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Abstract Emerging data suggest that exosomal microRNA
(miRNA) may provide potential biomarkers in acute ischemic
stroke. However, the effects of ischemia-reperfusion on total
versus exosomal miRNA responses in circulating blood remain
to be fully defined. Here, we quantified levels of miR-126 in
whole serum versus exosomes extracted from serum and com-
pared these temporal profiles against reperfusion and outcomes
in a rat model of acute focal cerebral ischemia. First, in vitro
experiments confirmed the vascular origin and changes in
miR-126 in brain endothelial cultures subjected to oxygen-
glucose deprivation. Then in vivo experiments were performed
by inducing permanent or transient focal cerebral ischemia in
rats, and total serum and exosomal miR-126 levels were quan-
tified, along with measurements of infarction and neurological
outcomes. Exosomal levels of miR-126 showed a transient
reduction at 3 h post-ischemia that appeared to normalize back
close to pre-ischemic baselines after 24 h. There were no de-
tectable differences in exosomal miR-126 responses in perma-
nent or transient ischemia. Serum miR-126 levels appeared to
differ in permanent versus transient ischemia. Significant re-
ductions in serum miR-126 were detected at 3 h after perma-
nent ischemia but not transient ischemia. By 24 h, serum miR-
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126 levels were back close to baseline in both permanent and
transient ischemia. Overall, there were no correlations between
serum miR-126 and exosomal miR-126. This proof-of-concept
study suggests that changes in serum miR-126 may be able to
distinguish severe permanent ischemia from milder injury after
transient ischemia.

Keywords Focal cerebral ischemia - miR-126 - Exosome -
Biomarker - Reperfusion injury

Introduction

MicroRNAs (miRNAs) are endogenously expressed ~22 nu-
cleotides long, noncoding RNAs that control a wide spectrum
of cellular function [ 1-3]. Although their mechanism of action
is not yet completely understood, recent studies suggested that
specific miRNAs could bind to target regions of certain genes
to control their expression by either repression or activation of
mRNA translation/transcription [4, 5]. A single miRNA can
regulate thousands of downstream target genes and influence
the entire gene networks and downstream protein synthesis
[6-8]. It has been demonstrated that miRNAs play important
roles in developmental and functional aspects of the central
nervous system and in many neurological diseases [9, 10].
Therefore, miRNAs are potentially important candidates for
stroke diagnosis and therapeutics since they will surely be
involved in multiple pathways in the ischemic cascade [11].
In the context of stroke, miRNAs have been implicated in
multiple pathogenic processes including atherosclerosis (miR-
21, miR-126), hyperlipidemia (miR-33, miR-125a-5p), hyper-
tension (miR-155), plaque rupture (miR-222, miR-210),
blood brain barrier disruption (miR-15a), and caspase-
mediated cell death (miR-497) [12]. Accordingly, an increas-
ing number of exploratory studies have been performed to
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assess miRNAs isolated from blood of human stroke patients,
and blood and brain tissue from animal stroke models
[13—17]. Thus far, the cumulative data are complex, and both
increased and decreased miRNA responses have been docu-
mented, so it has been challenging to separate stroke-specific
profiles from those incurred as a general response to vascular
dysfunction. More recently, miRNAs from exosomes have
been explored as a potential specific response element in
stroke since extracellular vesicles and their cargo can be reg-
ulated by multiple cells in the neurovascular unit [18]. How-
ever, in spite of this burgeoning interest, how specific miRNA
responses in exosomes compare versus general responses in
total blood after stroke remains to be fully defined. Therefore,
in this proof-of-concept study, we explored miR-126 in
exosomes and serum and compared these profiles with out-
comes after severe permanent or mild transient focal cerebral
ischemia in rats.

