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CDR1as regulates a-synuclein-mediated ischemic
brain damage by controlling miR-7 availability
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Transient focal ischemia decreased microRNA-7 (miR-7)
levels, leading to derepression of its major target a-synuclein
(a-Syn) that promotes secondary brain damage. Circular
RNA CDR1as is known to regulate miR-7 abundance and func-
tion. Hence, we currently evaluated its functional significance
after focal ischemia. Transient middle cerebral artery occlusion
(MCAO) in adult mice significantly downregulated both
CDR1as and miR-7 levels in the peri-infarct cortex between 3
and 72 h of reperfusion. Interestingly, neither pri-miR-7a nor
7b was altered in the ischemic brain. Intracerebral injection
of an AAV9 vector containing a CDR1as gene significantly
increased CDR1as levels by 21 days that persisted up to
4 months without inducing any observable toxicity in both
sham and MCAO groups. Following transient MCAO, there
was a significant increase in miR-7 levels and CDR1as binding
to Ago2/miR-7 in the peri-infarct cortex of AAV9-CDR1as
cohort compared with AAV9-Control cohort at 1 day of reper-
fusion. CDR1as overexpression significantly suppressed post-
stroke a-Syn protein induction, promoted motor function
recovery, decreased infarct size, and curtailed the markers of
apoptosis, autophagy mitochondrial fragmentation, and
inflammation in the post-stroke brain compared with AAV9-
Control-treated cohort. Overall, our findings imply that
CDR1as reconstitution is neuroprotective after stroke, prob-
ably by protecting miR-7 and preventing a-Syn-mediated
neuronal death.
Received 8 July 2022; accepted 30 November 2022;
https://doi.org/10.1016/j.omtn.2022.11.022.

Correspondence: Suresh L Mehta, PhD, Department of Neurological Surgery,
University of Wisconsin-Madison, Mail code CSC-8660, 600 Highland Ave,
Madison, WI 53792, USA.
E-mail: mehta@neurosurgery.wisc.edu
INTRODUCTION
Focal cerebral ischemia rapidly alters the expression of several
classes of noncoding RNAs (ncRNAs), including circular
RNAs (circRNAs), microRNAs (miRNAs), and long ncRNAs
(lncRNAs).1–4 They can affect the post-ischemic functional outcome
by influencing chromatin architecture, RNA/protein scaffolding,
enhancer function, alternative splicing, RNA stability, transcription,
and translation.5–10 The ncRNAs regulate each other, which is crit-
ical for their functionality and stability in the cellular milieu.11–13

The circRNAs formed by back-splicing and covalent linkage of
the 5’ and 30 ends are resistant to exonucleases that digest linear
RNAs. Many circRNAs sponge miRNAs or proteins and thus
modulate transcription and translation.8
This is an open access article under the CC BY-NC
The cerebellar degeneration-related protein 1 antisense RNA
(CDR1as), also known as the circular RNA sponge for miR-7
(ciRS-7), is a neurally abundant and conserved circRNA in mam-
mals.14,15 CDR1as possess >70 binding sites for miR-7.14,15 CDR1as
was suggested to sponge miR-7 and thereby prevent suppression of
miR-7 targets.14 CDR1as was also shown to act as a post-transcrip-
tional regulator of miR-7 availability in the human brain.14 However,
as the seed sequence of miR-7 is partially complementary to CDR1as,
it does not guide miR-7 for degradation.16,17 Furthermore, CDR1as
loss causes miR-7 downregulation in the brain, suggesting that
CDR1as does not sequester miR-7 after it attaches to its target genes;
instead, CDR1as may serve as a miR-7 storehouse.16,17 We previously
reported that CDR1as was downregulated as early as 3 h of reperfu-
sion following focal ischemia in mice.4 We also showed that focal
ischemia significantly reduces cerebral miR-7 levels, which are caus-
ally related to derepression of a-synuclein (a-Syn) and ischemic brain
damage.18

We further showed that replenishing miR-7 with a mimic signifi-
cantly alleviates post-stroke brain damage and motor/cognitive
dysfunction.18,19 We presently evaluated if downregulation of
CDR1as promotes secondary brain damage after transient focal
ischemia in mice and, if yes, by reducing miR-7 levels leading to dere-
pression of a-Syn.We overexpressed CDR1as in the cerebral cortex of
adult male mice subjected to transient focal ischemia using an adeno-
associated virus serotype 9 (AAV9) vector containing CDR1as
sequence.14

