not significantly different from those of
the vehicle-treated group. In other words, ALLO treatment exacerbat-
ed ipsilateral hemispheric volume loss from 16.3% in control to 26.6%,
and bicuculline co-administration partially mitigated it to 18.6%. Ipsi-
lateral hemispheric volume loss was calculated as follow: (1~ (ipsi-
lateral volume/contralateral volume))x100%. The lack of any
statistically significant difference between the ALLO- and the bicucul-
line + ALLO-treated groups may result from the relatively higher
mortality rate in the ALLO-treated group (11/42) compared with
that in the bicuculline + ALLO-treated group (1/20) (P=0.08). Detri-
mental effects of ALLO may be underestimated, as only the surviving

Table 1

Mortality rates and the numbers of rats analyzed. The number of rats that died/the
number of rats subjected to hypoxia are indicated in the upper rows. The mortality
rate differed significantly between the allopregnanolone (ALLO; 10 mg/kg)-treated
group and other two groups in experiment 1 [Exp. 1] using postnatal day 7 (P7) rats.
Two males and five females out of 28 pups died in ALLO-10 mg group in Exp.1. Because
a few P7 pups were killed by their stressed dams, only the number of pups that died
during the hypoxia and the 1 h recovery period was analyzed. The number of males:fe-
males analyzed are indicated in the lower rows.

EXp. Exp. Exp. Exp. Exp.
1 2 3 4 5
P7 P7 P7 P14 P21
Vehicle 0/22 Vehicle 0/9 Vehicle + 1/15 Vehicle 1/14 0/12
10:10 7:2 vehicle 7:6 6:7 66
PROG 1/25 ALLO  0/10  Bicuc+ 0/19 PROG 1/12 3/14
10mg 11:11  3mg 5:5 vehicle 10:9 10mg 65 56
ALLO 7/28% ALLO  0/10  Vehicle+ 4/14 ALLO 113 3/13
10mg 9:9 1mg 5:5 ALLO 5:5 10mg 57 64
Bicuc + 1/20
ALLO
10:9

PROG: progesterone, Bicuc: bicuculline.
* P<0.05.

pups were analyzed. Likewise, the mitigating effects of bicuculline
may be underestimated in comparison with ALLO. The number of
pups that died or were severely injured, with a neuropathological
score greater than 10, was significantly lower in the bicuculline +
ALLO-treated groups (8/20) compared with that in the ALLO-
treated group (27/39); because a few P7 pups were killed by their
stressed dams, only the number of pups that died during the hypoxia
and the 1 h recovery period was analyzed.

PROG and ALLOQ are less detrimental in P14 and P21 rats

The effects of PROG (10 mg/kgx 3) and ALLO (10 mg/kgx 3) on HI-
induced brain injury in more mature rats, i.e., those at P14 [Exp. 4] and
P21 [Exp. 5], were examined. In rats subjected to Hl-induced injury at
P14, ipsilateral hemispheric volume was significantly reduced in the
PROG- (3468 mm3) and ALLO-treated (348 +10mm?>) groups

[ contralateral
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Fig. 3. [Exps. 1-3] Effects of the co-administration of a GABA, receptor antagonist, bicu-
culline (Bicuc; 2 mg/kg), with ALLO in P7 rats, Data from three experiments (Exps. 1-3)
were pooled and analyzed together. Co-administration of the GABA, receptor antago-
nist partially mitigated the effect of ALLO. Two-way analysis of variance and post hoc
tests showed statistical significance only for the comparison of ipsilateral hemispheric
volumes between the vehicle- and the ALLO-treated groups and between the
bicuculline- and the ALLO-treated groups. The ipsilateral hemispheric volumes in the
bicuculline + ALLO-treated group were not significantly different from those of the
vehicle-treated group. ** P<0.01. (vehicle n=42; Bicuc n=19; ALLO n=28; Bicuc+
ALLO n=19).
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Fig. 4. [Exps. 4, 5] Effect of PROG (10 mg/kg) and ALLO (10 mg/kg) administration in more mature rats. PROG and ALLO reduced the ipsilateral hemispheric volume in P14 rats (A)
but did not significantly alter the neuropathological injury score in any regions examined (B). * P<0.05. {vehicle n=13; PROG n==11; ALLO n=12). PROG and ALLO did not sig-
nificantly alter the hemispheric volume in P21 rats (C). (vehicle n=12; PROG n=11; ALLO n=10).

compared with that of the vehicle-treated group (37510 mm?)
(Fig. 4A). There was no difference in the neuropathological scores
among the three groups in any of the four regions examined (Fig. 4B).

