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Abstract

Subarachnoid hemorrhage (SAH) results in significant long-lasting cognitive dysfunction. Therefore, evaluating
acute and long-term outcomes after therapeutic intervention is important for clinical translation. The aim of this
study was to use minocycline, a known neuroprotectant agent, to evaluate the long-term benefits in terms of
neurobehavior and neuropathology after experimental SAH in rats, and to determine which neurobehavioral
test would be effective for long-term evaluation. SAH was induced by endovascular perforation in adult male
Sprague-Dawley rats (n=118). The animals were treated with intraperitoneal injection of minocycline (45 mg/kg
or 135mg/kg) or vehicle 1 h after SAH induction. In the short-term, animals were euthanized at 24 and 72 h for
evaluation of neurobehavior, brain water content, and matrix metalloproteinase (MMP) activity. In the long-
term, neurobehavior was evaluated at days 21-28 post-SAH, and histopathological analysis was done at day 28.
High-dose but not low-dose minocycline reduced brain water content at 24 h, and therefore only the high-dose
regimen was used for further evaluation, which reduced MMP-9 activity at 24 h. Further, high-dose minocycline
improved spatial memory and attenuated neuronal loss in the hippocampus and cortex. The rotarod, T-maze,
and water maze tests, but not the inclined plane test, detected neurobehavioral deficits in SAH rats at days 21—
28. This study demonstrates that minocycline attenuates long-term functional and morphological outcomes after
endovascular perforation-induced SAH. Long-term neurobehavioral assessments using the rotarod, T-maze, and
water maze tests could be useful to evaluate the efficacy of therapeutic intervention after experimental SAH.
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Introduction

UTCOME of aneurysmal subarachnoid hemorrhage

(SAH) remains poor, and existing evidence suggests
that many factors including early brain injury and cerebral
vasospasm cause poor outcome (Cahill et al., 2006, Hansen-
Schwartz et al., 2007; Macdonald et al., 2007). Animal studies
usually focus on only one or a few factors among them, and the
difference in endpoints may cause lack of translation of treat-
ments effective in animals to humans. Moreover, long-term
neurobehavioral assessment after therapeutic intervention is
imperative, since SAH patients have long-lasting neurological
deficits. Survivors of SAH have problems in memory, mood,
learning, or neuropsychological function in the medium to long
term (Hackett et al., 2000; Jeon et al., 2010; Kreiter et al., 2002;
Ogden et al., 1993). Further, long-term cognitive deficits affect

up to 50-60% survivors, and only fewer than half of previously
employed SAH survivors return to work in the long term
(Anderson et al., 2006; Mayer et al., 2002; Takata et al., 2008).
Long-term neurobehavioral assessment as a measure of whole
brain function is recommended to evaluate the efficacy of
therapeutic interventions for experimental stroke (Stroke
Therapy Academic Industry Roundtable, 1999). Further, long-
term evaluation of potential neuroprotective agents is impor-
tant for clinical translation. However, studies on long-term
functional and morphological changes following therapeutic
intervention after endovascular perforation-induced SAH are
few (Silasi and Colbourne, 2009; Thal et al., 2008).
Minocycline is a second-generation tetracycline antibiotic
that has been shown to be neuroprotective in various models
of stroke (Homsi et al., 2009; Lee et al., 2007; Murata et al., 2008;
Xu et al., 2004; Yrjanheikki et al., 1998) and in acute ischemic
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stroke in humans (Lampl et al., 2007). It has biological effects
that are separate and distinct from its antimicrobial effects
(Domercq and Matute, 2004; Yrjanheikki et al., 1998). Further,
minocycline inhibits the activity and expression of matrix me-
talloproteinase (MMP)-9 (Stirling et al., 2005), which has also
been implicated in the pathogenesis of early brain injury after
SAH (Sehba et al., 2004; Suzuki et al., 2010a; Zongduo et al.,
2010). A recently published study showed that minocycline
improved outcomes and protected against early brain injury in
an autologous blood injection SAH rat model (Guo et al., 2011).
However, the long-term effect of minocycline on neurobeha-
vior, neurocognition, and histopathology was not evaluated.

