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Abstract

Brain-enriched microRNA-338 (miR-338) is known to play a central role in brain mitochondrial
function, however the role of miR-338 in stroke injury remains unknown. This study investigated
the role of miR-338 in injury from transient focal cerebral ischemia in mice, and in cell survival
and mitochondrial function after /n vitro ischemia in astrocyte and neuronal cultures. Pre-
treatment of mice with intracerebroventricular injection of miR-338 antagomir 24h prior to 1h of
middle cerebral artery occlusion (MCAO) significantly reduced infarct size and improved
neurological score at both 24h and 7d after injury. Levels of the miR-338 target cytochrome-c
oxidase subunit 411 (COX411), which plays an essential role in maintaining brain mitochondrial
ATP production, were increased in miR-338 antagomir-treated mice. Mouse primary astrocyte cell
cultures subjected to glucose deprivation exhibited increased cell survival when pre-treated with
miR-338 inhibitor, and greater cell death with miR-338 mimic. Decreased miR-338 levels were
associated with increased ATP production, augmented cytochrome c oxidative (CcO) activity and
preservation of COX4l1. /n vitro protection with miR-338 inhibitor was blocked by concurrent
knockdown of COX411 with small interfering RNA. Parallel studies in mouse neuronal N2a
cultures resulted in preserved ATP content and CcO activity with miR-338 inhibition, indicating a
shared miR-338-dependent response to ischemic stress between brain cell types. These results
suggest that miR-338 inhibition and/or COX4I1-targeted therapies may be novel clinical strategies
to protect against stroke injury via preservation of mitochondrial function in multiple cell types.
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INTRODUCTION

Stroke remains the second leading cause of death worldwide and the most frequent source of
permanent disability in adults worldwide [1]. It is responsible for nearly 5.5 million deaths
every year, and 44 million disability-adjusted life-years lost, and projected to increase to 61
million by 2020 [2]. Despite hundreds of promising preclinical trials in animal studies
focusing on neuronal gene targets, treatment options remain limited to thrombolysis within a
short therapeutic window [3]. The failure to develop any effective therapies aimed at
traditional neuronal gene targets suggests that focusing on alternative cellular targets is
warranted. Astrocytes are specialized glial cells that coordinate neuronal function in health
and disease [4]. As the most abundant cell type in the brain it is not surprising that new
therapies that account for astrocytes have been emerging as a promising avenue for an
alternative stroke treatment [5].

Mitochondria are central to ischemic cell death, by regulating oxidative stress, ATP
production and intracellular Ca2* handling [6], and mitochondrial dysfunction strongly
contributes to ischemia/reperfusion injury [7]. Cytochrome c oxidase IV (COX 1V) plays an
essential role in the assembly of the cytochrome c oxidase complex (CcO; complex 1V),
controlling ATP production and mitochondrial biogenesis [8]. Ischemia promotes inhibition
of COX IV protein synthesis and mitochondrial complex IV activity [9, 10], while post-
ischemic reperfusion and recovery is associated with increased COX IV levels [10].
However, the relevant molecular mechanisms that coordinate COX IV expression and
activity in the setting of cerebral ischemia remain poorly described.

MicroRNAs (miRNAs) are small (19-22 nucleotide) non-coding RNASs that regulate gene
expression primarily at the post-transcriptional level by inhibiting the translation of target
coding genes, and growing evidence supports a central role for microRNAs (miRNAS) in the
molecular response to cerebral ischemia [11]. Modulation of brain-enriched miR-338 has
been shown to alter mitochondrial oxygen consumption, ATP generation and the production
of reactive oxygen species (ROS) in the axon [12]. Levels of miR-338 were upregulated
more than 2-fold after 20 min of global ischemia followed by 30 min reperfusion in rat
hippocampus [13], and observed to be increased in the cerebral spinal fluid (CSF) of
ischemic stroke patients in the subacute stage [14]. MiR-338 has been utilized as a highly
sensitive biomarker of mitochondrial toxicity [15], and alteration of miR-338 levels was
shown to modulate the expression of COX IV and the subunit of mitochondrial ATP
synthase ATP5G1 [16], and markedly affect neuronal ROS levels and axonal growth [16,
17]. However, the role of miR-338 and potential gene targets in the evolution of stroke injury
has not been previously investigated. Therefore, in the present study we tested the
hypothesis that elevated miR-338 contributes to stroke injury /in vivo, and in astrocyte and
neuronal mitochondrial dysfunction /n vitro, by targeting COX411, the brain enriched
isoform of COX IV.
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MATERIALS AND METHODS

All experimental protocols using animals were approved by the Stanford University Animal
Care and Use Committee and conducted in accordance with the NIH guide for the care and
use of laboratory animals.