RESULTS
Focal ischemia downregulated CDR1as and miR-7

Bioinformatics analysis shows that CDR1as and miR-7 sequences are
highly conserved (Figure 1A). Furthermore, there is a high comple-
mentarity between CDR1as and miR-7 as well as between miR-7
and a-Syn (Figure 1A). Transient middle cerebral artery occlusion
(MCAO) resulted in a significant downregulation of CDR1as between
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Figure 1. Transient focal ischemia decreased CDR1as and miR-7 levels in the brain

miR-7 and CDR1as belong to different ncRNA families; their sequences and binding sites are highly conserved across species (A). Real-time PCR analysis of CDR1as levels

using convergent (B) and divergent (C) primers in the cerebral peri-infarct region of adult male mice at various time points of reperfusion following a 60-min of transient focal

ischemia compared with shammice. MaturemiR-7 levels (D) but not pri-miR-7 (E) mimicked CDR1as levels in the cerebral peri-infarct region of adult malemice at various time

points of reperfusion following a 1-h of transient MCAO compared with shammice. *p < 0.05 compared with the equivalent control group byMann-Whitney U test or one-way

ANOVA followed by Sidak’s multiple-comparisons test; data are mean SD (n = 3-4 mice per group).

Molecular Therapy: Nucleic Acids
3 and 72 h after reperfusion compared with sham (by 50%–70%;
p < 0.05) tested by both convergent (Figure 1B) and divergent (Fig-
ure 1C) primers. Transient MCAO also significantly decreased
miR-7 levels between 3 and 72 h of reperfusion compared with
sham (by 50%–64%; p < 0.05) (Figures 1D and S1). miR-7 is tran-
scribed mainly from two different chromosomes as primary miRNA
(pri-miR-7a and pri-miR-7b) encoding the corresponding precursor
sequence, which is eventually spliced into mature miR-7. The tran-
scription of miR-7 (pri-miR-7a and pri-miR-7b) is not significantly
changed (Figure 1E); still, its mature levels are considerably decreased
following transient MCAO (Figure 1D). This suggests that transient
MCAO affected the post-transcriptional downregulation but not
the biogenesis of miR-7.
CDR1as AAV9 treatment increased cerebral CDR1as levels

A CDR1as expression plasmid with a CDR1as sequence (red) and
HindIII and PspOMI enzyme restriction sites (Figure 2A) produced
a 3,689-bp CDR1as sequence upon digestion (Figure 2B). This
CDR1as insert was packaged into the AAV9 virus with upstream
HindIII and downstream Not1 restriction sites (Figure 2C). When
mice were injected with AAV9-CDR1as, high levels of CDR1as
expression (p < 0.05) were detected by 21 days, compared with the
58 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
AAV9-Control-treated cohort observed with divergent primers (de-
signed to span the circular junction site; 188-bp amplicon) in real-
time PCR (Figure 2D). Using the AAV9-GFP, we confirmed the
wide distribution of the injected AAV9 into the ipsilateral cerebral
cortex 21 days after injection (Figure 2E). There were no statistically
significant differences between the regional cerebral blood
flow (rCBF) in AAV9-CDR1as and AAV9-Control-injected mice
(Figure 2F), motor function analyzed by rotarod test (Figure S2A)
and beam walk test (Figure S2B), and cognitive function analyzed
by Morris water maze test (Figures S2C–S2E). Following 21 days after
the injection, AAV9-CDR1as or AAV9-Control cohorts of mice were
subjected to either sham or transient MCAO/24 h or 72 h reperfusion.
In all three groups, CDR1as levels were observed to be distinctly
higher (p < 0.05) than AAV9-Control-treated cohort (Figure 2G).
A markedly higher CDR1as expression (p < 0.05) was also seen
even at 4 months after the vector injection in mice subjected to either
transient MCAO or sham (Figure 2H).
CDR1as overexpression increased miR-7 levels in the post-

stroke brain

Transient MCAO downregulated miR-7 levels as reported before
(Figures 1D and 3A).18 Whereas, AAV9-CDR1as treatment



Figure 2. CDR1as overexpression elevated CDR1as levels without affecting normal physiologic function

CDR1as expression plasmid map with a CDR1as sequence (red) and HindIII and PspOMI enzyme restriction sites (A), digested CDR1as insert (B), and packaged into the

AAV9 virus to overexpress CDR1as (C). AAV9-CDR1as treated mice showed abundant CDR1as expression with real-time PCR using divergent primers compared with