Furthermore, the endovascular perforation SAH model
that we have used in this study mimics clinical mechanisms of
artery rupture, and shows a high mortality and acute meta-
bolic changes similar to clinical findings, and the model is
considered to be the most suitable for investigating patho-
physiological changes after SAH (Titova et al., 2009). Given
limited studies in this model (Silasi and Colbourne, 2009; Thal
et al., 2008), it would be worthwhile to examine which neuro-
behavioral tests would be useful for evaluating the long-term
neurobehavior of SAH rats. Moreover, to our knowledge no
study has investigated if the prevention of early brain injury
eventually leads to an improvement in long-term neurological
outcomes and memory impairments after experimental SAH.

The aim of this study was thus to examine (1) the potential
long-term beneficial effects of minocycline after endovascular
perforation-induced SAH in rats, and (2) to determine which
neurobehavioral test would detect the long-term effects of
SAH among a large number of neurobehavioral tests in the
endovascular perforation rat SAH model.

Methods
Experimental animals

All the protocols used in this study were approved by the
Institutional Animal Care and Use Committee at Loma Linda
University. One hundred and eighteen adult male Sprague-
Dawley rats (Harlan, Indianapolis, IN) weighing between 280
and 350 g were randomly assigned to the following 4 groups:
sham, SAH+vehicle, SAH+minocycline 45mg/kg, and
SAH +minocycline 135mg/kg. Minocycline or vehicle was
administered 1 h after surgery, and outcomes were assessed in
the short and long term (Fig. 1).

Subarachnoid hemorrhage modeling

The endovascular perforation SAH rat model was pro-
duced as previously described with modifications (Benderson
et al., 1995; Schwartz et al., 2000; Suzuki et al., 2010b). An-
esthesia was induced with 3% isoflurane and maintained with
2-3% isoflurane. The animals were transorally intubated and
respiration was maintained with a small rodent respirator
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(Harvard Apparatus, Holliston, MA). The left common ca-
rotid artery was exposed and the external carotid artery
(ECA) was fashioned into a 3-mm stump. A 4-0 monofilament
nylon suture was advanced into the internal carotid artery
(ICA) from the ECA stump until resistance was felt. The su-
ture was advanced further 3mm to perforate the bifurcation
of the anterior and middle cerebral arteries. The suture was
immediately withdrawn to reperfuse the ICA. In sham ani-
mals the suture was advanced until resistance was felt, after
which it was withdrawn without perforating the artery. The
animals were returned to their cages after recovery from an-
esthesia and had free access to food and water.

Minocycline administration

Minocycline was purchased from Sigma-Aldrich, St. Louis,
MO. The treatment groups received 45 mg/kg or 135 mg/kg
of minocycline intraperitoneally 1h after SAH induction. The
drug was dissolved in phosphate-buffered saline (PBS;
0.1mol/L, pH?7.4) as previously described (Homsi et al., 2009;
Morimoto et al., 2005). The vehicle group received the same
volume of PBS intraperitoneally 1h after SAH induction.

Mortality

Mortality was assessed at 1-3h, 3-6h, 6-24h, and weekly
thereafter.

Experiment 1: Early brain injury after
subarachnoid hemorrhage

SAH grading

The SAH grading of the animals at 24 and 72h was deter-
mined by assessing high-resolution photographs of the brains
at the time of sacrifice, as previously described (Sugawaraetal.,
2008). The animals received a total score ranging from 0 to 18.

Garcia test

We used the Garcia test with modifications (Garcia et al.,
1995; Ostrowski et al., 2005) to evaluate the neurobehavioral
deficits at 24 and 72 h post-SAH. Briefly, six parameters were
tested, which allowed a total score of 18. Higher scores indi-
cated greater function. These six tests included: spontaneous
activity, symmetry in the movement of all four limbs, forepaw
outstretching, climbing, body proprioception, and response to
vibrissae touch.