Materials and Methods
Brain Endothelial Cell Cultures

Human brain endothelial cells (CSC Systems, Kirkland, WA,
USA) were grown as previously described on collagen-coated
dishes [19]. Confluent cells were washed twice with PBS and
then subjected to 3- or 6-h oxygen-glucose deprivation
(OGD). At the end of OGD, culture media and cells were
collected for lactate dehydrogenase assay (LDH, as a measure
of cell death) or exosome isolation. All culture media
contained no serum to avoid exogenous microvesicle contam-
ination. Exosome isolation was performed as previously de-
scribed [20]. Briefly, exosomes were collected from condi-
tioned media after centrifuge at 300g, 10 min and 2000g,
and 20 min sequentially to discard cell debris. The resultant
supernatant went through detection with NanoSight LM10
nanoparticle characterization system (NanoSight) equipped
with a blue laser (405 nm) illumination.

Rat Focal Ischemia Model

Adult male Wistar rats (260-280 g, Charles River Lab, Wil-
mington, USA) were subjected to focal cerebral ischemia
using standard methods that have been previously described
[21]. Briefly, rats were initially anesthetized with 1-2 %
isoflurane by face mask. Rectal temperature was maintained
at 37 °C+0.5 °C via a temperature-regulated heating pad.
Regional cerebral blood flow was monitored using laser
Doppler flowmetry (LDF) to ensure adequate focal ischemia.
Animals that did not show a regional cerebral blood flow
reduction to <30 % of pre-ischemia baseline levels were ex-
cluded. Rats were subjected to either transient (75 min, n=27)
and permanent (n=27) middle cerebral artery occlusion by

intraluminal occlusion of the right middle cerebral artery.
Sham-operated animals (n=>5) underwent the same anesthesia
and surgical procedures without arterial occlusion. All animal
experiments were approved by the MGH Institutional Animal
Care and Use Committee in accordance with the NIH Guide
for the Care and Use of Laboratory Animals. Blood samples
were obtained before ischemia and 3 and 24 h after ischemia.
Fresh blood (1 mL) samples were immediately added to non-
additive tubes (BD Microtainer™, USA). After centrifugation
(3000 rpm, 30mins, 4 °C), supernatant was collected as serum.
Samples were stored at —80 °C until further processing. Total
exosomes were isolated from serum using the Invitrogen™
total exosome isolation reagent (Applied Biosystems, Austin,
TX, USA) according to manufacturer’s protocol. Neurological
Severity Scores (mNSS) were assessed to evaluate the ische-
mic deficits at 24 h, and brains were removed to quantify
infarction using standard tetrazolium chloride staining. To ex-
clude possible confounding effects of brain swelling, an indi-
rect method was used to calculate lesion volumes.

miRNA Quantification

Total RNA (with miRNA) was extracted from serum and
serum-isolated exosomes using TagMan™ miRNeasy Micro
Kit (Applied Biosystems) according to the manufacturer’s
protocol. The reverse transcription was performed using the
TagMan™ MiRNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA). Real-time PCR was per-
formed using 7500 Real-Time PCR System (Applied
Biosystems). All reactions were run in triplicate. The primers
of miR-126 (an endothelial marker) and miR-124a (a compar-
ative neuronal marker) were purchased from Applied
Biosystems. The 2”2 method was used to determine the
relative changes in gene expression. The relative expression
level of miR-126 (ACt) was calculated by minus Ct value of
U6 from Ct value of miR-126.

Statistical Analysis

Statistical analysis was performed by  test (infarct volume and
mNSS), one-way ANOVA, and followed by Tukey post hoc
tests (miR-126), and correlation analysis was performed using
GraphPad Prism (version 6.0). P<0.05 was considered statis-
tically significant.

Results

Brain endothelial cell miR-126 responses
after oxygen-glucose deprivation

We selected miR-126 as our initial candidate reporter of
neurovascular damage in stroke because it is specifically and
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highly expressed in endothelial cells and is known to be in-
volved in the regulation of vascular integrity, endothelial func-
tion, and angiogenesis [22—24]. miR-126 was detectable in all
exosomal preparations from our human brain endothelial cul-
tures, confirming their endothelial cellular origins. Compared
to DMEM normal controls, miR-126 levels were significantly
reduced after oxygen-glucose deprivation (Fig. 1).