Intracerebroventricular (ICV) Pre-treatment

Adult male C57/B6 mice (age 8-10 wks, 25-30 g, Jackson Lab, Bar Harbor, ME, USA)
were randomly assigned to either intracerebroventricular (ICV) pre-treatment with miR-338
antagomir, or mismatch-control 24h prior to 1h middle cerebral artery occlusion (MCAO). A
power analysis using the power procedure in SAS 9.3 to achieve 80% power at the
significance level a =0.05) with a predicted effect size of 25% identified cohorts of n=8
mice per treatment group were required. Mice were anesthetized with 2% isoflurane by
facemask and placed in a stereotaxic frame. A 26-gauge brain infusion cannula was placed
stereotactically into the left lateral ventricle (bregma: — 0.58 mm; dorsoventral: 2.1 mm;
lateral: 1.2 mm) as previously described [18, 19]. 30 pmol miR-338 antagomir (in 2uL),
mimic or mismatch-control (Life Technologies, Carlsbad, CA) was mixed with cationic lipid
DOTAP (4ul; 6ul total volume; Roche Diagnostics, Indianapolis, IN) and infused over
20min.

Transient Focal Cerebral Ischemia

Adult male CB57/B6 mice (25-30 g from Jackson Lab) were anesthetized with 2%
isoflurane in O, by facemask and focal cerebral ischemia was produced by 1h of MCAO
with a silicone-coated 6-0 monofilament (Doccol Co, Redlands, CA, USA) followed by
reperfusion as described previously [20]. Rectal temperature was maintained at 37+0.5°C
controlled by a homeothermic blanket control unit (Harvard Apparatus, Holliston, MA,
USA). Temperature and respiratory rate were monitored continuously. Mice with no
evidence of acute neurological deficit or with evidence of hemorrhage were excluded from
analysis. A total of 132 mice were subjected to sham or MCAQ surgery, 9 were excluded
from analysis (5 had evidence of hemorrhage and 4 had no evidence of neurological deficit
acutely). No significant differences were observed in rates of death or exclusion between
treatment groups.

Determination of Infarct Volume and Neurological Status

Cerebral infarction volume was determined at 24h or 7d reperfusion with 2,3,5
triphenyltetrazolium chloride (TTC, Sigma, T8877, Louis, MO) or Cresyl violet (EMD-
Millipore Chemicals, Hayward, CA) after transcardiac perfusion with saline then fixation
with 4% paraformaldehyde [21]. Infarct volume was quantified by a blinded observer
assessing four 50um coronal sections/brain and corrected for edema using Adobe Photoshop
CS3 as described previously [22]. Neurological status was assessed after 24h and 7d of
reperfusion by a blinded observer using a 4 point neurologic deficit score [18, 21, 23].
Neurological deficit was scored as follows: 0 - no observable neurological deficits, 1 -
failure to extend right forepaw, 2 - circling to the right, 3 - falling to the right, 4 - cannot
walk spontaneously.
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Cell Cultures

Primary astrocyte cultures were prepared from postnatal (days 1-3) Swiss Webster mice
(Charles River Laboratories, Wilmington, MA) as described previously [24]. Isolated
astrocytes were seeded on 24-well plates in plating medium consisting of Eagle’s Minimal
Essential Medium (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum
and 10% equine serum (Hyclone, Logan, UT), 21 mM (final concentration) glucose, and 10
ng/mL epidermal growth factor. Cultures were maintained at 37°C in a 5% CO, incubator.
N2a cell cultures were grown in high-glucose DMEM (Invitrogen, Carlsbad) supplemented
with 8% fetal bovine serum (Hyclone) and antibiotics (50 U/mL penicillin + 50 @g/mL
streptomycin; Invitrogen) in a humidified atmosphere containing 5% CO, at 37 °C as we
have previously reported [18]. For all experiments 3—4 independent cultures were tested as
replicates within each experiment, and the experiment was repeated 3—4 times using cells
obtained from different dissections.