Brain water content (BWC)

Animals were sacrificed at 24 and 72h post-SAH (n=6,
respectively). The brains were quickly removed and sepa-
rated into left and right hemispheres, brainstem, and cere-
bellum, and the specimens were weighed (wet weight). The
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FIG. 1.
content).

Schematic illustration of the timeline of the experiments (SAH, subarachnoid hemorrhage; BWC, brain water
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samples were then placed in an oven at 105°C for 72 h (Suzuki
et al., 2010a) and weighed again (dry weight). The percentage
of BWC was calculated using the following formula: [(wet
weight — dry weight) +~wet weight] x 100.

Zymography

MMP-9 activity was measured by gelatin zymography as
previously described (Chen et al., 2009; Tsubokawa et al.,
2006; Wu et al., 2010). The rats were euthanized at 24 h post-
SAH (n=5, respectively), and transcardially perfused with
chilled (4°C) PBS, pH 7.4. The left hemisphere (perforation
side) was homogenized in Ripa buffer (Santa Cruz Bio-
technology, Santa Cruz, CA) for protein extraction. The sam-
ples were loaded and separated by 10% zymogram gelatin gel
(Invitrogen, Carlsbad, CA). Following electrophoresis, the gel
was renatured and then incubated with development buffer at
37°C for 48 h. Staining was performed with 0.5% Coomassie
blue R-250 for 1h and then destained with three changes of
solution. Optical densities were normalized to positive controls
and calculated as percentages above sham.

Experiment 2: Long-term neurobehavior assessment

Rotarod test

The rotarod test was performed at day 21 post-SAH to as-
sess sensorimotor coordination and balance. We used the
rotarod (Columbus Instruments, Columbus, OH) consisting
of a rotating horizontal cylinder (7 cm diameter) divided into
9.5-cm-wide lanes. The animal was placed on the cylinder and
was allowed to walk forward to avoid falling off the cylinder.
The cylinder was started at 4 RPM and accelerated by 2 RPM
every 5sec (Hartman et al., 2009). A photobeam circuit re-
corded the latency to fall off the cylinder.

T-maze test

The T-maze test was performed at day 28 post-SAH to as-
sess short-term or working memory (Fathali et al., 2010). The
animal was placed in the stem of the T-maze (40x 10 cm) and
allowed to explore until an arm (46 x 10 cm) of the maze was
chosen. Each animal performed 10 trials, and the spontaneous
alternation rate was expressed as a ratio of alternating choices
to the total number of choices (Zhou et al., 2010).

Water maze test

This test for learning and memory was performed at days 21—
25 post-SAH (Lekic et al., 2010a,2010b). Briefly this test required
that the animal find a submerged platform (11 cm diameter) ina
metal pool (110 cm diameter) filled with water up to 15cm of
the upper edge and made opaque with non-toxic white tempera
paint. An overhead camera recorded the swim path, allowing
for quantification of swim distance and time spent in the probe
quadrant by a computerized tracking system (Noldus Ethovi-
sion; Noldus, Tacoma, WA). The cued water maze test was
performed on day 21. This test was used as a control to assess
any sensorimotor and /or motivational deficits that could affect
performance during the spatial water maze test. In this test the
platform was made visible (5 mm above the surface of the wa-
ter) with a 20-cm-tall pole placed over the platform. Each animal
performed 10 trials per day in 5 blocks of 2 consecutive trials
with a 10-min interval between successive blocks. The animal
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was released into the water opposite the platform, and the lo-
cation of the platform was changed for each block of trials. The
animal was allowed to remain on the platform for 5sec after
finding it or being guided to it. The spatial water maze test was
performed on days 22 to 25 post-SAH. In this test the platform
was submerged 1 cm below the surface of the water. Each ani-
mal performed 10 trials per day in 5 blocks of 2 consecutive
trials with a 10-min interval between successive blocks. The
location of the platform was changed every day and was kept in
the same place throughout the day. The animal was allowed to
remain on the platform for 10 sec after finding it or being guided
to it. At the beginning of each day, the animal was tested with a
60-sec probe trial in which the platform was removed from the
water. In this trial we recorded the amount of time spent in the
target quadrant from which the platform was removed.