AAV9-Control mice (D; n = 3–4/group). GFP distribution in the cerebral cortex at 21 days after AAV9 injection (E). Laser speckle measurement of rCBF in AAV9-CDR1as and

AAV9-Control cohort (n = 3–4/group) showed no difference in rCBF between them (F). Estimation of CDR1as levels (x103) with real-time PCR after 21 days of injection and at

days 1 and 7 of reperfusion (G), and at 4 months of injection and 1 day of reperfusion (H) following 60min of transient MCAO (n = 4/group). Cont = Control. Values are mean ±

SD. *p < 0.05 compared with Sham with Mann-Whitney U test.
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Figure 3. CDR1as overexpression increased miR-7 enrichment and suppressed a-Syn abundance

The miR-7 levels at 1 day of reperfusion following transient MCAO in the peri-infarct cortex of the AAV9-CDR1as cohort are significantly higher than in the AAV9-Control

cohort (A). The immunoprecipitated protein probed with Ago2 antibody showed robust enrichment of Ago2 protein in the pull-down fraction (B). RNA isolated from Ago-

complex after RIP assay of peri-infarct cortex at day 1 of reperfusion from the AAV9-CDR1as cohort was significantly higher in CDR1as (C) and miR-7 (D) levels than AAV9-

Control cohort. The a-Syn protein levels in the peri-infarct cortex at 1 day of reperfusion after transient MCAO were also significantly lower in the AAV9-CDR1as cohort

compared with the AAV9-Control cohort (E and F). Brain sections (40 mm) were costained with NeuN (neuronal nuclei). Blue is DAPI for the nucleus. Cont = Control. Data are

mean ± SD (n = 4/group). *p < 0.05 compared with sham and #p < 0.05 compared with the equivalent MCAO group by Mann-Whitney U test. Scale bar represents 50 mm.
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significantly increased cerebral miR-7 levels at 24 h of reperfusion
following transient MCAO compared with the AAV9-Control-in-
jected cohort (Figure 3A). Immunoprecipitated protein probed with
Ago2 antibody showed robust enrichment of Ago2 in the pull-
down fraction (Figure 3B). RNA-immunoprecipitation (RIP) analysis
showed increased post-ischemic enrichment of both CDR1as and
miR-7 in the AAV9-CDR1as-treated cohort at 1 day of reperfusion
(Figures 3C and 3D). The results were normalized to the input to
confirm that increased miR-7 in the ischemic brain is exclusively
60 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
due to CDR1as overexpression. These findings suggest that by safe-
guarding miR-7, CDR1as might preserve post-stroke miR-7 levels.

Post-ischemic a-Syn induction is CDR1as/miR-7 dependent

We recently showed that miR-7 directly binds to a-Syn, so miR-7
downregulation derepresses a-Syn translation.18,20 Hence, restoring
post-stroke miR-7 levels reduces a-Syn protein abundance and pro-
tects the brain.18,19 We currently show that AAV9-CDR1as treatment
significantly suppresses the post-ischemic a-Syn protein levels in the



Figure 4. CDR1as overexpression decreased

neurologic deficits and infarction

Mice injected with AAV9-CDR1as showed significantly

improved post-stroke motor recovery between days 3 and

7 of reperfusion compared with AAV9-Controls studied by

rotarod test (A) and beam walk test (B). Ischemic lesion

detected by T2-MRI at day 7 of reperfusion (C) and the

infarct volume computed with ImageJ showed

significantly smaller damage in the AAV9-CDR1as cohort

compared with the AAV9-Control cohort (D). Values are

mean ± SD (n = 9/group). *p < 0.05 by repeated-

measures ANOVA with Bonferroni’s test (motor function)

or Mann-Whitney U test (lesion volume). Cont = Control.
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peri-infarct cortex at 1 day of reperfusion following transient MCAO
compared with the AAV9-Control-treated cohort (by 30%; p < 0.05)
(Figure 3E). Immunohistochemistry confirmed lower a-Syn protein
expression in NeuN+ neurons in the peri-infarct cortex of the
AAV9-CDR1as cohort compared with the AAV9-Control cohort at
24-h of reperfusion following transient MCAO (Figure 3F).