Infarction and neurological deficits after focal cerebral
ischemia in rats

Twenty four of focal cerebral ischemia resulted in well-
defined infarctions comprising cortical and subcortical areas
of the middle cerebral artery distribution. As expected, infarct
volumes were larger in permanent compared to transient is-
chemia (Fig. 2a). Correspondingly, neurological deficits were
also more severe in permanent versus transient ischemia
(Fig. 2b). Mortality in the transient ischemia group was
7.4 %, and mortality in the permanent ischemia group was
18.5 % (Fig. 2c). These two models therefore allowed us to
ask how miR-126 responses may potentially differ according
to stroke severity.

miR-126 profiles in transient versus permanent focal
cerebral ischemia

Delta-CT values indicated that measurable levels of miR-126
were obtained for exosome and serum samples across all
groups (Fig. 3a, b). Sham samples showed no change in
miR-126 levels. Compared to levels before ischemic onset,
both transient and permanent ischemia samples showed a rap-
id and significant reduction in exosomal miR-126 at 3 h
(Fig. 3c). This response appeared to be temporary, and by
24 h, exosomal miR-126 levels mostly renormalized close to
pre-ischemia baseline levels (Fig. 3c).

Next, we examined miR-126 levels in the whole serum.
Compared to exosomes, serum responses may not be as

miR-126 changes after OGD

1.5+ x

)

o 1.0

c

©

Ko

o

T 0.51

(o]

.~

0.0

DMEM- 3hr-0GD 6hr-0GD
Glucose

Fig. 1 MiR-126 levels of exosomes isolated from human brain
endothelial cells after oxygen-glucose deprivation (OGD, 3 h, 6 h).
Data are expressed as mean+SEM. *p<0.05
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sensitive, and no clear effects of cerebral ischemia were de-
tectable for either permanent or transient ischemia, except for
the early 3-h samples from the permanent ischemia group.
Compared with the baseline levels of miR-126 before ische-
mia, permanent ischemia significantly decreased serum miR-
126 levels at 3 h (Fig. 3d). In contrast, no significant changes
in serum miR-126 were observed after milder injury induced
by transient ischemia (Fig. 3d). By 24 h, all serum miR-126
levels appeared to renormalize back close to baseline
(Fig. 3d).

Overall, there were no correlations between exosome and
serum miR-126 levels across all groups (Fig. 4). When com-
paring against outcomes, serum levels of miR-126 appeared to
be significantly correlated with infarction volumes at 3 h
(Table 1). But, no other correlations were detected for 24 h
or for exosomal miR-126 at any timepoint (Table 1).

As an additional control, we also attempted to measure
levels of miR-124, a known neuronal marker. Within the sen-
sitivity limits of our system, we were unable to detect miR-
124 in any of our serum or exosomal samples post-ischemia
(data not shown).

Discussion

Finding biomarkers in stroke are important because these in-
dices may provide quantitative endpoints to assess stroke evo-
lution, measure therapeutic response, and potentially separate
responders from nonresponders in clinical trials [25]. Recent-
ly, the pursuit of stroke biomarkers has begun to focus on
miRNAs. MiRNAs comprise a subset of noncoding RNAs
that may play a role in stroke pathophysiology [26], and be-
cause they can be released into extracellular space,
microRNAs may also reflect the status of stroke-injured tis-
sue. In this study, we used a combination of endothelial cell
cultures and in vivo rat focal ischemia models to assess the
hypothesis that circulating levels of the vascular miRNA miR-
126 may be correlated with infarction severity and ischemia-
reperfusion over time. During hyperacute stroke (3 h after
ischemia), exosomal miR-126 levels significantly decreased
in both transient and permanent ischemia, whereas serum
miR-126 levels decreased only in permanent ischemia. In con-
trast, at 3 h after ischemia, serum miR-126 levels, not
exosomal miR-126 levels, showed significant difference be-
tween transient and permanent ischemia. Our results indicated
that whereas exosomal miR-126 levels may be more sensitive
than serum miR-126 levels, changes in miR-126 in whole
serum may distinguish severe injury after permanent focal
ischemia from milder injury after transient focal ischemia.
Furthermore, serum miR-126 levels at 3 h may also be corre-
lated with infarction volumes at 24 h. These initial results
provide proof-of-concept that circulating levels of miR-126
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Fig. 2 Tissue and functional outcomes after severe permanent versus
mild transient focal cerebral ischemia. a Significant difference in
infarction volume between transient (tMCAQO) and permanent (pMCAO)
ischemia groups. *p<0.05. b Significant difference in modified

