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Abstract

With age, stroke prevalence is higher, and stroke outcome, worse, in women. Thus there is an
urgent need to identify stroke neuroprotectants for this population. Using a preclinical stroke
model, our studies focused on microRNAs (MmiRNAS), a class of translational repressors, as
neuroprotectants. Analysis of circulating miRNA in the acute phase of stroke indicated potential
neuroprotective capacity for miR363. Specifically, mir363 is elevated in serum of adult female rats
that typically have small infarct volumes, but is deficient in age-matched males or middle-aged
males and females, groups that have greater stroke-associated impairment. To directly test the
effect of mir363 on stroke outcomes, first, adult females were treated with antagomirs to mir363
post stroke and next, middle-aged females were treated with mimic to mir363-3p post stroke.
Antagomir treatment to adult females significantly increased infarct volume and impaired sensory
motor performance. Reciprocally, mir363 mimic to middle-aged females reduced infarct volume,
preserved forebrain microvessels and improved sensory motor performance. In the early acute
stroke phase, mir363-3p mimic reduced the expression and functional activity of caspase-3, a
critical component of the apoptotic cell cascade. In contrast, mir363-3p mimic treatment had no
effect on stroke outcomes or caspase regulation in young males. Collectively, these studies show
that mir363 is neuroprotective for stroke in females and implicates caspase-3 as a sex-specific
miRNA-sensitive node for recovery from ischemic stroke.
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Introduction

In view of the growing incidence of ischemic stroke in the US and the paucity of effective
treatment options, neuroprotective factors for this disease are urgently needed. In preclinical
models, adult females have better stroke outcomes as compared to middle-aged females and
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adult and middle-aged males in terms of infarct volume and sensory motor behaviors. This
has been attributed to the neuroprotective effects of estrogen, and is supported by data
showing that bilateral ovariectomy worsens stroke outcomes (Alkayed et al., 1998, Park et
al., 2006), while estrogen treatment to ovariectomized females improves stroke-related
impairment (Simpkins et al., 1997, Dubal et al., 1998, Rusa et al., 1999, Sawada et al., 2000,
Jover et al., 2002). Estrogen treatment to middle-aged, reproductively senescent females,
however, is not uniformly neuroprotective for stroke. In some cases, estrogen replacement
reduces infarct volume (Alkayed et al., 2000, Wise and Dubal, 2000, Dubal et al., 2001,
Toung et al., 2004), while in other cases, hormone treatment is either ineffective or increases
infarct volume (Viscoli et al., 2001, Selvamani and Sohrabji, 2010a, Selvamani and Sohrabji,
2010b, Leon et al., 2012)(. Concomitantly, the Women’s Health Initiative study reported that
hormone therapy increased the risk for stroke in postmenopausal women (Wassertheil-
Smoller et al., 2003). Collectively, the experimental and clinical data underscore the need for
alternative effective neuroprotectants for stroke-prone demographic groups such as middle-
aged and aging women.

A class of small non-coding RNAs, microRNAs (miRNAs), has emerged as novel
therapeutic targets in several diseases including cancer, infectious, immune-mediated,
cardiovascular and neurodegenerative diseases (lorio et al., 2005, Randall et al., 2007, Keller
et al., 2009, Martins et al., 2011). MicroRNAs are typically ~25 nucleotides long and
regulate gene expression post-transcriptionally by binding to complementary sequences in
the 3° UTR of multiple target mMRNAs (Ambros, 2001). Pharmacological and genetic
manipulations of individual miRNA or miRNA family in cardiovascular diseases show that
they are key regulators of cell survival. Thus stroke outcomes are reportedly improved with
infusion or transfection with premir-29c¢ (Pandi et al., 2013) or mir424 mimics (Zhao et al.,
2013). Occluding the middle cerebral artery (MCAO) to the mir-223 knock out mouse
increases infarct volume as compared to the wildtype control, and rAAV-mediated transfer of
miR-223 reduces infarct volume (Harraz et al., 2012). Similarly, antagomirs to Let7f infused
after stroke (Selvamani et al., 2012), mir181a infused before stroke (Moon et al., 2013), and
mirl03-1 delivered before or after stroke (Vinciguerra et al., 2014) also decreased infarct
volume. A recent study also shows that the route of miRNA administration may also affect
outcomes, such that intravenous but not intracerebroventricular, mir122 improved stroke
outcome in adult rats (Liu da et al., 2016). Hence, no studies have identified a miRNA that is
neuroprotective in older female animals.

In an expression profiling study comparing 168 serum miRNA in adult and middle age
males and females after stroke, we identified mir363-3p, whose expression was inversely
correlated with infarct volume. Specifically, in the early acute phase of stroke, adult females
(who typically have small infarcts) had high levels of mir363-3p, while groups that typically
have large infarct volumes such as middle aged females and adult and middle-aged males,
had low levels of this microRNA. Based on this pattern, we hypothesized that elevated
expression of miR363 in the early hours after stroke may be functionally associated with
reduced infarction in adult females, and could potentially be a therapeutic target for middle-
aged females and males of both ages. Using mimic or antagomir to mir363-3p, the present
studies show that mir363-3p mediates neuroprotection in stroke-affected females, but has no
effect on males. These data underscore the value of miRNA profiling as a strategy to identify
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Methods

Animals

new therapeutic targets for stroke, as well as the potential for sexually dimorphic regulation
of critical cell death pathways.