CDR1as overexpression alleviated post-stroke neurologic

deficits and decreased ischemic brain damage

The AAV9-CDR1as treated cohort showed significantly improved re-
covery of motor function assessed by rotarod test (Figure 4A) and
beam walk test (Figure 4B) between 3 and 7 days of reperfusion
following transient MCAO compared with AAV9-Control-treated
cohort. At 7 days of reperfusion, the infarct volume estimated by
T2-MRI was significantly smaller in the AAV9-CDR1as cohort
compared with the AAV9-Control cohort (by �40%; p < 0.05)
(Figures 4C and 4D).

CDR1as overexpression limited the post-ischemic pathological

changes

In the peri-infarct cortex of the AAV9-CDR1as treated mice,
cleaved caspase-3 protein levels were significantly lower than
AAV9-Control-treated mice at 24-h reperfusion following transient
MCAO (Figure 5A). Immunohistochemistry showed that the
decreased cleaved caspase-3 protein levels in the AAV9-CDR1as-
Molecular
treated mice were in NeuN+ neurons in the
peri-infarct cortex of mice subjected to transient
MCAO and 24 h of reperfusion (Figure 5B).
This indicates reduced post-ischemic neuronal
apoptosis by CDR1as overexpression. The peri-
infarct cortex of the AAV9-Control-treated
mice also showed activation of autophagy dis-
played by increased LC3 conversion and ratio
of LC3-II/I, which was significantly reduced
after CDR1as overexpression with AAV9-
CDR1as at 24 h of reperfusion following tran-
sient MCAO (Figure 5C). Immunohistochem-
istry showed the punctated pattern of LC3
(LC3-I to LC3-II) that colocalized with NeuN+

neurons, indicating the activation of neuronal

autophagy in AAV9-Control-treated mice (Figure 5D). On the con-
trary, CDR1as overexpression limited the change in LC3-I to II,
thereby resulting in a diffused (homogeneous) pattern (inactive)
at 24 h of reperfusion following transient MCAO (Figure 5D).
Stroke is also known to trigger many overlapping pathological
mechanisms, including mitochondrial fragmentation and inflamma-
tion, all of which contribute to secondary brain damage.7,18,20 Post-
ischemic induction of mitochondrial fragmentation (pDrp1 immu-
nostaining) is significantly decreased by CDR1as overexpression
(Figure 6A). Post-ischemic induction of inflammation was evaluated
by constraining IL-1b and Iba1 (microglia). IL-1b, despite being
directly produced by most CNS cells, is synthesized and released
by microglia following a cerebral ischemic event.21–24 We found
that IL-1b immunostaining and the number of IL-1b-positive
microglial cells visible in the peri-infarct cortex of the AAV9-
Control-treated cohort decreased in AAV9-CDR1as cohort at
1 day of reperfusion following transient MCAO (Figure 6B).

DISCUSSION
We presently demonstrated that the circRNA CDR1as influences the
availability of mature miRNA miR-7 which controls the neurotoxic
a-Syn that is a promoter of ischemic secondary brain damage.17–19

We showed that expression of CDR1as and mature miR-7 levels
persistently decreased in the post-stroke brain between 3 and 72 h
of reperfusion after transient focal ischemia. We further showed
Therapy: Nucleic Acids Vol. 31 March 2023 61

http://www.moleculartherapy.org


Figure 5. CDR1as overexpression curtailed apoptosis and autophagy in the ischemic brain

Protein abundance of a marker of apoptosis (cleaved caspase-3) in the peri-infarct area of the ipsilateral cortex from AAV9-CDR1as and AAV9-Control-injected mice,

assessed at day 1 of reperfusion following 60min of transient MCAO (A). Immunostaining of cleaved caspase-3 in the NeuN+ cells (neuronal) at 1 day of reperfusion in the peri-

infarct cortex of mice injected with AAV9-CDR1as and AAV9-Control (B). Autophagy marker LC3 displayed decreased LC3-I to LC3-II conversion and with LC3-II/I ratio

(C) and diffused rather than punctate neuronal immunolocalization pattern (arrow) in the ischemic cortex of AAV9-CDR1as as compared with AAV9-Control cohort at day 1 of

reperfusion following transient MCAO (D). Blots are representative of four independent experiments. Representative immunofluorescence images were taken from the peri-

infarct region, where neurons remained relatively intact and viable. Blue is DAPI for the nucleus. Data are mean ± SD (n = 4/group). *p < 0.05 compared with the respective

sham and #p < 0.05 compared with the respective time point group by one-way ANOVA followed by Sidak’s multiple-comparisons test. Cleaved casp-3 = cleaved caspase-3

and Cont = Control. Scale bar represents 50 mm.
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that CDR1as overexpression elevated miR-7 levels and suppressed
a-Syn protein abundance after focal ischemia. We further showed
that CDR1as overexpression decreased infarction and promoted bet-
ter motor function recovery after focal ischemia. Our results also indi-
cate that the post-ischemic neuroprotection afforded by CDR1as
might be partially through curtailing apoptosis, autophagy, mito-
62 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
chondrial damage, and inflammation that aggravates ischemic brain
injury.