In vitro Transfection Protocols

Primary astrocyte and N2a cultures were transfected with mismatch control, miR-338 mimic
or inhibitor (Dharmacon Inc., Lafayette, CO, USA) using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol on day-in-vitro (DIV) 10 and 5,
respectively. Expression of miR-338 was confirmed by RT-gPCR, as described below.
Silencing of COX411 was carried out using Accell SMARTpool siRNAs (Dharmacon Inc.),
each of which contains four small interfering RNAs (siRNAs) according to the
manufacturer’s instructions:

5"-UGAGAAAGUUCAGUUGUAC-3’
5’-CCCUCAUACUUUCGAUCGU-3’
5-CGCUCGUUCUGAUUUGGGA -3’
5’-CAUUUCUACUUCGGUGUGC-3’

Primary astrocyte cultures were transfected with 1uM siRNA and subsequently cultured in
Accell delivery mix (Dharmacon Inc.). The efficiency of the knockdown was assessed by
quantification of COX4I1 protein expression evaluated 72h after transfection by
immunoblot. Neuronal cultures were transfected

Injury Paradigms and assessment of cell death

Glucose deprivation (GD) injury was selected as an ischemia-like stress for astrocyte
cultures as it reliably induces mitochondrial dysfunction with increased ROS production
[25], and was performed as we have described previously [7]. Briefly cells were washed
twice with medium lacking glucose separated by a 15min equilibration period. Because
vulnerability of primary astrocyte cultures to ischemic injury increases with age [26] an
extended duration (72h) of GD was necessary to induce an adequate level of cell death in
these relatively younger (DIV 10-12) cultures. As neuronal cultures are more resistant to
GD injury, N2a injury was induced v7a serum-deprivation plus exposure to 500 uM H,0O5 for
24h as we have previously performed (Stary). Assessment of cell viability and cell counting
were performed after staining with Hoechst 33342 (5 pM, Sigma Chemicals) and propidium

Mitochondrion. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 5

iodide (PI, 5 uM, Sigma Chemicals). PI stains dead cells while Hoechst is a cell-permeant
nucleic acid stain that labels nuclei of both live and dead cells. Pl-positive (dead) cells were
manually counted by a blinded investigator; numbers of Hoechst-positive cells were
calculated using an automated macro (Image J, v1.49b, National Institutes of Health, USA).
Pl-positive and Hoechst-positive cells were counted in 3 microscopic fields per well at 200X
magnification using an automated LumaScope™ 720 (Etaluma; Carlshad, CA, USA). The
number of Pl-positive cells was expressed as a percent of the total number of cells. In
parallel, viability of primary astrocytes was quantified by measuring the concentration of
intracellular lactate dehydrogenase released from dead cells into the media [27]. The results
were expressed as the percentage of lactate dehydrogenase release compared with lactate
dehydrogenase release after freeze-thaw to kill all cells.

Live-cell fluorescent imaging

Living primary astrocyte cultures were imaged using an automated LumaScope™ 720
(Etaluma) with a 20X fluor objective. Cells were maintained at 37°C and 5% CO, in an
atmospherically controlled imaging chamber (Ibidi GmbH, Martinsried, Germany) for
imaging of live-cell intracellular kinetics. For assessment of mitochondrial membrane
potential (MMP), astrocytes were incubated for 30min with tetramethylrhodamine ethylester
(TMRE, 50nM, ThermoFisher Scientific) at 37°C, and the same concentration of TMRE was
maintained in all bathing solutions throughout the experiments. Oxygen radical production
was monitored with hydroethidine (HEt, ThermoFisher Scientific, Waltham, MA, USA).
Cultures were incubated in the dark with 5uM HEt in BSS5.5 (30min, 37°C), and the same
concentration of HEt was maintained in the bath throughout each experiment. Mean
intensity of fluorescence was quantified by Image-J v1.49b software (NIH). Changes in
fluorescence were normalized to the basal fluorescence for each cell at the start of the
experiment.