Inclined plane test

The inclined plane test for hindlimb function was performed
at day 28 post-SAH. The rats were placed in a box (70 cm long,
20 cm wide, 10 cm tall) with an analog protractor and hinged
base that was elevated at 5° intervals until the animal slipped
backwards. The relative angle at which the animal could not
maintain its position and started to slip backwards was mea-
sured (Lekic et al., 2010b; Wagner et al., 2010).

Experiment 3: Neuropathological analysis at day 28

Gross evaluation of brain and brain weights

At day 28 post-SAH the brains of the animals were har-
vested and grossly examined for signs of bleeding. The brain
samples were divided into supra- and infratentorial regions
and weighed on a high-precision balance (sensitivity+
0.001g). In order to determine changes in brain weight, we
evaluated the ratio of brain weight to the body weight.
Hemispheric weight loss has been used as the primary vari-
able to estimate brain damage in neonatal hypoxia ischemia
rats (Fathali et al., 2010; Zhou et al., 2010).

Histopathological analysis

At 28 days after SAH, the animals (=8, respectively) were
sacrificed under deep anesthesia and transcardially perfused with
300 mL of ice-cold PBS (0.1 mol/L, pH 7.4), followed by 300 mL of
4% paraformaldehyde solution. The brains were quickly removed
and post-fixed in 4% formaldehyde solution at 4°C overnight,
followed by 30% sucrose (weight/volume) for 3 days. Coronal
sections 10 um thick were taken every 500 um at —3mm to
—4.3 mm from the bregma according to the coordinates in Paxinos
and Watson (Paxinos and Watson, 1998) using a cryostat
(CM3050S; Leica Microsystems, Buffalo Grove, IL), and mounted
on poly-L-lysine-coated slides (Lekic et al., 2010b). Nissl staining
was performed using 0.5% cresyl violet as previously described
(Ostrowski et al., 2005). The sections were observed under a light
microscope for neuronal morphology and cell count. The loss of
neuronal density was evaluated according to established meth-
ods (Lekic et al., 2010a; MacLellan et al., 2008). Cells were
counted at 400 X magnification in five areas (250 x 250-um grids)
per hemisphere in the cortex, hippocampus, and diencephalon.
Morphometric analysis involved computer-assisted (Image J 4.0
software; Media Cybernetics Inc., Silver Spring, MD) hand de-
lineation of the cortex, hippocampus, and diencephalon, as
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previously described for other regions of the brain (Lekic et al.,
2010a; MacLellan et al., 2008) based on Paxinos and Watson
(Paxinos and Watson, 1998). The area of tissue in each of the
three regions was calculated using the following equation as
previously described with modifications (Lekic et al., 2010a;
MacLellan et al., 2008): area of tissue loss=(area of uninjured
side — area of injured side)/area of uninjured side.

Statistical analysis

Data were analyzed using the commercially available
software (Sigma Plot 10.0; Systat Software, Inc., San Jose, CA).
Statistical significance was verified by one-way analysis of
variance (ANOVA), followed by Tukey’s test for multiple
comparisons as appropriate. Differences in BWC and MMP
activity among groups were compared using Fishet’s test.
Water maze cued learning swim distance data were averaged
into five blocks of two trials each, and analyzed with a group
(sham, vehicle, and minocycline 135mg/kg)xcued blocks
(first, second, third, fourth, and fifth) repeated-measures
ANOVA. Water maze spatial learning swim distance data
were averaged into five blocks of two trials each, and ana-
lyzed with a group (sham, vehicle, and minocycline 135 mg/
kg) xlocation (east, west, northeast, and southwest) x spatial
blocks (first, second, third, fourth, and fifth) repeated-mea-
sures ANOVA. Water maze probe trial data (percentage of the
trial spent searching the probe quadrant) were analyzed using
group (sham, vehicle, and minocycline 135 mg/kg) x spatial
location (east, west, northeast, and southwest) repeated-
measures ANOVA. Significant ANOVA interactions were
further explored using the conservative Scheffe post-hoc test.
Difference in mortality was tested using Fisher’s exact test,
with p <0.05 considered statistically significant.