All animals were purchased from Harlan Laboratories (IN). Females were purchased as
adults (67 months, 230-320 g) and middle aged (10-12 months, 280-360g) while adult
males were age- matched to adult females and middle aged females. All animals were
maintained in a 12-h dark:12-h light cycle in AAALAC-accredited vivarium facilities. Food
and water were available ad libitum. A week after arrival, females were smeared daily for
14-21 days to determine estrous status (Jezierski and Sohrabji, 2001). Vaginal cells were
collected using cotton swabs, placed on slides and cell cytology was examined at a low
magnification. Adult females with a normal estrous cycle of 4-6 days were included in the
study. Middle aged females were included if cell cytology indicated they were in constant
diestrus for at least 7 consecutive days. Adult animals and middle aged animals were at an
average of 7 and 11.5 months, respectively, at the time of middle cerebral artery occlusion
(MCAO0). Within each age and sex, animals were assigned randomly to the treatment groups.
A total of 129 animals were used in these studies with group sizes of 5-7. Animals were
randomly assigned to treatment groups.

Middle cerebral artery occlusion

All animals were subjected to stereotaxic surgery to occlude the left middle cerebral artery
as reported in (Selvamani and Sohrabji, 2010a, Selvamani and Sohrabji, 2010b, Selvamani et
al., 2012, Selvamani et al., 2014). Briefly, MCA occlusion was induced by microinjecting 3
ul of Endothelin-1 (American Peptide Company INC, CA; 0.5 ml in 1 ml PBS). Rats were
maintained at 37°C throughout surgery and O2 saturation was measured by pulse oximetry.
For miR-363-3p experiments: four hours post-stroke, animals were administered tail vein
injections, 300 ul (7mg/Kg) of either miRNA mimic negative control or miR-363-3p mimic
(AAUUGCACGGUAUCCAUCUGU) oligonucleotide sequences (Thermo Fisher, Grand
Island, NY) in In-vivo RNA-LANCEt Il (Bioo Scientific, Austin, TX). Animals were
terminated at 48h or on day 5 post-MCAo. At termination, the brain was rapidly removed
and processed for TTC (Triphenyl Tetrazolium Chloride) staining to assess infarct volume.
For molecular analyses, brain tissue was dissected and stored in —80°C. For histological
analyses, animals were terminated at 48h post-MCAo and perfused transcardially with saline
followed by 4% paraformaldehyde. Brains were then sucrose-loaded and embedded in
cryoprotectant sectioning media and stored in —80 °C.

Infarct volume

Infarct volume estimation was performed on animals terminated on day 5 post stroke using
our previously described procedures (Selvamani and Sohrabji, 2010b). Briefly, brain slices
(2 mm thick) between —2.00 mm and +4.00 mm from Bregma were incubated ina 2% TTC
solution at 37°C for 20 min and later photographed using a Nikon E950 digital camera
attached to a dissecting microscope. Infarct volume was determined from digitized images
using the Quantity One software package (Bio-Rad CA). The volume of the infarct was
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expressed as a percentage of the contralateral (non-occluded) hemisphere. To ensure reliable,
consistent and unbiased estimation of the infarct zone, all images were first coded and all
volumetric traces were performed by an investigator blind to the codes (AS).

Behavioral assays

Sensory-motor performance was assessed using procedures described previously for the
vibrissae-evoked forelimb placement task (Selvamani and Sohrabji, 2010a, Selvamani and
Sohrabji, 2010b) and the adhesive-removal test (Balden et al., 2012). Both tests were
performed before and after MCAo surgery. Vibrissae-evoked forelimb placement task:
Animals were subject to same-side placing trials and cross-midline placing trials elicited by
stimulating the ipsi and contra-lesional vibrissae. During the same-side forelimb placing
trials, animal’s ipsi-lesional vibrissae were brushed against the edge of a table to elicit a
forelimb placing response, which typically consisted of the forelimb ipsi-lateral to the
stimulated vibrissae. In the cross-midline placing trials the ipsi-lesional vibrissae lie
perpendicular to the tabletop and the forelimb on that side is gently restrained as the
vibrissae was brushed on the top of the table to evoke a response from the contralateral limb
and vice versa. Ten trials were performed before the same procedure was repeated for the
contra-lesional vibrissae. Adhesive removal test: Two pieces of adhesive-backed foam tape
(1 x %”) were used as bilateral tactile stimuli attached to the palmar surface of the paw of
each forelimb. For each forelimb, the time it took to remove each stimulus (tape) from the
forelimbs was recorded during three trials per day for each forepaw. Animals were allowed
to rest for 5 min between sessions, and each test session had a maximum time limit of 120
sec.

MicroRNA analyses

Circulating microRNA—Circulating miRNA was assessed in blood samples. Blood was
collected by saphenous draw at 2d post stroke and trunk blood was collected at termination
(5d post stroke). Blood samples were centrifuged at 1300xg for 30 mins to obtain serum.

Mir363-3p was analyzed in serum (n=6 in each experimental group). RNA extraction: RNA
was extracted from serum and astrocytes using the miRNeasy Kit (Qiagen, CA) and
manufacturer’s instructions, as described in our previous publication (Selvamani et al.,
2014). Sample purity was assessed by Nanodrop technology and a ratio of 1.8 was
considered acceptable. Samples were stored at —20°C until use. PCR Amplification:
Template RNA (25ng total RNA per sample) was incubated with reverse transcriptase for 60
min at 42°C, followed by heat-inactivation of the enzyme (5 min at 95°C) and used
immediately. cDNA was diluted 80-fold and then incubated with SYBR® Green master mix.
Ten pl was dispensed to each tube. An activation/denaturation step (95°C, 10 min) precedes
40 amplification cycles each at 95°C, 10 s, 60°C, 1 min, ramp-rate 1.6°C/s. Mir363-3p
primers were LNA modified (Exiqon, Woburn, MA) which allows for uniform Tm, and
confers greater specificity. Samples were then subject to PCR amplification of U6. Delta CT
values of miR363-3p were obtained by subtracting the U6 value and ddCT values were
obtained by subtracting the mean dCT of the adult female group from each value in all
groups. The fold change was expressed as the inverse log of ddCT(1/2/ddCT),
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Lectin histochemistry—Lectin staining was performed on 25mm coronal brain sections
using Flourescein Lectin (1:200, Vector, Burlingame, CA). Sections were then washed in
PBS and counterstained with Hoechst (Polyscience, PA) and coverslipped with ProLong
(Invitrogen, CA). Flourescence images were captured using an inverted scope and
microvessel density analysed using Image J software (ImageJ 1.48v).