Many studies showed that stroke alters the expression and function of
different classes of ncRNAs, including miRNAs, lncRNAs, and
circRNAs.1,3,4,25 Studies also showed that several ncRNAs modulate



Figure 6. CDR1as overexpression decreased pathological changes in the ischemic brain

The immunoreactivity and quantitation of pDrp1 (a marker of mitochondrial fragmentation) in NeuN+ neurons (A) and IL-1b (a marker of inflammation) in Iba1+ microglia (B) in

AAV9-CDR1as compared with AAV9-Controls at 1 day of reperfusion following transient MCAO (n = 4/group). *p < 0.05 compared with the respective sham and #p < 0.05

compared with the respective time point group by one-way ANOVA followed by Sidak’s multiple-comparisons test. Scale bar represents 50 mm.
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post-stroke brain damage and/or recovery.7,9,18,19,26,27 Furthermore,
various classes of ncRNAs are known to collaborate and regulate
each other.8,13,14,28 Hence, understanding the dynamics and associa-
tion of ncRNAs after stroke is essential to design effective therapies.

We recently showed that focal ischemia significantly reduces the
levels of the prosurvival miRNA miR-7, which is highly abundant
in the brain.18,19,29 ThemiR-7 knockout mice showed increased sensi-
tization to ischemic neural damage and worsened motor dysfunction,
whereas treatment with a miR-7 mimic promoted post-stroke recov-
ery.18,19 Parallel studies from our lab showed that induction of a-Syn
protein expression is a major inducer of ischemic brain damage, and
the neuroprotection afforded by miR-7 is due to its ability to repress
a-Syn translation.18,20 However, the mechanisms that are responsible
for decreased miR-7 levels in the post-stroke brain are not well-un-
derstood. Hence, we tested if stroke downregulates the miR-7
transcription. However, the present studies showed that neither pri-
miR-7a nor pri-miR-7b levels were unaltered in the mouse brain
following transientMCAO. This indicates the possibility of post-tran-
scriptional regulation of miR-7 levels after stroke.
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 63
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Several mature miRNAs have tissue-specific expression patterns, even
though that may not be the case with their corresponding primary
transcripts.30 Other mechanisms like Musashi homolog 2 (MSI2)
and Hu antigen R (HuR) proteins are known to inhibit miR-7 pro-
cessing and thus regulate mature miR-7 levels.30 However, we
observed that mature miR-7, but not its primary transcripts, is down-
regulated in the post-stroke brain, indicating that these mechanisms
might not be responsible for the decreased abundance of miR-7 in the
post-stroke brain. Inmammals, miR-7 is formed from intron 15 of the
heterogeneous nuclear ribonucleic protein K (hnRNP K) gene and is
predominately enriched in the brain. Intriguingly, this gene tran-
scribes and forms a hnRNP K protein in most organs.30 This disparity
indicates that miR-7 expression is regulated at the post-transcrip-
tional level.17

We then tested if miR-7 is controlled post-transcriptionally in the
ischemic brain. The circRNA CDR1as contains >70 miR-7 binding
sites and is thought to act as a miR-7 sponge.13,14,17 Functionally,
CDR1as might act as a reservoir that protects miR-7 from the degra-
dation by endonucleases and can transport and release miR-7 as
needed.17 The present study showed that focal ischemia leads to the
downregulation of CDR1as in the mouse brain, which might increase
the accessibility of miR-7 for degradation. To support this notion, we
replenished CDR1as by transfecting the mouse brain with an AAV9-
CDR1as. This increased the CDR1as levels without inducing any
toxicity. Furthermore, AAV9-CDR1as-treated mice showed
increased miR-7 levels, significantly curtailed ischemic brain damage
and better recovery of post-ischemic motor function. CDR1as overex-
pression also decreased neuronal apoptosis, autophagy, mitochon-
drial fragmentation, and inflammation in the post-stroke brain.
Notably, both miR-7 and CDR1as are known to be primarily ex-
pressed in neurons with little expression in non-neuronal cells.17