Results
Mortality

There was no mortality in the sham animals. In the short
term, 9 out of 39 (23%) rats died in the vehicle group, 2 out of
10 (20%) rats died in the low-dose treatment group, and 2 out
of 20 (10%) rats died in the high-dose treatment group. In the
long term, 3 out of 13 animals (23%) died in the vehicle group,
and 2 out of 11 (18%) animals died in the high-dose treatment
group. Mortality was not significantly different between
groups (p>0.05), and 72.2% of the total mortality occurred
within 1-3 h post-SAH induction, and 27.8% of the mortality
occurred at 6-24h post-SAH induction. There was no mor-
tality after 24 h in our study.

Experiment 1: Early brain injury after subarachnoid
hemorrhage

SAH grade

The average SAH grade was 13.7£0.5 in the vehicle group
(n=17), 12+1.3 in the low-dose treatment group (1=6), and
13.2+0.6 in the high-dose treatment group (1=17). There was
no significant difference (p>0.05, Fig. 2A) in the SAH grades
among the groups.

Garcia test

The Garcia score was significantly lower in the vehicle
group compared to the sham group at 24h (11.8+0.9 versus
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FIG. 2. Subarachnoid hemorrhage (SAH) grading score (A),
neurological score (B), and brain water content in the left
hemisphere (C), in SAH groups treated with phosphate-
buffered saline (Vehicle), 45 mg/kg of minocycline (Mino-
low), 135 mg/kg of minocycline (Mino), and sham-operated
rats (Sham), at 24 and 72h post-SAH (*p <0.05 versus sham;
"p<0.05 versus vehicle).
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16.6+0.2) and 72h (11.8+0.6 versus 16.7+0.2) post-SAH
(p<0.05, Fig. 2B). High-dose minocycline significantly im-
proved Garcia scores at 72h (15.3+0.4 versus 11.8+0.6;
p<0.05, Fig. 2B).
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Brain water content

BWC in the left hemisphere (perforation side) was signifi-
cantly reduced in the high-dose minocycline group compared
to the vehicle group at 24 h (78.9£0.1% versus 79.3 +0.1%) post-
SAH (p<0.05, Fig. 2C). However, minocycline failed to reduce
BWC at 72h, although there was a trend toward reduction
(79.2£0.3% versus 79.6£0.3%; p=0.09, Fig. 2C). There was no
significant difference in BWC in the right hemisphere, cerebel-
lum, and brainstem among the groups (data not shown). Since
low-dose minocycline showed no significant improvements in
neurological scores and BWC compared with the vehicle group,
only the high-dose group was used for further analysis.

Matrix metalloproteinase activity

MMP-9 activity in the left hemisphere (perforation side) was
significantly increased in the vehicle group compared to the
sham animals (2.1+0.03 versus 1+0.17-fold) at 24h (p<0.05,
Fig. 3), and high-dose minocycline significantly reduced MMP-
9 activity (1.6+0.22-fold) (p<0.05, Fig. 3). There was no dif-
ference in MMP-2 activity among the groups (p>0.05).

Experiment 2: Long-term neurobehavior assessment

Rotarod test

The vehicle group had a significantly shorter latency to fall
compared to the sham group, in both the constant and accel-
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erating velocity rotarod tests at day 21 post-SAH (p <0.05, Fig.
4A). High-dose minocycline improved the performance in both
the tests, but the difference was not significant between the
minocycline and vehicle groups (p >0.05, Fig. 4A).

T-maze test

The vehicle group had significantly worse working mem-
ory than the sham group in the T-maze test at day 28 post-
SAH (p <0.05, Fig. 4B). High-dose minocycline improved the
performance, but was not significant compared with the ve-
hicle group (p>0.05, Fig. 4B).

Inclined plane test

All the groups performed equally in the inclined plane test
(data not shown).