Cellular uptake of mir363-3p in the brain

Immunofluorescence was used to evaluate colocalization of FAM-labelled miR-363-3p in
neurons, astrocytes, microglia and endothelial cells. Coronal brain sections (25 mm
thickness) were incubated in either NeuN (1:100), anti-GFAP (1:200, Sigma, St. Louis,
MO), anti-CD11b (1:100, Serotec, Raleigh, NC), CD31 (1:50, BD pharmagen, San Jose,
CA) or tomato lectin (1:200, Vector, Burlingame, CA). Sections were then washed in PBS
and incubated with a secondary antibody -goat anti-rabbit (1:2000, Molecular probes,
Carlsbad, CA) or goat anti-mouse (1:2000; Grand Island, NY). Finally, the sections were
rinsed, counterstained with Hoechst (Polyscience, PA) and coverslipped with ProLong
(Invitrogen, CA). Flourescence images were captured using the fully motorized FSX100
inverted microscope.

Cellular localization of Mir363-3p

A combination of in-situ hybridization and immunofluorescence was used to confirm
astrocytic localization of mir363-3p. Female rats were euthanized 5d post stroke and the
brains were removed following intracardial paraformaldehyde perfusion. Coronal brain
sections (25 mm thickness) were incubated in prehybridization solution (100% Formamide,
5 M Nacl, 50X Denhart, 1 M DTT, 10 mg/ml tRNA and 100% Triton) at 45uC for 2 h. The
sections were incubated overnight at 45°C in hybridization solution containing 2.5 mM
LNA-madified mir363-3p oligonucleotide probe, (ACAGATGGATACCGTGCAATT,
Exigon (Vedbaek, Denmark). The sections were washed with 5% SSC at room temperature
for 5 min followed by incubation in formamide wash solution (50% Formamide, 0.1%
Tween-20, 1% SSC and DEPC) at 45°C for 30 min. Sections were washed in 0.2%SSC at
RT for 30 min and then subject to three 5 min washes with PBS followed by incubation with
Rhodamine Avidin (1:500, Vector, Burlingame, CA), for 1h at RT. Following three PBS
washes the sections were incubated in the blocking solution (NGS, triton, RNasin and 4
drops/ml of block of avidin blocking solution) at RT for 1 h and then incubated ON with
anti-GFAP (Sigma, St. Louis, MO). Sections were then washed in PBS and incubated with a
secondary antibody -goat anti-mouse (1:500, Molecular probes, Carlsbad, CA). Finally, the
sections were rinsed, counterstained with Hoechst (Polyscience, PA) and coverslipped with
ProLong (Invitrogen, CA). Confocal images of the double in situ/immunofluorescence were
obtained using Olympus Fluoview 1200, with a BX61WI microscope (Waltham, MA).

Astrocyte microRNA—Astrocytes were harvested from the ischemic hemisphere 2d post
stroke, using procedures published in (Chisholm et al., 2015). Briefly, tissues were
dissociated using a neural dissociation Kit (trypsin) and cells were passed through a 30 mm
filter to obtain a single cell suspension. Following myelin removal, cells were collected by
positive selection using anti-GLAST antibody (1:5) for 10 min. GLAST was selected as a
marker because it is an astrocyte-specific, membrane associated protein, and previous work
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has established that astrocytes harvested 48 h after ischemia express glutamate transporters
(GLT-1 and GLAST) and display no age differences in their expression. Cells were then
processed for mir363-3p expression as described above.

Analysis of cell death pathways

Protein extraction—Cell proteins from ischemic hemisphere (cortex and striatum) from
animals terminated at 48h were harvested in lysis buffer [50 mm Tris (pH 7.4), 150 mm
NaCl, 10% glycerol, 1 mM EGTA, 1 mM Naorthovanadate (pH 10), 5 uM ZnCl2, 100 mM
NaF, 10 pg/ml aprotinin, 1 ug/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride in
dimethylsulfoxide, 1% Triton X-100] and centrifuged at 20,000 rpm for 30 min. Supernatant
was collected and stored at —20°C until further analysis. Protein concentrations were
determined using the BCA protein assay kit (Pierce, Rockford, IL).

Western blot analysis of Caspase-3 expression—Samples were size-fractionated on
10% PAGE and transferred to Hybond-C membranes (Amersham Pharmacia Biotech, NJ).
Blots were blocked with 1x Tris-buffered saline containing 0.05% Tween 20 and 5% nonfat
dry milk. Subsequently blots were probed for Caspase-3 and stripped and reprobed for -
actin. Blots were incubated with primary (1:200, Caspase-3 (7148); Santa Cruz, CA; b-actin
(47778) and secondary antibodies (1:2000, goat anti-rabbit; Santa Cruz, CA; Goat anti-
mouse 1:2000, BD Pharmagen) subjected to three washes in 1x Tween Tris-buffered saline
buffer between the two incubations. The immunosignal was detected by Alphalmager™ Gel
Imaging System from Alpha Innotech using chemiluminescence reagents (Fisher Scientific,
Pittsburgh, PA). Immunosignal was quantified using computer-assisted densitometric
analysis (Quantity One; Bio-Rad). Caspase-3 immunosignal was normalized to b-actin.