Importantly, CDR1as levels persisted even 4 months after the AAV9
treatment, and CDR1as overexpression beyond physiologic levels did
not cause neurologic impairment or mortality. Although miR-7 bind-
ing sites on CDR1as are highly conserved, they lack significant
complementarity beyond the seed region, implying that miR-7 can
stably bind to CDR1as, and the CDR1as-miR-7 complex is unlikely
degraded by RNA-induced silencing complex containing Ago2.17

Furthermore, miR-7 binding to CDR1as results in forming a unique
complex with three distinct structural domains: two short helixes with
an internal loop, the hinge, and the triple-helix, which results in the
circularization of CDR1as.27

Previous studies also suggest that CDR1as deficiency leads to the
downregulation of miR-7 in neural tissues.17 In agreement, we
noticed that a sustained decline in CDR1as levels led to an extended
decrease of miR-7 in the post-stroke brain. A recent study reported
that miR-7 (downregulated) and miR-671 (upregulated) that directly
interact with CDR1as are the only miRNAs altered in the CDR1as-
deficient mice.17 Although the mechanisms responsible for CDR1as
downregulation in the post-stroke brain are not clear; evidence sug-
gests that miR-671, which contains the same seed sequence as
64 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
miR-7, but with extended complementarity, forms an almost perfect
double helix with CDR1as and directs Ago2-slicer-dependent cleav-
age of CDR1as.13,17,31 It is proposed that miR-671 might aid CDR1as
in releasing miR-7 under certain conditions, but this needs to be
confirmed by future studies.17

Nevertheless, we observed that CDR1as overexpression resulted in
elevatedmiR-7 and suppression of miR-7 target a-Syn following tran-
sient focal ischemia, suggesting that CDR1as may not sequester
miR-7 once it binds to its target genes.16 Additionally, recent obser-
vation of a negative correlation between CDR1as and several miR-7
targets such as PAK1 and CDK1 argues against sequestering miR-7
from its target genes by CDR1as.16 Hence, besides serving as a repos-
itory, CDR1as might be involved in stability, intracellular trafficking,
and timed release of miR-7.13,17 Moreover, miR-7 aids in CDR1as
circularization and stability, whereas once formed, CDR1as shields
miR-7 from degradation, which strongly favors the reshaping of
miRNA sponge theory.13,17

We and others have shown that miR-7 regulates the abundance of
a-Syn in the brain.18,19,32 The normal cellular functions of a-Syn
are still not clear. But, its induction, accumulation, and/or aggregation
can cause neurodegeneration and neuropathology; for example, the
acute post-stroke a-Syn induction and/or aggregation aggravates
ischemic brain damage.20,32,33 Stroke is known to cause varying de-
grees of neuronal injury that impairs sensorimotor and cognitive
brain functions in both males and females.7,9,18,20,26,34 The present
study used only adult mice to mechanistically show that CDR1as
overexpression increases miR-7 levels and suppresses a-Syn induc-
tion. Aging and co-morbidities significantly impact the incidence of
stroke and its consequences.35 They also influence the efficacy of ther-
apies. However, not testing aged and co-morbid mice is a limitation of
the present study. We previously showed that ischemic brain damage
could be reduced regardless of age by limiting the a-Syn induction
and restoring miR-7 basal levels.18 Nevertheless, additional studies
are needed to confirm whether CDR1as overexpression elevates
miR-7 basal levels and prevents ischemic brain damage, irrespective
of age or co-morbid conditions. Recent studies showed significant
motor deficits and neuronal deposits of pathologic a-Syn throughout
the brain that deteriorate over time between 180 and 360 days after
ischemia in a-Syn overexpressing mice.33 This is further supported
by evidence indicating that deregulation of miR-7 in mice lacking
CDR1as locus resulted in synaptic malfunction and a deficit in pre-
pulse inhibition of the startle reflex.17