Measurement of Mitochondrial Function

Cytochrome ¢ oxidase (CcO) activity was determined using Cytochrome Oxidase Activity
Colorimetric Assay Kit (BioVision, Milpitas, CA) according to the manufacturer’s
instructions. Cells were harvested 6h after exposure to glucose-free medium or normal
medium. Absorbance was measured at 550 nm every 30 sec for 300 sec. Cellular ATP
concentrations were measured using the CellTiter-Glo luminescent ATP assay kit, based on
the luciferase/luciferin reaction, from Promega (Madison, WI, USA) according to the
manufacturer’s instructions. After 6h of GD, cells were lysed in the same plate with the
reagent included in the assay kit for 10min. Then the mixtures were transferred into opaque-
walled 96-well plates, and luminescence was assessed using a multimode microplate reader
(Spark 10M, Tecan Group LTD, Mannedorf, Switzerland).

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was isolated with TRIzol® (ThermoFisher Scientific, Waltham, MA). Reverse
transcription was performed as previously described [20] using the TagMan MicroRNA
Reverse Transcription Kit for miR-338 and total RNA (Applied Biosystems, Foster City,
CA). Predesigned primer/probes for PCR were obtained from ThermoFisher Scientific for
mmu-miRNA-338-3p (#02252), glyceraldehyde 3-phosphate dehydrogenase (GAPDH,
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#4331182) mRNA, COX411 mRNA and U6 small nuclear RNA (U6, #01973). PCR
reactions were conducted as previously described [20] using the TagMan® Assay Kit
(Applied Biosystems). Measurements for miR-338 were normalized to U6 (ACt), those for
COX411 were normalized to GAPDH. Comparisons were calculated as the inverse log of the
AACT from controls [28].

Immunoblotting

Immunoblotting was performed as previously described [22]. Briefly, equal amounts (50ug)
of protein were loaded and separated on a 4-12% polyacrylamide gel (Invitrogen), then
electrotransferred to an Immaobilon polyvinylidene fluoride membrane (EMD Millipore
Corp. Burlington, MA, USA). Membranes were blocked and incubated overnight with
primary antibody against COX411 (1:1000, PA5-29992, ThermoFisher Scientific) or
COX412 (1:1000, PA5-49919, ThermoFisher Scientific), and B-actin (1:1000, 926-42,210,
LI-COR Bioscience, Lincoln, NE, USA), washed and then incubated with 1:15,000 anti-
rabbit antibody (926-32,221, LI-COR Bioscience). Immunoreactive bands were visualized
using the LI-COR Odyssey™ infrared imaging system according to the manufacturer’s
protocol. Densitometric analysis of bands was performed using Image-J software (v1.49b
NIH).

Statistics

Statistical difference was determined using one-way ANOVA with Tukey’s post-hoc
comparison for experiments with >2 groups at a single time point, a 2-way ANOVA with
repeated measures for comparison of groups with multiple measurements over time (TMRE
and HEt fluorescence), or student’s t-test for comparison of two groups at a single time
point. In all tests, A<0.05 was considered significant. Data reported are means + SD.

RESULTS

Brain levels of miR-338 were significantly increased 24h after MCAOQO, (Fig. 1A), before
returning to baseline levels by 3d of reperfusion. A significant rise in brain levels of COX4l1
protein observed at 3h after MCAO was abolished coincident with the rise in miR-338 (Fig.
1A). A dose-response curve was performed for miR-338 inhibitor to identify the
concentration to be used. Brain levels of miR-338 was assessed 24h after ICV injection of 3,
6, or 10 pmol/g miR-338 antagomir, which each resulted in a significant decrease (Fig. 1B).
ICV injection of antagomir (10 pmol/g) 24h prior to MCAO significantly decreased levels of
miR-338 by 73% with an associated increase in post-MCAQO COX411 expression. (Fig. 1C).