may potentially provide insight into the severity of tissue dam-
age and status of ischemia-reperfusion after acute stroke.
Although our results suggest intriguing differences in miR-
126 response in permanent versus transient ischemia, the un-
derlying pathomechanisms remain unclear. The downregula-
tion of miR-126 in permanent focal ischemia may be consis-
tent with previous studies, where miR-126 has been associated
with vascular pathologies. Hypoxia is known to decrease
miR-126 both in vitro and in vivo [14, 27]. Pilot studies in
stroke patients suggest that circulating miR-126 levels may be
downregulated up to 24 weeks post-stroke [28]. Furthermore,
miR-126 has also been associated with the progression of type
2 diabetes, hypertension, and atherosclerosis [29-31]. In con-
trast, our data demonstrate that after transient ischemia, miR-
126 is positively correlated with infarct size and reperfusion,
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Fig. 3 MiR-126 levels in exosomes and whole serum after transient and
permanent ischemia. a Expression levels of exosomal miR-126 (delta-CT
values) before and after ischemia. b Expression levels of serum miR-126
(delta-CT values) before and after ischemia. ¢ Log-10 fold changes of
exosomal miR-126 levels versus pre-ischemia baselines. Compared with
baseline levels, both transient and permanent ischemia samples showed a
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neurological scores (mNSS) between transient (1M CAO) and permanent
(pMCAO) ischemia groups. *p<0.05. ¢ Mortality in tMCAO and
pMCAO groups

which may be associated with an inflammatory response [32,
33]. Hence, downstream inflammatory targets of miR-126
may be especially relevant for reperfusion injury. MiR-126
is known to suppress vascular cell adhesion molecule-1 and
C-X-C motif chemokine 12, and it may also inhibit vascular
endothelial growth factor signaling by repressing Spred-1 and
PI3-kinase pathways [31, 34-36]. Taken together, our find-
ings may be consistent with the overall idea that miR-126
responses contribute to the balance between beneficial and
detrimental effects of reperfusion. Further investigations into
the mechanistic role of miR-126 or other miRNAs in ischemia
and reperfusion injury will be useful [32].

For this initial study, we decided to focus on a vascular
signal because the cerebral endothelial system should be the
major contributor in circulating signals in the blood [37, 38].
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rapid significant reduction in exosomal miR-126 at 3 h (p<0.05). Both
transient and permanent ischemia showed significant difference in
exosomal miR-126 between 3 and 24 h after ischemia. *p<0.05. d
Log-10 fold changes of serum miR-126 levels versus pre-ischemia
baselines. There was significant difference of serum miR-126 levels
between transient and permanent ischemia at 3 h. *p<0.05
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Fig. 4 Correlations between exosomal versus serum miR-126. No
significant correlations were statistically detected

However, the blood-brain barrier leakage occurs after stroke,
so central signals may also leak into the circulation. We
attempted to look for miR-124, which is thought to be the
most abundant miRNA in the brain [39]. Its expression in-
creases on neuronal differentiation and reaches maximal
levels in mature neurons. Previous studies suggested that after
focal cerebral ischemia in rats, miR-124a in subventricular
regions becomes significantly reduced [40]. But, effects on
circulating miR-124 have not been confirmed. In the present
study, we also tried to detect circulating miR-124 based on the
possibility that it may leak through a compromised blood-
brain barrier. However, within the sensitivity limits of our
system, we were unable to detect significant levels of miR-
124 in serum of exosomal samples. Future studies to system-
atically map out other central vs peripheral miRNA signals
should be warranted.