We used AAV9 pre-stroke as a tool to overexpress CDR1as to delin-
eate the mechanistic connection between CDR1as and miR-7. A
similar AAV-mediated gene therapy has already been tested in hu-
mans and approved by US Food and Drug Administration mainly
to correct biallelic mutations in the survival motor neuron 1
(SMN1) gene that causes spinal muscular atrophy and correct a
biallelic RPE65 mutation in patients with retinal dystrophy.36,37 Evi-
dence also points to viral vector-mediated gene therapy as a potential
stroke treatment by expressing genes that alter the post-ischemic
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pathophysiological progression.38 A recent study reported converting
proliferative astrocytes in the neocortex of young and old mice
following cerebral ischemia by utilizing a retroviral delivery system
encoding the transcription factor Ngn2 alone or in conjunction
with the anti-apoptotic protein Bcl-2.39 However, additional research
is required to validate the clinical use of such strategies for the treat-
ment of stroke, including the non-invasive technique of delivering
viral vectors and the optimization of the target, dose, and viability.
Although the AAV9-based pretreatment strategy cannot be therapeu-
tic, particularly in stroke, pretreatment/preconditioning is proven to
reduce the incidence and consequences of vascular diseases. Indeed,
preconditioning is crucial in curtailing the severity of ischemic brain
injury after the onset and also helps to prevent recurrent strokes.

Besides overexpression, the biggest challenge of circRNAs is circular-
ization in vivo. To overcome such a roadblock, Hanson et al. inverted
a portion of the upstream sequence of CDR1as and inserted it down-
stream to help with effective circularization.14 Using this approach,
we achieved efficient induction/circularization of CDR1as in the
mouse brain. Moreover, CDR1as can be packaged in the extracellular
vesicles (EVs) and/or liposomes and can be delivered in vivo (IV) to
increase the translation potential. Although we will test this in future
studies, Yang and colleagues recently validated a similar RNA drug
delivery approach to administer circRNA circSCMH1 (IV) post-
stroke using EVs to target functional recovery in both mice and
monkeys.40 Overall, the current finding implies that targeting
circRNA CDR1as is a novel therapeutic strategy to efficiently control
miR-7/a-Syn to minimize post-stroke brain damage.

MATERIALS AND METHODS
The University of Wisconsin Research Animal Resources and Care
Committee approved all experimental protocols using animals. Ex-
periments were conducted in compliance with the “Animal Research:
Reporting of In Vivo Experiments (ARRIVE)” guidelines, and care
was in accordance with the Guide for the Care and Use of Laboratory
Animals, US Department of Health and Human Services Publication
Number 86-23 (revised).41 Animals were divided randomly into
groups, and the outcome measures were evaluated blindly.

Focal ischemia

A 1-h transient intraluminal middle cerebral artery occlusion
(MCAO) was conducted in adult male C57BL/6J mice (12 weeks,
27 ± 2 g, Charles River, USA) under isoflurane anesthesia with 6-0
silicon-coated monofilament (Doccol, USA), followed by 1–7 days
of reperfusion.4,18–20,34,41 Sham-operated animals received a similar
surgical procedure without MCAO. Regional cerebral blood flow
(rCBF) and physiological parameters (pH, PaO2, PaCO2, hemoglo-
bin, and blood glucose) were monitored, and body temperature was
maintained at 37.0�C ± 0.5�C during surgery. Mice with no signs of
neurologic deficits during reperfusion or signs of hemorrhage during
imaging or after euthanasia were excluded. The rCBF was estimated
by laser speckle imaging (PeriCam PSI HR System; Perimed, USA)
to confirm occlusion and reperfusion under isoflurane anesthesia in
mice subjected to transient MCAO.18 The rCBF was measured in
the ipsilateral side of the brain that was injected with control or
CDR1as overexpressing vector. The total rCBF in the selected region
of interest was expressed as arbitrary perfusion units and compared
among the groups tested.18

CDR1as overexpression

A pCDNA3-CDR1as plasmid containing invert repeat flanking in-
trons for circular CDR1as and restriction digestion sites was amplified
in E. coli grown on the agar plates with ampicillin selection, digested
with HindIII and PspOMI restriction enzymes, and CDR1as frag-
ment was ligated to HindIII and Not1 (compatible to PspOMI site)
restriction digestion sites and packaged into recombinant AAV9.14

The AAV9-CDR1as vector was amplified, purified, and titrated for
in vivo studies (Vector Biolabs, USA).42,43 Cohorts of adult, male
C57BL/6 mice were stereotaxically injected into the cerebral cortex
(from bregma: 0.25 mm posterior, 1.5 mm ventral, and 3 mm lateral)
with either AAV9-CDR1as (2 mL; 1013 genome copies/ml) or AAV9-
Control (null)/GFP. CDR1as levels were estimated in the cortical tis-
sue by real-time PCR after 21 days of injection.