Caspase activity—Caspase 3/7 activity was measured using the Caspase-Glo® 3/7 assays
(Promega Corp., USA) according to manufacturer’s instructions. Protein lysates from
ischemic cortex and striatum were subjected to Caspase 3/7 activity measurement with
Caspase-Glo assay kit (Promega, Madison USA). 100ul of cell lysates were aliquoted into
1.5ml tubes followed by 100 pl of Caspase-Glo reagent to each well, the content of well was
gently mixed with a plate shaker at 300-500 rpm for 30 seconds. The plate was then
incubated at room temperature for 3 hours. The luminescence of each sample was measured
in a plate-reading luminometer (TECAN, Switzerland) with parameters of 1minute lag time
and 0.5 second/well reading time. The experiments were performed in duplicate.

Statistical analysis

Power analysis for group sizes was computed based on effect sizes seen in previous data and
pilot studies. In order to achieve power of 0.9 (1-B) and Type 1 error rate a=0.05, the
minimum sample size is 5. For these studies, group sizes ranged from 5-7. For comparisons
between adult and middle-aged males and females on infarct volume and mir363-3p
expression, a two-way ANOVA with post-hoc comparisons were performed. For behavioral
tests, a paired t-test was used for each group, comparing the values obtained pre and post-
stroke. For all other tests, an unpaired t-test was performed. Group differences were
considered significant at p<0.05 in each case. The statistical package SPSS (v. 21, IBM) was
used for these analyses.
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RESULTS

Effect of age and sex on post-stroke mir363-3p expression

Serum samples were obtained from adult and middle-aged female and male Sprague Dawley
rats at 48h and 5d after middle cerebral artery occlusion and analyzed for mir363-3p
expression. Two sets of serum samples were used for these analyses; one from a previously
published study (Selvamani et al., 2014) and a second set that was separately prepared to
confirm these findings. Data from both sets were pooled and shown here. All data were
normalized (ddCT) to the middle aged females, since this group showed little variation
between the 2d and 5d time point. QRT-PCR analysis of miR-363-3p in serum showed a
distinct sex- and age-dependent expression at each time point. At 2d post stroke (Figure 1A),
circulating miR-363-3p expression was similar in adult males and females, and both adult
groups were more than 2 fold higher than middle aged males and females (main effect of
age; F(1,36): 25.146, p<0.001). At 5d post stroke (Figure 1B), miR363-3p levels continued to
rise in adult females, and was now significantly higher than all other groups (sex X age
interaction; F(y 36): 4.46, p<0.05). Normalized mir363-3p values at 5d post stroke were
plotted against infarct volume at 5d post stroke. The relationship between mir363-3p and
infarct volume indicates an inverse association, with a correlation of r: —0.37, p<0.05,
Pearsons r2-tailed test). This pattern confirmed that circulating mir363-3p expression at day
5 was inversely related to infarct volume (Figure 1C).

Effect of intravenous miR-363-3p antagonists on stroke outcomes in adult females

To determine whether elevated levels of mir363-3p in the adult female is associated with
better stroke outcomes, adult female rats (5-7 month) were subject to stroke and then
injected iv with antagomirs to mir363-3p (a sequence complementary to mir363-3p). As
shown in Figure 2A, TTC-stained images indicate a cortico-striatal infarct that is much
larger in adult females that received antagomirs to mir363-3p as compared to adult female
rats that received injections of a scrambled oligo control. Adult females typically sustain
small infarcts after MCAo0, while injections of antagomirs post-stroke increased infarct
volume by 2.5 fold (Figure 2A; p<0.01).

The vibrissae-elicited forelimb placing test and the adhesive removal test was performed
both before and after MCAO to assess sensory motor deficits commonly seen in this stroke
model. Performance on the adhesive removal test is impaired after MCAo (Figure 2B), as
shown by the longer latency to tape removal. The latency was significantly increased in the
group that received mir363-3p antagomirs, indicating further deterioration on this task.
Performance on the vibrissae-evoked forelimb placement task was also worse after stroke
although mir363-3p antagomirs did not further impair performance on this task (Figure 2C).
Collectively, mir363 antagonists to adult female rats worsened stroke outcomes as measured
by infarct volume and sensory motor performance.

Effect of mir363-3p mimic on stroke outcomes in middle-aged females

Middle-aged females display low levels of mir363-3p expression in comparison to adult
females, at 2d and 5d post stroke. To determine whether increasing mir363-3p levels would
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improve stroke outcomes, middle-aged females were subject to stroke and injected iv 4h
later with miRNA mimic.

Infarct volume—As shown in Figure 3A, TTC-stained sections show that infarct volume
in middle-aged females, at 5d post stroke, was significantly reduced in the group that
received post stroke iv infusion of miR-363-3p mimic. Specifically, mir363-3p mimic
decreased infarct volume by 55% as compared to the group that received the scrambled
control (p < 0.001).

Microvessel density—Microvessel density was also measured in the ischemic
hemisphere of control and mir363-3p treated middle aged females, using fluorescein labeled
Lycopersicon Esculentum (Tomato) Lectin, a marker for blood vessels and microglia. In
each case, stained microvessels were analyzed by fluorescent microscopy in 3 selected
regions each of the cortex and in the striatum as indicated in the schematic in Figure 3B.
Mean density of tomato lectin-staining confirmed that microvessel density was significantly
greater in the cortex and striatum of the miR-363-mimic treated group compared to the
scrambled controls (p<0.05).