Water maze test

All the groups performed equally in the cued trials
(p>0.05, Fig. 4C). In the spatial maze test, the vehicle
group had significantly worse spatial learning than the
sham animals, and traveled a longer distance to find the
platform (p<0.05, Fig. 4C). Animals in the high-dose mino-
cycline group traveled significantly a shorter distance to
find the platform (p<0.05, Fig. 4C), and performed better
with subsequent blocks. In the probe trials, the vehicle group
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FIG. 3. Changes in matrix metalloproteinase (MMP)-2 and MMP-9 activity at 24h post-SAH (1n=>5 each). Gelatin zymo-
graphy and quantitative analysis of MMP-2 and MMP-9 activity in sham-operated rats (Sham) and the SAH groups treated
with phosphate-buffered saline (Vehicle), or 135 mg/kg of minocycline (Mino). MMP-9 activity is expressed as percentage of
mean sham levels. MMP-9 standard was loaded as positive control (Standard; *p <0.05 versus sham; 'p <0.05 versus vehicle;

SAH, subarachnoid hemorrhage).
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spent significantly less time in the target quadrants from
which the probe had been removed compared to the sham
group, and minocycline treatment improved the duration
spent in the probe quadrant (p<0.05, Fig. 4D). Further,
repeated-measures ANOVA showed no group differences for
the cued water maze test. For spatial memory, there was a
significant group x block interaction in vehicle group (p=0.002),
which performed worse than the minocycline and sham groups,
which did not differ. There was a main effect of group for the
probe trial (p=0.02), and the vehicle group performed worse
than the minocycline and sham groups, which did not differ.

Experiment 3: Brain examination at day 28

Gross examination of the brain and brain weights

Gross examination of the brains of the animals sacrificed at
28 days post-SAH demonstrated discoloration on the ventral
side, which showed evidence of bleeding in both the vehicle
and the treatment groups. We also observed cavitation in the
diencephalon in one of the vehicle animals, where blood was
localized after SAH. The ratio of supratentorial brain weight
to the body weight was significantly reduced in the vehicle
group (p<0.05), but not in the minocycline group, compared
to the sham group (p>0.05, Fig. 5A), although there was no
significant difference between the vehicle and minocycline
groups. Further, body weights were not significantly different
among the groups (data not shown).

Histopathological analysis

Morphometric analysis revealed significant tissue loss in
the cortex and the diencephalon ipsilateral to the perforation
site (p <0.05, Fig. 5B). Compared to the vehicle group the tissue
loss was significantly less in the treatment group, both in the
cortex and the diencephalon (p<0.05, Fig. 5B). Neuronal

counts revealed a significant decrease in neuronal density loss
in the treatment group compared to the vehicle group in the
hippocampus CALl region and in the cortex (p <0.05, Fig. 5C).
Further, the damaged neurons exhibited a dark and shrunken
appearance (Fig. 6), as has been previously reported (Cheng
et al., 2011; Ostrowski et al., 2005). Relatively fewer damaged
neurons were detected in the treatment group in the hippo-
campus (Fig. 6b), cortex (Fig. 6d), and diencephalon (Fig. 6f),
compared to the vehicle group (Fig. 6a, 6c, and 6e), respectively.

Discussion

Long-term evaluation of a therapeutic intervention after
SAH is clinically relevant since functional outcomes are a major
endpoint for clinical translation. This study demonstrates
the long-term efficacy of minocycline in terms of improved
functional outcome, neurocognition, and histopathology, af-
ter endovascular perforation-induced SAH in rats. Among
the long-term neurobehavioral tests performed, the rotarod,
T-maze, and water maze tests could detect long-term neuro-
behavioral impairments in this model. Other important find-
ings in this study were the first to show neuronal and tissue loss
in the diencephalon, cortex, and hippocampus, as well as a
significant loss in brain weight in a clinically relevant SAH rat
model at day 28 post-SAH.