Motor function and infarct volume assessment

Post-ischemic motor learning, balance, and coordination were evalu-
ated with a rotarod test (4 min on a cylinder rotating at 8 RPM) and
beam walk test (number of foot faults while crossing a 120-cm-long
beam) on days 1, 3, 5, and 7 of reperfusion following transient
MCAO as described previously.7,9,18,19,34 Mice were pre-trained for
3 days before the induction of ischemia. Infarct size was assessed at
7 days of reperfusion with T2-MRI (4.7T small animal system scan-
ner; Agilent Technologies, USA).34 Briefly, mice were anesthetized
with isoflurane and scanned up to 8–10 coronal brain slices at
1.0 mm thickness and 20 � 20 mm2

fields of view. The respiration
rate and distress were monitored during the imaging. Infarct size
was measured blindly using NIH ImageJ software with an FDF plu-
gin.19 Infarct volume was computed by numeric integration of data
from serial coronal sections to sectional intervals and corrected for
edema as described before.9,18,19,34

RNA-immunoprecipitation

The interaction of CDR1as with miR-7 was analyzed using Magna
RIP (Millipore Sigma, USA). Total RNA isolated from the ipsilateral
peri-infarct cortex of AAV9-CDR1as- and AAV9-Control-injected
mice subjected to transient MCAO/24 h of reperfusion and sham
surgery was immunoprecipitated using Ago2 antibody (RIP Grade;
Diagenode, USA). The Ago2 protein and Ago-complex containing
pull-down fraction of RNAs (CDR1as and miR-7) were extracted
and analyzed with western blotting and real-time PCR, respectively.

Real-time PCR

CDR1as and miR-7 levels were estimated by real-time PCR using the
SYBR-green method as described earlier.4,7,18 The comparative
threshold cycle (Ct) method (2�DDCt) was used to compute the rela-
tive expression after normalizing the changes with 18S rRNA.
CDR1as was amplified using both convergent (50-CTCCACATCT
TCCAGCATCTT-30 and 50-GATACGGCAGACACCAGAAA-30)
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and divergent (50-ATGTTGGAAGACCTTGGTACTGGC-30 and
50-CCAACATCTCCACATCTTCCAGCA-30 and for overexpression
50-AGACCTTGAGATTATTGGAAGACTTGA-30 and 50-TACCCA
GTCTTCCATCAACTGGCT-30) primers.4 The primers used for
miR-7 were 50-GTTGGCCTAGTTCTGTGTGGA-30 and 50-TAGAG
GTGGCCTGTGCCATA-30.

Western blotting

In brief, protein extracts from the peri-infarct cortex were electro-
phoresed, blotted onto nitrocellulose membranes, and probed with
antibodies against a-Syn (Cell Signaling Technology; Cat#: 2642S;
1:1,000) cleaved caspase-3 (Cell Signaling Technology; Cat#: 9661S;
1:1,000), Ago2 (Diagenode; Cat#: C15200167-100; 1:500), LC3 (Cell
Signaling Technology; Cat#: 12741S; 1:1,000), and GAPDH
(Cell Signaling Technology; Cat#: 2118; 1:1,000) followed by HRP
(Cell Signaling Technology) or IRDye Infrared Fluorescent Dyes
(LI-COR) conjugated anti-rabbit or anti-mouse antibodies. Blots
were developed using enhanced chemiluminescence (Life Technolo-
gies; Cat#: 34076) or scanned with a nearinfrared spectrum (between
680 and 800 nm) analyzer (Odyssey CLx, LI-COR) and quantified
with Image Studio software (LI-COR Biotechnology, USA).

Immunostaining

Brain sections (40 mm; between the coordinates +1 to +1.5 from
bregma) were immunostained with antibody against a-Syn (Cell
Signaling Technology; Cat#: 4179S; 1:200), cleaved caspase-3 (Cell
Signaling Technology; Cat#: 9661S; 1:500), LC3 (Cell Signaling Tech-
nology; Cat#: 12741S; 1:200), pDrp-1 (Cell Signaling Technology;
Cat#: 3455S; 1:400), and IL-1b (Cell Signaling Technology; Cat#:
12741S; 1:100) and costained with either NeuN (Millipore; Cat#:
MAB377; 1:300) or Iba1 (CST; Cat#: 17198S; 1:200) as described
earlier.18,19,31 An investigator blinded to the study groups microscop-
ically analyzed the immunostaining as described before.7,18,19

Statistical analysis

Mann-Whitney U test was used to compare two groups, and one-way
ANOVA followed by Sidak’s multiple-comparisons test was used to
compare multiple groups. Two-way repeated-measures ANOVA
with Bonferroni’s test was used to analyze data from the same subjects
at different time points.
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