Stroke injury assessed by TTC staining (Fig. 2A) or Cresyl violet staining (Fig. 2B) was
significantly (p<0.05) decreased in miR-338 antagomir pre-treated relative to MM-control at
both 24h after reperfusion (29.43+7.0% versus 41.15+13.4%, respectively, Fig. 2C) and 7d
after reperfusion (11.54+4.5% versus 17.68+4.6%, respectively, Fig. 2D). Concurrently,
miR-338 antagomir pre-treatment resulted in significantly (P<0.05) improved post-stroke
neurologic score at both 24h (Fig. 2E) and 7d (Fig. 2E) of reperfusion. Substantially
decreased stroke injury and improved neurological score at 7d relative to 24h reperfusion is
consistent with prior observations by others [29].
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To investigate the effect of altered miR-338 levels on astrocyte cell survival, primary
astrocyte cultures were transfected with miR-338 mimic, inhibitor, or MM-control 24h prior
to exposure to glucose-free or normal medium. Glucose deprivation (GD, 6h) alone
increased levels of miR-338 greater than 2.5 times compared to MM-control, an effect
attenuated by miR-338 inhibitor (Fig. 3A). Pre-treatment with miR-338 mimic increased
miR-338 levels more than 1800-fold (Fig. 3A). Increased levels of miR-338 with mimic did
not result in increased cell death from GD, however pre-treatment with miR-338 inhibitor
provided protection when assessed by LDH assay (Fig. 3B), and qualitatively verified with
P1/Hoechst staining (Fig. 3C).

Pre-treatment of astrocyte cultures with COX411 siRNA resulted in a significant (P<0.05)
decrease in COX4I1 protein levels (Fig. 4A). However co-treatment with COX411 siRNA
and miR-338 inhibitor notably significantly blocked the protective effect of miR-338
inhibition (Figs. 4B,C). These results demonstrate that the protective effect of miR-338
against /n vitro ischemic injury in these astrocytes cultures occurs, at least in part, via
augmentation of COX4I11 protein expression.

Disruption in astrocyte mitochondrial function was determined qualitatively with the
potentiometric fluorescent dyes TMRE (MMT) and HEt (oxidative stress), respectively.
After 2h of GD, a significant decrease in TMRE fluorescence intensity was observed in all
treatment conditions (Figs. 5A,B). Pre-treatment with miR-338 mimic trended towards a
greater reduction in TMRE fluorescence (P=0.091), while pre-treatment with miR-338
inhibitor trended towards attenuation in TMRE fluorescence (P=0.094). After 2h of GD HEt
fluorescence intensity was significantly (P>0.05) increased in all groups, with no differences
between treatment groups. (Fig. 5C). 24h after 6hr GD resulted in a significant (P<0.05)
decrease in astrocyte ATP levels in both MM-control and mir-338 mimic groups, however
pre-treatment with miR-338 inhibitor attenuated the decline (Fig 5D). CcO activity
decreased significantly 24h after 6h GD injury, an effect significantly (P<0.05) enhanced by
pre-treatment with miR-338 mimic and attenuated by inhibitor (Fig. 5E). COX4l1 mRNA
expression was significantly (P<0.05) reduced 24h after 6h GD injury, an effect attenuated
by miR-338 inhibitor pretreatment (Fig. 5F).

In neuronal N2a cultures, mitochondrial function was determined before and after 24h of SD
+H,0, injury, with either miR-338 mimic, inhibitor or MM-control pre-treatment. Similar to
astrocyte cultures simulated ischemia in neuronal cultures resulted in a significant (P<0.05)
decrease in astrocyte ATP levels in both MM-control and mir-338 mimic groups, however
pre-treatment with miR-338 inhibitor attenuated the decline (Fig 6A). CcO activity in N2a
cells also paralleled astrocyte cultures with a significant decrease after SD+H,05 injury, that
was significantly (P<0.05) worsened by pre-treatment with miR-338 mimic and attenuated
by miR-338 inhibitor (Fig. 6B)