In rats subjected to Hl-induced injury at P21, two-way ANOVA
showed no difference in hemispheric volumes between treatment
groups (P=0.109) (Fig. 4C).

Body temperature and weight

Rectal temperatures did not differ between the groups at any time
point before or up to 7 h after HI in any age group (data not shown).

Body weights on the day of HI did not differ significantly between
the treatment groups for each age group. The weight gain until the
day of perfusion (7 days after Hl) was significantly smaller in the P7
PROG-treated group than in the other P7 groups (table 2). The weight
gain did not differ among treatment groups in the P14 or P21 age
groups.

Discussion

Contrary to our initial hypothesis, our results clearly showed that
PROG and its metabolite, ALLO, can worsen HI-induced brain injury
in immature rats. To our knowledge, no study in brain injury models
has shown a consistent detrimental effect of either PROG or ALLO
using either immature or mature animals, with the exception of one
study using ovariectomized rats (Murphy et al, 2000). The

Table 2

exacerbating effects in the present study were demonstrated by a re-
duction of hemispheric volume and determined using the neuropath-
ological evaluation of four brain regions, i.e., the cortex, striatum,
hippocampus, and thalamus, in P7 rats. We previously reported that
ipsilateral hemispheric areas correspond well with the results of be-
havioral tests (Mishima et al., 2005). The effects of these neuroster-
oids were both dose- and age-dependent. In particular, PROG and
ALLO were detrimental in P14 rats to a lesser degree than in P7 rats
and were not detrimental in P21 rats. A GABA, receptor antagonist,
bicuculline, partially mitigated the effects of ALLO. PROG is also a
sex steroid, and sex differences in neonatal Hl-induced brain injury
have recently been reported on the effects of the treatment (Tsuji et
al.,, 2010), and of the brain injury itself (Hill et al., 2011). However,
in the present study, we did not find any statistically significant dif-
ferences according to gender.

Exacerbating mechanisms: progesterone

The effects of PROG and ALLO were quite similar in the present
study. In particular, each neurosteroid demonstrated the same age-
dependent exacerbating effects on Hl-induced brain injury. Based
on this similarity, we speculate that PROG accentuated neuronal inju-
ry mainly via the activity of its metabolite, ALLO. PROG exerts its ac-
tion via both its classical receptor and the activity of its metabolite,
ALLO, and it has multiple effects on neurons and the brain (Gibson
et al,, 2009). We cannot exclude other mechanisms of action that

Body weights. The body weight gain (grams) over a 7-day period, from the day of hypoxia-ischemia (HI) to the day of perfusion, was significantly smaller in the PROG (10 mg/kg)-
treated group than in the other four groups using postnatal day 7 (P7) rats, Data from three experiments [Exps. 1-3] were pooled and analyzed together. There were no other sta-
tistical differences in either the weight before HI or the weight gain until the day of perfusion among the treatment groups for each age group.

P7 [Exps. 1--3] P14 [Exp. 4] P21 [Exp. 5]