Although our initial data here may also point to interesting
correlations between total serum miR-126 and infarct out-
comes, the differences between exosome and nonexosome
compartments remain to be clarified. miRNAs may be stable
in the circulation which supports their potential use as disease
biomarkers [41]. In part, this stability is thought to be mediat-
ed via exosomes that may represent an encapsulation and de-
livery system that protects miRNAs from external RNases.
Several studies have supported this idea of functional miRNA
transfer by exosomes and observed the uptake of exosomal
miRNAs into cells in vitro [42—45]. Circulating miR-126
should be mostly derived from endothelial cells, which may

Table 1  Correlations between infarct volume and miR126 level
Infarct tMCAO pMCAO

MiR 126 R? P R’ p
Serum 3 h 0.7159 0.0337 0.8557 0.0244
Serum 24 h 0.1773 0.1972 0.02373 0.6709
Exosome 3 h 0.1069 0.5270 0.1022 0.6000
Exosome 24 h 0.00508 0.8933 0.02369 0.8048
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also be the main source of circulating exosomes. One study
showed that endothelial miR-126 shuttled by exosomes is
biologically active in target cells and modulates adhesive
and migratory abilities of leukemia cells [46]. Hence, the dif-
ferential of exosomal miR-126 may also indicate its potential
role in connecting cerebral ischemic pathophysiology with
systemic responses in other cell types and organs. However,
we were unable to find any correlations between serum and
exosomal miR-126 levels in our study, so further investiga-
tions will be needed to define how these signals are sorted
between compartments.

Taken together, our findings here suggest that specific re-
sponses in circulating miR-126 within total serum and
exosomes may provide quantitative profiles that correlate with
infarction severity and ischemia-reperfusion. However, there
are still several caveats in this proof-of-concept study. First,
further studies are needed to define the source for our miR-126
responses. Our brain endothelial culture data are consistent
with our in vivo rat stroke model data, but it remains possible
that many other nonvascular cell types may also be involved.
Second, within the limits of this initial study, we cannot pre-
cisely determine the effects of the central versus systemic
responses. Blood-brain barrier leakage is a key part of
ischemia-reperfusion injury. How various miRNA signals
from brain interact with those from other organs and circulat-
ing blood cells remains to be rigorously investigated. Third,
we only focus on acute timepoints in this initial study. It is
possible that the miR-126 profiles will continue to evolve over
time. How circulating miR-126 responses correspond to long-
term reperfusion and neurological outcomes will have to be
determined in future studies. Fourth, our in vivo experiments
were performed in healthy young male rats. How miR-126
mechanisms are modified in aged or female rats with stroke
comorbidities such as hypertension or diabetes will have to be
considered as well. This may be especially important since
miR-126 has been implicated in various mechanisms of dia-
betes, hypertension, and atherosclerosis. Fifth, we only focus
on a single miRNA endpoint. Although our initial focus on
miR-126 may be reasonable since it is known to reflect vas-
cular integrity, it is likely that many other miRNAs will be
modulated in ischemia-reperfusion. Future studies will be re-
quired to carefully assess the network response and potentially
identify an integrated miRNA signature for stroke. Finally, the
primary goal of this study was to assess circulating miR-126
responses as potential biomarkers in stroke. However, beyond
a role as a surrogate reporter of pathophysiology, increasing
evidence now points to the possibility of using or targeting
miRNAs as a therapeutic approach as well [47]. It should be
interesting to ask whether modulating miR-126 and its atten-
dant exosomal carrier systems may be exploited for novel
treatment strategies.

In conclusion, this proof-of-concept study using cell cul-
ture models of oxygen-glucose deprivation and rat models of
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focal cerebral ischemia suggests that although changes in
exosomal miR-126 levels in blood may be more sensitive to
cerebral ischemia (i.e., able to respond to both mild and severe
ischemia), total serum miR-126 may be more specific to the
severity of ischemia (i.e., responds only to severe ischemia).
However, we were unable to find clear relationships between
exosomal miR-126 and serum responses, so the mechanisms
of how miR-126 is sorted and compartmentalized after release
from damaged vasculature remain to be defined. MiRNA is
now known to comprise critical mediators in CNS function
and disease [48]. Further investigations are warranted to as-
sess how exosomal versus total microRNA responses partici-
pate in stroke pathophysiology.
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