DISCUSSION

In the present study, we demonstrated that preventing the early increase in miR-338 in the
brain following MCAQO is protective, evidenced by reduced infarction volume and improved
neurological status. One miR-338 target that is increased following injury is COX4I11.
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Deficiency in COX IV reduces CcO activity and the rate of mitochondrial respiration and
increases the accumulation of cellular and mitochondrial ROS [30]. Levels of COX IV have
been shown to be increased by post-stroke exercise, correlating with significant
improvements in behavioral scores and cerebral infarct volume [31]. Notably, it has been
shown that astrocyte mitochondrial damage contributes to neurodegeneration [32].
Consistent with these observations, miR-338 inhibition preserved mitochondrial function in
both astrocyte and neuronal cultures after /n vitro ischemia. Based on these observations we
propose a model (Fig. 7) whereby elevations in brain levels of miR-338 that occur in the
acute phase after transient cerebral ischemia induce disruptions in mitochondrial oxidative
phosphorylation via suppression of COX411, resulting in augmented ROS production,
decreased ATP availability, and ultimately leading to brain cell death and accompanying
neurologic impairment.

Evidence provided by Vargas et al. [33] suggests that mitochondrial-localized pre-miR-338
may serve as a reservoir of miRNAs to regulate subcellular translation of nuclear-encoded
mitochondrial MRNAs. COX 1V, a target of miR-338 [17], is nuclear-encoded and also a
precursor protein, and as such is translated in the cell body and imported into mitochondria
using a mitochondrial-targeting sequence. There are two isoforms of COX41: COX4l1 and
COX412. COX4I2 is specific to lung and trachea [34] and was not changed in our MCAO
model. /n silico analysis (TargetScan v7.1) and prior reports [17] identify COX4I1 and not
COX412 as a target of miR-338, consistent with the results of the present study. COX411
protein levels changed inversely relative to miR-338 levels in brains after MCAOQ, and in
cultures. COX 1V is a conserved protein whose levels are generally stable [35]. Unlike the
protein, COX IV mRNA levels are more prone to regulation. Zhang et a/. [36] demonstrated
that the half-life of COX IV mRNA was increased from 50 min to 84 min in primary
neurons following depolarizing KCI treatment that also increased CcO activity. Their
findings suggested that COX IV could be regulated at both the synthetic and the degradative
levels. Although COX411 mRNA levels in primary astrocytes remained unchanged with
altered miR-338 levels, protein levels decreased, suggesting translational silencing of
COX411 by miR-338, a known effect of miRNAs. Moreover, the protective effect of
miR-338 inhibition on GD-induced cell death in astrocyte cultures was blocked by COX411
knockdown with siRNA, suggesting that the protective effect of miR-338 inhibition occurred
at least in part by preventing targeted silencing of COX4I11 translation.

MiR-338 has also been shown to have additional targets relevant to mitochondrial function,
including ATP5G1, parvalbumin, and MAP3K2, and has therefore been proposed as a
general biomarker of mitochondrial toxicity [15]. It is possible that alternative mitochondria-
related targets of miR-338 contributed to the observed protection conveyed by miR-338
inhibition. Numerous studies have demonstrated that mitochondrial dysfunction plays a key
role in the pathophysiology of neurological diseases, including stroke [37]. Ischemic
neuronal injury occurs secondary to glutamate excitotoxicity, calcium overload, and
generation of ROS [38], and mitochondria are critical to many of these processes. Astrocyte
mitochondrial homeostasis is essential for neuroglial protective mechanisms as inhibition of
astrocytic mitochondrial function induces neuronal dysfunction and cell death [32]. In the
normal physiologic state astrocytes provide metabolic support to neurons in the form of ATP
and substrate for glycolysis [4]. Therefore, the observed protection with miR-338 inhibition
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in vivo could be due to a combination of direct protection of both astrocytes and neurons, as
well as indirect neuronal support by preserving astrocytic mitochondrial homeostasis.