Behavioral assays—Vibrissae-elicited forelimb placement test: This test revealed a
significant deficit in paw-placement due to stroke on the contra-lesional side (o < 0.05), but
not on the ipsi-lesional side when compared to pre-stroke performance. Additionally,
miR-363 treatment significantly improved performance on the contra-lesional paw post-
stroke, compared to the scrambled controls (p<0.05). Histogram depicts ‘percent correct’
responses +SEM (Figure 3C). Adhesive removal test. Sensory motor function was further
evaluated by the latency to adhesive tape removal from the palmar surface of the ipsi-
lesional and contra-lesional paw for each group. As expected, there were no significant
differences between treatment groups in the average latency for tape removal from the ipsi-
lesional paw pre- or post-stroke. In middle aged females, post-stroke performance was
significantly impaired on the contra-lesional paw in both groups. However, the group that
received the miR-363-3p mimic group had significantly less post-stroke functional loss (77.1
seconds) as compared to the scrambled control group (106.4 seconds) (p<0.05; Figure 3D).

Collectively, mir363-3p mimic to middle-aged females reduced MCAo-induced infarct
volume, preserved microvessels and reduced sensory motor impairment

Effect of mir363-3p mimic on stroke outcomes in males

Similar to middle-aged females, adult and middle-aged males also express lower amounts of
circulating mir363-3p at 5d post stroke and also display worse stroke outcomes. In this
experiment, adult and middle-aged males (age-matched to females) were subject to MCAo
and later injected with mir363-3p mimic. As shown in Figure 4A and 4B, infarct volume
was not different from between the group that received the scrambled control and mir363-3p
treatment in either adult (Fig 4A) or middle-aged (Fig 4B) males.

Behavioral assays—Vibrissae-elicited forelimb placement test: This test revealed a
significant deficit in paw-placement after stroke on the contra-lesional side (v < 0.05), but
not on the ipsi-lesional side when compared to pre-stroke performance. Additionally,
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miR-363 treatment had no effect on post stroke performance on either adult (Fig 4C, left
panel) or middle-aged (4C, right panel) males. Adhesive removal test. Sensory motor
function was also evaluated by the latency to adhesive tape removal from the palmar surface
of the ipsi-lesional and contra-lesional paw. As expected, there were no significant
differences between treatment groups in the average latency for tape removal from the ipsi-
lesional paw pre- or post-stroke. Post-stroke performance was significantly impaired on the
contra-lesional paw in both groups. Furthermore, there were no differences in latency
between the groups that received miR-363-3p mimic or the scramnbled control, in either the
adult (Fig 4D, left panel) or middle-aged (Fig 4D, right panel) males.

Confirmation of Mir363-3p mimic in plasma and brain

To ensure that the sex difference in the effect of mir363-3p was not due to different
availability of the mimic, tissues from middle-aged females and males injected (iv) with the
mimic and the scrambled control were subject to qRT-PCR. Tail vein injections of mir363
significantly elevated serum expression of this microRNA when measured 48h post stroke in
both males (4.01 fold) and females (3.76 fold), as compared to animals injected with
scrambled control oligos (Table 1a). By 5d post stroke, control and mimic injected groups
did not differ in their expression of serum mir363-3p. Brain tissue also showed significantly
higher expression of miR-363 in the ischemic hemisphere in the group that received the
mimic at 48h. MiR363 was elevated to a similar extent in both females (3.76 fold) and males
(3.52). At 5d post stroke, mir363 levels were further elevated in the ischemic hemisphere,
and to a similar extent in females (8.43 fold) and males (9.02 fold). No difference was
observed between the ischemic and non-ischemic hemisphere in scrambled control injected
animals, indicating that the mimic was preferentially recruited to the ischemic hemisphere
(Table 1b). Overall, in both males and females, mir363-3p injections transiently elevate this
microRNA in circulation (2d) and persistently (2d-5d) elevate mir363-3p levels in the brain.

Cellular localization of mir363-3p mimic in the brain

To determine which neural cell types localized exogenous mir363-3p, combined
immunofluorescence was performed for cell specific markers and fluorescein (FAM) labeled
mir363-3p mimic. Female rats were injected with FAM-mir363-3p 4h post stroke by tail
vein injection. Two days post -stroke, brain tissue obtained from mimic-injected animals was
processed for immunohistochemistry for neuronal (NeuN), astrocytic (GFAP), microglial
(Ibal) and endothelial (PECAM) markers. FAM-labeled mir363-3p was widely detected in
the forebrain (Figure 5), as indicated by the fluorescein label (green) in a section counter
stained with a nuclear dye (DAPI, Hoescht #33342). The majority of NeuN-positive (red)
cells in the cortex and striatum were also labeled with FAM-363-3p, indicating a robust
internalization of the mimic in neurons. FAM-mir363-3p was also localized to a few Ibal-
positive cells, indicative of microglial uptake of the mimic. Virtually no double-label was
seen in GFAP—positive cells or PECAM-positive cells in the cortex or striatum, indicating
that the mimic was not internalized by astrocytes and microvascular endothelial cells.
Interestingly, FAM-mir363-3p is clearly visible in the endothelial lining of the middle
cerebral artery, confirmed by colocalization of the mimic to PECAM positive cells in this
major artery.
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Local synthesis of mir363-3p

To determine if mir363-3p is locally synthesized in the brain, sections through the forebrain
of adult female rats were incubated with a probe complementary to mir363-3p. Punctate
staining, indicative of mir363-3p hybridization, was observed in the cortex and striatum. As
shown in Figure 6A, hybridization signal was localized to GFAP-positive cells (astrocytes).
Mir363-3p hybridization was localized to the distal processes of the astrocyte. To determine
age and sex differences in mir363-3p expression, astrocytes were harvested from the
ischemic hemisphere and subject to qPCR. Mir363-3p was present in astrocytes from all
groups however, the pattern of expression varied by age and sex. Adult females had the
highest expression of mir363-3p, as compared to adult males (6-fold higher), middle aged
females (18 fold higher) and middle aged males (21-fold higher) (Figure 6B).