Before HI Gain Before HI Gain Before HI Gain
Vehicle 9.740.1 77404 182404 85407 298407 251405
PROG 10 mg 94402 55404 183404 70405 29507 209422
ALLO 10 mg 93402 64404 18604 57406 299409 229407
Bicuc 9.6+02 6.7+04
Bicuc + ALLO 98401 59404
% p<0.001.
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may have contributed to the detrimental effects observed in the pre-
sent experiments. A few studies, however, have reported that PROG
has negative effects in injured nervous systems. These negative re-
sults are mostly minimal and are inconsistent with those from other
studies. Only one previous report demonstrated a detrimental effect
of PROG in an animal model of stroke: Murphy et al. (2000) demon-
strated that the daily administration of PROG for a week before ische-
mia exacerbated brain injury in ovariectomized rats. The authors
speculated that this detrimental effect was due to modulation of the
GABA system by a sharp decline in PROG levels after the pre-stroke
treatment (Murphy et al., 2000), and they later reported that PROG
administration both before ischemia and during reperfusion de-
creased brain injury (Murphy et al., 2002). The treatment of ovariec-
tomized rats with PROG exacerbated the cerebrovascular
inflammatory response (inducible nitric oxide synthase and
cyclooxygenase-2) to lipopolysaccharide (Sunday et al, 2006).
PROG suppressed the proliferation of progenitor cells but enhanced
the survival of new neurons in adult male rats with ischemia
(Zhang et al,, 2010). These actions of PROG are unlikely to be the
main mechanism responsible for the detrimental effect of PROG in
the present study. Studies have shown that PROG is beneficial for
transient middle cerebral artery occlusion in adult male rats (Jiang
et al,, 1996), in spontaneously hypertensive adult male rats (Kumon
et al,, 2000), in reproductively senescent female rats (Alkayed et al.,
2000), for permanent middle cerebral artery occlusion in adult male
rats (Sayeed et al.,, 2007), for four vessel occlusion in adult male rats
(Morali et al., 2005), and for traumatic brain injury in adult male
rats (VanLandingham et al., 2008). Therefore, PROG may be detri-
mental only in immature subjects with HI, probably due to the effects
of its metabolite, ALLO.

Exacerbating mechanisms: allopregnanolone

We suggest that the detrimental effect of ALLO was, at least in
part, mediated via GABAergic neurotransmission because a GABA, re-
ceptor antagonist, bicuculline, partially mitigated this effect. Another
result supporting this idea is the age-dependent effect of ALLO, in
which it became less detrimental with development. The effects of
GABA, receptor activation are also age-dependent. Neurons have a
higher intracellular chloride concentration at an early stage, leading
to an efflux of chloride and the excitatory actions of GABA in imma-
ture neurons. The progressive reduction of the intracellular CI~ con-
centration during early development causes the developmental
switch from the excitatory (depolarizing) to inhibitory (hyperpolariz-
ing) action of GABA (Ben-Ari et al., 2007). The timing of this shift de-
pends on the species, sex, brain structure, and neuronal type. It occurs
at around P8-12 in the Wistar rat hippocampus (Ben-Ari et al., 2007).
Although ALLO became less detrimental with age in the present
study, it was not neuroprotective in P21 rats, by which age GABA ac-
tion reportedly becomes inhibitory, i.e., neuroprotective against exci-
totoxicity. We speculate that Hl-induced injury may alter and delay
the developmental switch or that exacerbating mechanisms in addi-
tion to the GABA-mediated action may occur in immature animals.

Given that the reversal effect of bicuculline on the ALLO-induced
brain injury was not complete, additional mechanisms may be in
play to worsen ischemic brain injury in immature animals. ALLO has
been understudied in ischemic brain injury, and to our knowledge,
no in vivo study has shown or suggested that ALLO has negative ef-
fects other than those on GABA-mediated neurotransmission in ner-
vous system disease models. There are only three studies examining
the effects of the administration of ALLO in stroke, all of which dem-
onstrated beneficial results (Sayeed et al.,, 2006, 2009; Ishrat et al,
2010). ALLO has been shown to be beneficial in other neurological
disease models, such as traumatic brain injury (Vanlandingham et
al., 2008), Niemann-Pick type C disease (Griffin et al., 2004), and Alz-
heimer's disease (Wang et al., 2010).