Notably, in the present study we observed that while GD injury induced MMP
depolarization, ROS accumulation and decreased ATP levels in astrocytes, miR-338
inhibition attenuated MMP depolarization and ATP depletion, but not increased ROS levels.
One explanation for this observation is that astrocytes are known to regulate the status of
major redox coupling systems in the brain [39] through their high content of antioxidant
compounds and enzymes. Therefore, astrocytes are well equipped to protect themselves
when exposed to excess ROS [40], an effect that translates to improved capacity to protect
neurons from injury. However, parallel studies in neuronal cultures verified a shared
protective mechanism with miR-338 inhibitor, whereby ATP content and CcO activity were
preserved with /n vitroischemia. Further studies investigating the role of miR-338 in
neuroglial interactions are therefore warranted. Interestingly, Sharma et a/[41] reported an
increase in COX IV expression in primary neuronal cultures from males but not female
cultures after /n vitroischemic injury, suggesting that sex differences in the miR-338
response to cerebral ischemia may also be relevant.

CONCLUSIONS

FUNDING

In the present study we observed that /n vivo ICV pre-treatment with miR-338 antagomir
reduced infarct volume and improved neurological status following transient focal cerebral
ischemia at both 24h and 7d after injury, which was associated with preserved COX4I11
levels. In parallel, /n vitro experiments in primary astrocyte and neuronal N2a cultures pre-
treated with miR-338 inhibitor demonstrated preservation of mitochondrial function after /n
vitro ischemia. Knockdown of the miR-338 target COX411 confirmed that miR-338
regulates ischemic injury viatargeting of COX4l1, at least in part. These results imply that
miR-338/COX4l1-mediated strategies could protect against focal cerebral ischemic injury in
a manner independent of cell-type. Future investigations should therefore individually test
alternative miR-338 gene targets and/or pharmacologic manipulation of COX4I1 activity as
promising therapeutic treatment strategies for stroke, including testing in clinically relevant
aged and female cohorts.

This study was funded by NIH grants NS084396 and NS080177 to RGG, American Heart Association Grant
18POST33990395 to BBG, and American Heart Association grants FTF-19970029 and NIH NS107445 to CMS.
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HIGHLIGHTS

Pre-treatment with miR-338 antagomir reduced stroke severity and improved
neurobehavior 24h and 7d after injury.

Silencing of miR-338 /n vivo and /n vitro augmented COX411 protein levels
and improved cell survival in astrocytes subjected to simulated ischemia, an
effect blocked by COX411 siRNA.

MiR-338 inhibition preserved ATP levels and cytochrome ¢ oxidase activity
in both astrocyte and neuronal cultures subjected to /n vitro ischemia.
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Figure 1.

(A) Levels of miR-338 and COX4I1 protein in mouse brain subjected to 1 h MCAO (mean
+SD, n=8 animals per treatment group; *P<0.05 vs. Oh). (B) Examples of immunoblots for
COX411 and actin following MCAQ. (C) Dose-response curve of miR-338 expression in
brain with increasing concentration of miR-338 antag; *P<0.05 vs. mismatch control (MM
Ctrl, n=4 each group; mean+SD, *P<0.05 vs. MM Ctrl). (A) Post-injury COX4I1 levels in
the brain of mice pre-treated with ICV injection of 10 pmol miR-338 antagomir (Antag) or
MM Ctrl (mean+SD, n=4 each group; *P<0.05 vs. MM Ctrl).
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Figure 2. Effect of miR-338 inhibition on transient focal ceberal ischemia.
Representative TTC-stained (A) and Cresyl violet stained (B) coronal sections of brains to

assess injury (lighter areas) 24h (A) and 7d (B) after 1h transient middle cerebral artery
occlusion (MCAO) in mice pre-treated with either miR-338 antagomir (Antag) or mismatch
control (MM Ctrl). (C,D) Quantification of infarct volume 24h after MCAO (C) and 7d after
MCAO (D) in mice pre-treated with either Antag or MM Citrl. (E,F) Neurologic deficit score
24h after MCAO (E) and 7d after MCAO (F) in mice pre-treated with either Antag or MM
Ctrl. (mean+SD, n=8 animals per treatment group; *P<0.05 vs. MM Ctrl). TTC = 2,3,5-
Triphenyltetrazolium chloride.
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Figure 3. Effect of miR-338 inhibition on astrocyte survival following in vitro ischemic injury.
(A) MiR-338 expression in primary astrocyte cultures 72h after 6h glucose deprivation (GD)