Effect of mir363-3p mimic on the cell death effector protein Caspase-3

Mir363-3p has 1492 putative gene targets and 460 validated gene targets (miRWalk; http://
zmf.umm.uni-heidelberg.de/). Only a few gene targets have been rigorously validated by
reporter assays and these are shown in Table 2. Overall, mir363-3p appears to targets genes
directly or indirectly involved with apoptotic cell death (Li et al., 2016, Wang et al., 2016),
and some of these genes display either functional sex differences or are responsive to
estrogen (Tsukahara et al., 2006, Tsukahara, 2009, Utge et al., 2010, Sharma et al., 2011,
Caliceti et al., 2013, Fan et al., 2014, Zhao et al., 2014, Shannonhouse et al., 2015). Both
caspase-3 and -9 play a role in apoptotic cell death, with caspase-9 being an initiator
caspase, and caspase-3, an executioner caspase. Both caspases have been implicated in
stroke-mediated cell death, and caspase inhibition improves stroke outcomes in a sex-
dependent manner (Liu et al., 2009, Liu et al., 2011). The long non-coding RNA (Inc)
MALAT1, another mir363-3p target, also regulate caspase-3 and caspase-9 expression and
promotes apoptosis when inhibited (Chen et al., 2015). NOTCHZ1, a cell surface receptor,
can be cleaved to release the NOTCH intracellular domain NICD which is implicated in
stroke/hypoxia mediated cell death (Arumugam et al., 2006). In view of the convergence of
mir363-3p on apoptosis related genes, we next determined mir363-3p mimic regulation of
caspase-3, as a marker for the apoptotic cell death pathway.

Protein lysates from the ischemic hemisphere of middle-aged females, adult and middle
aged males injected with either control or mir363-3p post stroke was subject to Western blot
analysis for caspase 3. As shown in Figure 7A, caspase-3 immunopositive signal (32kD) was
seen in all groups, however capsase-3 expression was significantly reduced by 50% in
mir363-3p-treated middle aged females as compared to scrambled controls (Fig 7Ai). An
ELISA-based caspase activity assay further showed that caspase-3/7 activity, as measured by
cleavage of the proluminescent tetrapeptide substrate DEVD, was decreased by 25% in
protein extracts from miR-363-3p treated middle-aged females as compared to scrambled
controls (p <0.05) (Figure 7Aii). Collectively, in middle aged females, mir363-3p treatment
reduced both expression and functional activation of the caspase-3. By contrast, in adult
males and middle aged males, mir363-3p mimic did not alter the expression of caspase-3
(Figure 7Bi, 7Ci). Similarly, caspase activity was also not altered (Figure 7Bii, 7Cii), when
compared to scrambled control treated animals, indicating that caspase-3 expression was
insensitive to mir363-3p treatment in males.
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DISCUSSION

The present study confirms that circulating mir-363 expression is elevated in the group that
displayed the smallest infarct volumes, namely adult females. In females, mir363-3p appears
to be closely linked to stroke outcomes, such that iv injections of mir363-3p antagomirs to
adult females increased infarct volume and further impaired sensory motor performance,
while iv infusion of mir363 mimic to middle aged females significantly reduced neuronal
damage, preserved cortico-striatal microvasculature and improved sensory motor function in
this group, when compared to scrambled oligonucleotide treated controls. Mir363-3p mimic
also reduced the expression and activation of caspase-3 in middle aged females. While it is
unlikely that caspase-3 is the sole effective target of the mir363-3p mimic, regulation of this
target gene by mir363-3p maps coordinately with its effects on infarct volume, and suggests
that it may be a critical target in the acute phase of stroke. Consistent with this hypothesis,
mir363-3p mimics were found localized to neurons where its effects on apoptotic processes
would likely reduce infarct volume. To our knowledge this is the first instance of a
microRNA mediator that improves stroke outcomes in older female animals, a group where
MCAOo typically results in larger infarction and greater behavioral deficits.

MiRNAs are attractive therapeutic candidates for acute and chronic diseases, due to their
ability to regulate large gene networks and several approaches have been pursued to identify
stroke-protective miRNA. These include ‘gene-focused’ approaches, where miRNAS are
selected because they regulate known neuroprotectants, as in the case of Let7f and mirl
which regulate IGF-1 (Selvamani et al., 2012). In the case of mirl81, spatial-segregation of
this microRNA (elevated in the ischemic core and low in the penumbra), was exploited to
show that pre- (Ouyang et al., 2012) and post-stroke (Xu et al., 2015) infusion of mir181
antagomirs reduced infarct volume. Similarly, miR-223 consensus sites in glutamate
receptor subunits, GIuUR2 and NR2B, were manipulated to reduce cell death in hippocampal
neurons following global transient ischemia (Harraz et al., 2012). A recent study further
showed that the route of administration of miRNA is also critical, such that intravenous but
not intracerebroventricular injection of mir122 improved stroke outcome in adult rats (Liu et
al., 2015). Age and sex also modify the impact of microRNA treatment, thus while anti-
Let7f was neuroprotective for stroke in young females, we found that it had no effect on
young males or ovariectomized females (Selvamani et al., 2012). Furthermore, anti-Let7f
paradoxically, increased infarct volume in middle age females (Selvamani and Sohrabji,
unpublished observations), indicating that the endocrine environment modifies the effect of
miRNA therapies. In contrast to anti-Let7f, a unique feature of the present study is that a
miRNA that discriminates stroke outcomes based on age and sex, such as mir363-3p, can be
reverse engineered to develop new therapeutic targets, and is effective for both young and
middle-aged females.