Evidence from in vitro studies has suggested that a high concentra-
tion of ALLO may be harmful. High concentrations of ALLO
(>100 pmol/L) significantly repressed proliferation of neural progeni-
tor cells (Wang et al,, 2005). In addition, relatively high concentrations
of ALLO (1-3 pmol/L, approximately 320-960 pg/L) induced the regres-
sion of neurite outgrowth (Brinton, 1994) and caused the death of rat
hippocampal neurons via a GABA, receptor-dependent mechanism
(Xu et al,, 2000). Our protocol is not only based on protocols reported
to be neuroprotective in adult rats (Sayeed et al., 2006), but was also
chosen to reproduce the steroid levels found in the fetal brain in the
brains of immature rats. Previous studies demonstrated that the admin-
istration of PROG and ALLO (8-10 mg/kg) at doses similar to those used
in this study increases the plasma or cortical levels to the ranges ob-
served in rodent fetuses (Jiang et al., 1996; Grobin et al., 2003). Cortical
ALLO levels in a rat fetus at late gestation are almost 20 ng/g (Grobin et
al,, 2003), and a 10-mg/kg dose of ALLO results in a mean cortical level
of 22 ng/g in mice (Wang et al., 2010). We do not consider the ALLO
levels in our study to be as high as those shown to be harmful in the
in vitro studies.

GABA is involved in the mechanism of thermoregulation in the
preoptic area of the hypothalamus (Osaka, 2004). As neither ALLO
nor PROG treatment altered the body temperature, we do not consid-
er that GABA-mediated thermoregulation plays a role in the detri-
mental effects of these neurosteroids.

Translating the results into practice

PROG and ALLO are not always detrimental to immature animals
and human neonates. A single injection of 25 mg/kg of ALLO at P7,
P10, or P17 increased survival and delayed neurological impairments
in a mouse model of Niemann-Pick type C disease (Griffin et al.,
2004). Pilot studies on postnatal estradiol and PROG replacement
for extremely preterm infants demonstrated no adverse effects on
growth and psychomotor development (Trotter et al,, 2001). Because
HI increases excitability in neurons, PROG and ALLO may enhance HI-
induced hyperexcitability and the associated excitotoxicity in imma-
ture brains. Caution should be exercised when interpreting our re-
sults and translating them into practice when dealing with neonates
and infants. It was previously mentioned that in long-gestation spe-
cies such as humans and sheep, as opposed to altricial species, such
as rodents, GABAergic currents become inhibitory by the last third
of gestation (Hirst et al., 2009). In contrast, other authors mentioned
that CI™ transport in the perinatal human cortex is as immature as
that seen in the rat, suggesting GABA-mediated excitation (Dzhala
et al., 2005).

The fact that the treatments turned out to be detrimental, contrary
to our initial hypothesis and to data obtained in adult models, is
meaningful. Thus, it is clear that speculations that a certain treatment
could be beneficial to a similar but different group of subjects just be-
cause the treatment was beneficial to a group of tested subjects must
be carefully reexamined. This is especially true when applying a treat-
ment to neonates; at a stage when the brain is going through dramat-
ic developmental changes. Considering the dramatic transitions of the
central nervous system from the fetal to neonatal period, even a treat-
ment proven to be neuroprotective in term neonates, such as hypo-
thermia, may be of no benefit or could even be detrimental in
preterm babies or infants beyond the neonatal period.

Conclusions

Our study shows that both PROG and its metabolite, ALLO, have
adverse effects on hypoxic-ischemic brain injury in immature rats.
The results presented herein represent a prime example of the dra-
matic difference between immature and mature brains, Studies are
still required to clarify the uncertainties of the effects of PROG and
ALLO in immature subjects. For the future development of
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neuroprotectants in neonatal brain injury, the maturity, or immaturi-
ty, of the brain should be carefully and fully taken into consideration.
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‘We had demonstrated that intravenous administration of bone marrow derived mononuclear cells or

hematopoietic stem cells improves functional recovery through enhanced angiogenesis in experimental
stroke model. Based on these observations, we started phase 1/2a clinical trial of cell-based therapy for
patients with cardiogenic cerebral embolism (ClinicalTrials.gov ID: NCT01028794). The results of
clinical trial indicated that autologous bone marrow cell transplantation at day 7-10 after onset of stroke
is feasible and safe in patients with severe stroke, and patients with cell therapy had better neurological
outcomes, compared with historical control group. Our results encouraged us next randomized clinical
trials to confirm the effect of cell therapy for patients after stroke.

Key words: stroke, regenerative medicine, cell-based therapy, neurogenesis, angiogenesis
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