injury. (B) Astrocytes pre-treated with mismatch control (MM Ctrl), miR-338 mimic
(Mimic) or miR-338 inhibitor (Inhib) stained with propidium iodide (red, dead cells) and
Hoechst (blue, all cell nuclei) after 72h GD. (C) Quantification of cell death in astrocytes
pre-treated with MM Ctrl, mimic or inhib with or without GD injury assessed by lactate
dehydrogenase release. All graphs mean+SD; each graph represents data pooled from at
least 5 experiments with n=3-4 per treatment group */~<0.05 vs. No injury + MM Ctrl,
#£<0.05 vs. GD injury + MM Citrl. Scale bar = 25um.
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Figure 4. Effect of COX411 knockdown in astrocytes following in vitro ischemic injury.
(A) COXA4I1 protein expression after 24h of 6h glucose deprivatoin (GD) in primary

astrocyte cultures, with and without pre-treatment with COX411 small interfering RNA
(siRNA). (B) Quantification of cell death following 72h after 6h GD in astrocytes pre-treated
with mismatch control (MM Ctrl), miR-338 inhibitor (Inhib) and COX411 siRNA +/- Inhib
co-transfection. Representative pictographs (C) and quantification (D) of cell death with
Hoechst (blue, all nuclei) and propidium iodide (red, dead cells) 72h after 6h GD is
astrocytes pre-treated with MM Ctrl, Inhib and COX411 siRNA +/- Inhib co-transfection.
All graphs mean£SD; each graph represents data pooled from at least 4 experiments with
n=3-4 per treatment group; *~<0.05 vs. Ctrl, #£<0.05 vs. Inhib. Scale bar = 25um.
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Figure 5. Effect of miR-338 on astrocyte mitochondrial function following in vitro ischemic
injury.

(AJ\) ,’}\Issessment of mitochondrial membrane potential with TMRE fluorescence in primary
astrocyte cultures with and without glucose deprivation (GD) injury, pre-treated with either
mismatch control (MM Ctrl), miR-338 mimic (Mimic) or miR-338 injibitor (Inhib). (B)
Representative fluorescence micrographs of TMRE (red) fluorescence in astrocytes pre-
treated with MM Ctrl, Mimic or Inhib 2h after GD or wash control. (C) Assessment of
oxidative streass with hydroethedine (HEt) fluorescence in astrocytes pre-treated with MM
Ctrl, Mimic or Inhib and subjected to GD or wash control. (D) ATP production, and (E)
activity of cytochrome c oxidase in astrocyte cultures pre-treated with MM Ctrl, Mimic or
Inhib 24h after 6h after GD or wash control. (F) COX4I1 levels in transfected astrocytes 24h
after 6h GD or wash control. All graphs mean+SD; each graph represents data pooled from
at least 4 experiments with n=3-4 per treatment group; */<0.05 vs. No inury + MM Ctrl;
#P<0.05 vs. GD injury + MM Ctrl. TMRE: tetramethylrhodamine ethylester. Scale bar =
25um.
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Figure 6. Effect of miR-338 on mitochondrial function in N2a cell cultures following in vitro
ischemic injury.

(A) ATP levels, and (B) activity of cytochrome ¢ oxidase in mouse neuroblastoma (N2a) cell
cultures pre-treated with mismatch control (MM Ctrl), miR-338 mimic (Mimic) or miR-338
inhibitor (Inhib) after 24h serum deprivation (SD) plus 500uM H»0, or wash control. All
graphs meanSD; each graph represents data pooled from at least 4 experiments with n=3-4
per treatment group; */~<0.05 vs. No inury + MM Ctrl; #/<0.05 vs. GD injury + MM Citrl.

Mitochondrion. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal. Page 20

STROKE
—) f mir-338
mitochondria
&> fros
y
1C0X4|1 ‘1 Oxidase l ATP
activity
BRAIN

NEUROLOGICAL - CELL
DEFICIT _ @ DEATH
Figure 7.

Schematic illustrating miR-338 role in early mitochondrial dysfunction and downstream
neurological impairment after stroke.
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