The present data also confirm an emerging trend in stroke neuroprotectants where a specific
treatment is effective in one sex but not the other. Despite its strong neuroprotective effect in
middle aged females, miR-363 treatment did not reduce infarct volume in males nor improve
sensory motor function. We reported a similar phenomenon with anti-Let-7f treatment,
which was neuroprotective in adult females but not in age-matched males (Selvamani et al.,
2012). Sex differences in stroke outcome have been attributed to the immediate presence of
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sex hormones or prenatal hormone exposure or sex chromosomes (Turtzo et al., 2011,
Manwani et al., 2015), and estrogen treatment has been shown to be neuroprotective in both
young females and males (Simpkins et al., 1997, Dubal et al., 1998, Rusa et al., 1999, Toung
et al., 2004). However, sex differences in neuroprotection extends beyond sex steroids, such
that nitric oxide inhibitors, PARP inhibitors, and the anti-inflammatory drug minocycline are
reported to be effective for stroke in males but not for females (Hagberg et al., 2004, Li and
McCullough, 2009).

In addition, functional sex differences are well recognized in ischemia-induced cell death
pathways. Cerebral ischemia triggers an intrinsic apoptotic pathway (Dirnagl et al., 1999)
and caspase-3 is the major apoptotic executioner protease (Budihardjo et al., 1999,
Nicholson, 1999). Caspase inhibition has been shown to delay cell death in different
experimental models of neurodegeneration (Knoblach et al., 2004, Renolleau et al., 2007).
Caspase activation is the major pathway activated by ischemia in females and caspase
inhibition benefits females following neonatal hypoxia (Renolleau et al., 2007) and adult
ischemia (Liu et al., 2009) but not males. Not surprisingly, microRNAs that regulate proteins
associated with the apoptotic cell death pathway such as the caspases (Rink and Khanna,
2011), intermediary proteins such XIAP and those associated with critical choice points for
survival or death such as the BCL-2 family members (Ouyang and Giffard, 2014) are
consistently found to modulate ischemic stroke outcomes. Sex specific regulation has also
been reported for XIAP, the X-linked inhibitor of apoptosis protein, which is regulated by
mir23a. Stroke elevates mir23a and reduces XIAP in females. Furthermore, inhibition of
XIAP exacerbates stroke outcomes in females but not males (Siegel et al., 2011).
Interestingly, both XIAP and mir363-3p are located on the X chromosome. In the present
study, mir363-3p mimic injections improved stroke outcomes in middle-aged females and
reduced both protein expression and caspase-3 activity in this group, consistent with
evidence that mir-363-3p inhibits caspase-3, caspase-9 and BIM genes in luciferase reporter
assays (Floyd et al., 2014). However, mir363-3p mimic injections to males failed to regulate
either infarct volume or caspase 3 expression/activity in this group, even though mimic
levels were similar in males and females. Since caspase 3 is a predicted target of several
miRNA, an important future direction would be to evaluate sex differences in groups of
miRNA instead of a single one.

Astrocytes play a key role in pathological processes like stroke, and recent studies show that
manipulating astrocyte-enriched miRNA, such as mir181 and mir29 can reduce ischemia-
induced cell death (Ouyang et al., 2012, Ouyang and Giffard, 2014). These miRNAs target
members of the Bcl-2 family of pro- and anti-apoptotic proteins, and reduce mitochondrial
dysfunction and apoptosis induced by glucose deprivation and ischemia. Our data show that
miR363-3p is also expressed in astrocytes, and displays similar age and sex dependent
expression patterns as circulating (serum) mir363-3p, in that it is elevated in adult females as
compared to adult males and middle aged males and females. Collectively the evidence
suggests that astrocyte-derived miRNA may play an important role in reducing cell death.
With the growing evidence for secreted miRNA, transported by exosomes, microvesicles or
chaperone particles (Chen et al., 2012), these data also suggest that neurons may have a
readily available pool of anti-apoptotic miRNA from astrocytes under conditions of
ischemia.
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In conclusion, while most microRNA profiling studies in stroke have focused on microRNA
that can distinguish types of brain injuries, or reperfusion times, and prognosis, and stroke
induced transcription, the present study utilized a novel strategy of correlating miRNA with
stroke outcomes, to identify candidate therapeutic target microRNAs for stroke. The
complete mechanism of action for miR-363 needs further study, and the significant increase
in its expression during the 2-5d post stroke period suggests that it may affect more or
different stroke-associated processes with time. During the acute phase, it likely involves
(sex-specific) regulation of cell death pathways, and since predicted targets of mir363-3p
include extracellular matrix pathway and cell adhesion molecules, mir363-3p may also be
involved in long term repair and recovery. A recent study of male and female stroke and
control (with vascular risk factors) patients found that mir363 was among a small group of
miRNA that are differentially expressed in blood samples collected in the acute stroke phase
(Jickling et al., 2014). While this study did not assess the association of mir363 and stroke
impairment or sex differences in its expression, it underscores the relevance of this miRNA
to early events in ischemic injury.
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. Post stroke mir363-3p antagomirs increase infarct volume in young females,

. Mir363-3p treatment reduces caspase-3 activity and expression in middle-

. The effect of mir363-3p treatment is sex-specific, such that it is ineffective in

Highlights
Circulating miRNA 363-3p is inversely associated with infarct volume and
stroke outcomes
while post-stroke mir363-3p mimetics improve stroke outcomes

aged females

improving stroke outcomes in young or middle aged males
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Figure 1. Age and sex differences in circulating mir363-3p expression after stroke
Mir-363 expression was measured in serum at (A) 2d and (B) 5d post stroke by gRT-PCR.