Minocycline has been shown to be neuroprotective in var-
ious non-SAH animal models. It is highly lipophilic and can
penetrate the brain tissue effectively and is well tolerated
(Yrjanheikki et al., 1998). Moreover, minocycline is known to
have pleiotropic effects, including anti-apoptotic (Domercq
and Matute, 2004), anti-inflammatory (Yrjanheikki et al.,
1998), antioxidant (Morimoto et al., 2005), and MMP inhibi-
tory actions (Domercq and Matute, 2004). A recently pub-
lished study showed that minocycline reduced MMP-9
expression and protected against early brain injury after
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FIG.5. Neuropathological analysis at day 28. Brain weights
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the hippocampus, cortex, and diencephalon at day 28 post-
SAH in the sham-operated rats (Sham), and SAH animals
treated with phosphate-buffered saline (Vehicle), or 135 mg/kg
minocycline (Mino; n=8 each; *p <0.05 versus sham; "'p <0.05
versus vehicle; SAH, subarachnoid hemorrhage).

autologous blood injection-induced SAH in rats (Guo et al.,
2011). We showed that neuroprotection conferred by mino-
cyline in the acute phase rendered long-term improvements in
functional outcomes, memory abilities, and histopathological
changes after SAH. The endovascular perforation SAH rat
model that we used in our study mimics a clinical scenario
(Titova et al., 2009) more closely than a blood injection model,
which makes this study clinically relevant.

In this study different time points were chosen for the
short-term and long-term neurobehavior analysis, based on
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observations from previous studies that focused on neuro-
behavioral outcomes after SAH. Following SAH, several
pathological mechanisms are activated after the initial bleed,
which can lead to early brain injury (Sehba et al., 2011). Early
brain injury, which occurs during the first 72h following
SAH, is associated with acute sensorimotor deficits likely re-
sulting from various insults like increased intracranial pres-
sure, decreased cerebral blood flow, blood-brain barrier
disruption, and global cerebral edema (Sehba et al., 2011;
Ostrowski et al., 2006). Sensorimotor deficits were present at
days 1-3 after SAH by endovascular perforation in rats and
mice (Ostrowski et al., 2005; Sozen et al., 2009). We therefore
chose 24 and 72 h for acute neurobehavioral assessment using
the Garcia test, which showed significantly worse perfor-
mance by the SAH group on this sensorimotor test. However,
a previous study by Thal and associates showed that there
was no difference in neurobehavioral performance up to 7
days, between treated and untreated rats evaluated by a beam
balance task, a prehensile traction task, the rotarod, and a 6-
point motor function score (Thal et al., 2008). Further, signif-
icant long-lasting motor deficits were not detected over days
3-21 in a intraluminal perforation SAH rat model, which was
assessed using the tapered beam test, the forelimb asymmetry
test, and the horizontal ladder task (Silasi and Colbourne,
2009). We therefore attempted to determine whether the in-
clined plane test would be sensitive to detect any deficits, if
present, in the long-term. Since there is a possibility of im-
proved motor function and rehabilitation that can occur as a
result of repeated motor learning (Bar-Haim et al., 2010;
Niemeier et al., 2011; Piron et al., 2010), we used the inclined
plane test at day 28 only to determine if any motor deficit was
present after SAH in the long-term. The inclined plane test in
this study failed to detect motor deficits at day 28. However, it
would be interesting to see whether this test is sensitive to
detect deficits if used for evaluation in the acute phase. Also,
vestibulomotor dysfunction was shown over the 4-week pe-
riod after SAH by two injections of blood into the cisterna
magna in rats (Takata et al., 2008), so we therefore used the
rotarod test to detect if dysfunctions in sensorimotor coordi-
nation and balance would be present at day 21.