Histogram depicts mean (+SEM) of ddCT values. In all cases, ddCT is normalized to
middle-aged females at 2d post stroke. C. Scatterplot representing the relationship between
infarct volume and mir363-3p expression at 5d post stroke. Pearsons’s correlation: —.373,
p<0.019. a: main effect of age, b: main effect of sex, c: interaction effect. Histograms depict
mean+SEM, from 2 separate sets of animals with n=5-6 in each group/set.
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Figure 2. Effect of intravenous mir363-3p antagomirs on stroke outcomes in adult females
Adult female rats were injected iv with antagomirs to mir363-3p or scrambled oligos 4h

after stroke. A. TTC-stained coronal sections from control oligo and anti-mir-363-3p
injected. Histogram depicts average infarct volume (£tSEM) normalized to the volume of the
non-ischemic hemisphere. B. Sensory motor performance on the adhesive removal test was
evaluated before and after stroke. Histograms depict mean (£SEM) latency in seconds to
remove the tape. C. Sensory motor performance was also evaluated by vibrissae-evoked
forelimb placement task. Histogram depicts percent (+SEM) correct responses over 10 trials.
Clear bars represent pre-stroke performance and hatched bars represent post stroke
performance. N=5-6 per group. *:p<0.01
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Figure 3. Effect of intravenous post stroke miR-363-3p mimic treatment to middle aged females
(A) Infarct volume: TTC stained brain sections at 5d post stroke from middle-aged females

treated with scrambled oligos (control) or miR363-3p mimic. Histogram depicts average
infarct volume (+SEM) normalized to the volume of the non-ischemic hemisphere. B.
Microvessel density: Schematic of a brain coronal section (bregma —4.0mm; Paxinos)
depicts the three regions of the cortex and striatum that were photographed for microvessel
density analysis. Photomicrograph of tomato lectin stained microvessels in the cortex and
striatum of mir363-3p or control treated animals after MCAo. Histogram depicts mean
(+SEM) density of Tomato lectin labeled microvessels. *: p<0.05. Bar=200 um. C. Sensory
motor performance was evaluated by vibrissae evoked forelimb placement task. Histogram
depicts percent (+SEM) correct responses over 10 trials. D. Sensory motor performance on
the adhesive removal test was evaluated before and after stroke. Histograms depict mean
(xSEM) latency in seconds to remove the tape. (*: p<0.05, comparison of pre versus post
stroke performance; #: p<0.05, control versus mir363-3p post stroke performance). In C and
D, clear bars represent pre-stroke performance and hatched bars represent post stroke
performance
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Figure 4. Effect of mir363-3p mimic on post stroke outcome in males
Infarct volume: TTC stained brain sections at 5d post stroke from (A) adult and (B) middle-

aged males treated with scrambled oligos (control) or miR363-3p mimic. Histogram depicts
average infarct volume (£SEM) normalized to the volume of the non-ischemic hemisphere.
(C) Sensory motor performance was evaluated by vibrissae evoked forelimb placement task.
Histograms depict mean (xSEM) latency in seconds to remove the tape. (*: p<0.05,
comparison of pre versus post stroke performance. D. Sensory motor performance on the
adhesive removal test was also affected by stroke. Histograms depict mean (£tSEM) latency
in seconds to remove the tape. (*: p<0.05, comparison of pre versus post stroke
performance). N = 6-7 per group
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Figure 5. Cellular uptake of mir363-3p mimic
A. Coronal section of the forebrain depicting uptake of FAM-labeled mir363-3p mimic

(green), injected iv 4h after MCAOo,. Section is counterstained with DAPI (Hoescht nuclear
dye; blue). FAM-labeled mir363-3p is extensively colocalized with NeuN positive cells (B)
in the cortex and striatum (indicated by arrows; shown here are striatal neurons), and
localized, although less extensively, to CD11b positive (microglial) cells (C). Little or no
colocalization of FAM-363-3p mimic is seen in GFAP positive cells (astrocytes) (D) or
microvessel PECAM-positive cells (E). In contrast, FAM-mir363-3p was localized to
PECAM positive endothelial cells lining the middle cerebral artery (F).
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Figure 6. Mir363 expression in astrocytes
A. In situ hybridization for mir363-3p combined with immunohistochemistry for GFAP.

Inset shows punctate mir363-3p hybrids in astrocytic processes, indicated by arrows. B.
Astrocytes were harvested from the ischemic hemisphere of adult and middle aged male and
female rats and subject to qRT-PCR for mir363-3p. Histogram depicts mean (xSEM)
mir363-3p analyzed by qRT-PCR. *: interaction effect, p<0.05.
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Figure 7. Effect of miR363-3p mimic on caspase-3 expression and activity
Caspase -3 protein expression: Western blot expression of caspase-3 in cortico-striatal

lysates from the ischemic hemisphere in control and mir363-3p injected animals. Histogram
depicts mean (+SEM) caspase-3 expression (normalized to b-actin) in middle-aged females
(Ai), adult males (Bi) and middle aged males (Ci). Caspase-3/7 activity: Protein lysates from
the ischemic cortex and striatum were treated with caspase-glo 3/7 substrate in 96-well
microplates and luminescence was measured in relative light units (RLU). Histogram depicts
mean (+SEM) caspase-3/7 activity in middle aged females (Aii), adult males (Bii) and
middle-aged males (Cii). *p< 0.01
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