Clinically, a substantial portion of survivors of SAH have
long-term cognitive impairments, rather than focal neuro-
logical deficits, causing disability (Hackett and Anderson,
2000; Jeon et al., 2010; Kreiter et al., 2002; Mayer et al., 2002).
Patients with good neurological outcomes demonstrated im-
paired memory and cognitive function at 12 months after
SAH (Ogden et al., 1993). However, few studies have assessed
long-term neurobehavioral function after treatment in an en-
dovascular perforation SAH model (Silasi and Colbourne,
2009; Thal et al., 2008). To assess cognitive function, the Morris
water maze has been used in experimental SAH; cognitive
deficits were not observed at days 2—4, but were present at
day 5 in a pre-chiasmatic injection rat model (Jeon et al., 2010),
at day 21 in an endovascular perforation rat model (Silasi and
Colbourne, 2009), and at days 29-35 in a double-hemorrhage
rat model (Takata et al., 2008). We therefore performed water
maze testing at days 21-25, and T-maze testing at day 28 post-
SAH to determine cognitive dysfunction, which revealed
significant deficits in spatial learning and memory, as well as
short-term or working memory. Based on these observa-
tions, we propose to use the modified Garcia test for acute
study, and the rotarod, water maze, and T-maze tests for the
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Hippocampus
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Vehicle

Diencephalon

FIG. 6. Nissl staining of brain sections at day 28 post-SAH in the SAH animals treated with phosphate-buffered saline
(Vehicle), or 135 mg/kg minocycline (Mino). Damaged neurons exhibited shrunken and dark appearance. Less neuronal loss
is seen in the minocycline group in the hippocampus (B, b), cortex (D, d), and diencephalon (F, f), compared to the vehicle
group hippocampus (A, a), cortex (C, ¢), and diencephalon (E, e). Scale bars represent 400 um in the hippocampus, and
200 pum in the cortex and diencephalon under low magnification in all panels. Under high magnification scale bars represent

30 um in all panels (SAH, subarachnoid hemorrhage).

long-term study in the endovascular perforation SAH model
in rats. These tests could be beneficial to assess the acute and
long-term outcomes to determine therapeutic efficacy, which
is important for clinical translation (Stroke Therapy Academic
Industry Roundtable, 1999).

Although the mechanisms underlying cognitive deficits
have not been fully elucidated, various factors have been at-
tributed. It seems that acute physiological changes induced by
early brain injury, and delayed complications such as cerebral
vasospasm, could lead to acute sensorimotor, long-term
functional, and morphological consequences following SAH.

The acute increase in intracranial pressure, transient global
ischemia, microthromboemboli, and vasospasm all cause ce-
rebral hypoperfusion, leading to neuronal cell death (Jeon
et al., 2010; Kreiter et al., 2002; Ostrowski et al., 2006; Prunell
et al., 2005; Takata et al., 2008). Also, blood components col-
lecting in the subarachnoid space could cause neuronal cell
death (Ostrowski et al., 2006). In fact, neuronal loss was
shown in the cortex and hippocampus at day 35 in a rat
double-hemorrhage model (Takata et al., 2008), which corre-
lated with cognitive deficits. Similarly, we observed neuronal
loss in the cortex and CA1 region of the hippocampus at day
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28 in the endovascular perforation rat model. In addition, we
first demonstrated that tissue injury and neuronal loss also
occurred in the diencephalon, where blood is localized after
SAH, and has a key role in memory processing (Vann and
Aggleton, 2003; Vann, 2009). Minocycline attenuated neuro-
nalloss in the cortex and CA1 region, which is consistent with
previous studies that have shown reduced neuronal death
with minocycline treatment. Various mechanisms including
reduced oxidative stress (Morimoto et al., 2005), inhibition
of microglia proliferation and activation (Tikka et al., 2001;
Yrjanheikki et al., 1998), and inhibition of glutamate-induced
toxicity (Tikka et al., 2001), have been proposed to reduce
neuronal loss in vivo and in vitro with minocycline.

Our study had limitations. Given the pleiotropic effects of
minocycline, further evaluation is required to determine the
mechanism of neuroprotection provided by minocycline after
SAH. Also, the mechanisms and pathophysiological pro-
cesses involved in cognitive deficits were not evaluated, and
this needs to be explored for effective intervention.

In conclusion, this study showed that early treatment
with minocycline after SAH provided long-term benefits in
terms of cognitive function and improved histopathology. Thus,
long-term neurobehavioral assessments would be beneficial to
evaluate the efficacy of therapeutic interventions for experi-
mental SAH, using the rotarod, T-maze, and water maze tests.
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