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lished March 4, 2016; doi:10.1152/physiolgenomics.00052.2015.—An-
eurysmal subarachnoid hemorrhage (aSAH) is a devastating form of
hemorrhagic stroke with 30-day mortality between 33 and 45%. Delayed
cerebral ischemia (DCI) is the chief cause of morbidity and mortality in
patients who survive the initial aSSAH. DCI accounts for almost 50% of
deaths in patients surviving to treatment of the ruptured aneurysm. The
mechanisms for brain injury after aSAH and the brain’s response to this
injury are not fully understood in humans. MicroRNAs (miRs) are 22- to
25-nucleotide single-stranded RNA molecules that inhibit the expression
of specific messenger RNA targets. In this work, miR profiling of human
cerebrospinal fluid from eight patients after aSAH was performed daily
for 10 days with the goal of identifying changes in miR abundance. Using
the nanoString nCounter Expression Assay, we identified two specific
clusters of miR that were differentially regulated over time. Quantitative
RT-PCR was performed on select miRs from each cluster. The first
cluster contained miRs known to be present in blood and decreased in
abundance over time. miRs in this group include miR-92a and let-7b. The
second cluster contained several poorly characterized miRs that increased
in abundance over time. miRs in this group included miR-491. This
second cluster of miRs may be released into the CSF by the brain itself
as a result of the initial SAH. Temporal changes in the abundance of
specific miRs in human CSF after aSAH may provide novel insight into
the role of miRs in brain injury and the brain’s response.

microRNA; stroke; subarachnoid hemorrhage

STROKE IS A SIGNIFICANT PUBLIC health problem and is a leading
cause of death and disability in the United States (14). Aneu-
rysmal subarachnoid hemorrhage (aSAH) accounts for ~5% of
all strokes and is frequently a devastating condition. The
30-day mortality rate following SAH ranges between 33 and
45%. Spontaneous SAH is most often due to the rupture of a
berry aneurysm arising from a branch of the circle of Willis at
the base of the brain (8). Acute treatment of these patients
focuses on the treatment of the aneurysm to prevent rehemor-
rhage, which is associated with mortality as high as 70%.
Treatment options include open craniotomy with aneurysm
clipping or endovascular occlusion of the aneurysm with de-
tachable platinum coils (8).

Delayed cerebral ischemia (DCI) is a chief cause of mor-
bidity and mortality in patients who survive the initial aSAH.
DCT accounts for almost 50% of deaths in patients surviving to
treatment (clipping or coiling) after aSAH. Vasospasm has
been thought to be the most significant cause of DCI and
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affects between 30 and 70% of patients following aSAH.
Vasospasm has an onset between days 3 and 5 and peaks after
2 wk. An additional complication of aSAH is acute hydroceph-
alus, which occurs in 20-30% of patients and often requires
placement of an external ventricular drain (EVD) (8). The
presence of an EVD allows sampling of cerebrospinal fluid
(CSF). CSF is contiguous with the interstitial fluid of the brain
and may reflect its constituents on a more global scale than
cerebral microdialysis. Protein biomarkers in CSF have been
analyzed, revealing increased levels of glutamate and S100B in
patients with DCI (9).

microRNAs (miRs) are 22- to 25-nucleotide single-stranded
RNAs that inhibit the expression of specific mRNA targets (5,
29). miR profiling can discriminate between different forms of
cardiovascular disease such as ischemic cardiomyopathy and
heart failure (29). Because it bathes the central nervous system
(CNS) and comes into contact with the injured tissue, CSF has
been suggested to be an excellent source of miR expression
changes related to CNS injury (7). miR profiling of CSF from
patients with primary central nervous system lymphoma has
been performed, revealing a statistically significant decrease in
miR-21, -19b, and -92a compared with control patients (4).
Additionally, in this study the authors showed that miRs are
stable in CSF samples for up to 96 h at room temperature (4).

Little is known about the role of miRs in stroke pathogenesis
(10, 21). Several groups have found changes in miR levels in
humans after acute ischemic stroke both in blood (16, 31) and
CSF (30), yet the impact of these changes on brain injury have
not been characterized. Furthermore, changes in miRs follow-
ing aSAH have not yet been described at all.

This work presents the first evidence on changes in the
abundance of miR in human CSF after aSAH. Understanding
the temporal changes in the abundance of different miR in
human CSF after aSAH is likely to provide insight into the role
of miRs in brain injury and help understand the brain’s re-
sponse to aSAH.

METHODS
Study Subjects and Experiment Design

The study protocol and material were approved by the Ohio State
University Institution Review Board, and all subjects gave written
informed consent prior to participation. We have analyzed the abun-
dance of miRs in aSAH CSF in eight patients. Men and women
18—80 yr of age were eligible to participate in the study.

Inclusion criteria. 1) Onset of new neurological signs of subarach-
noid hemorrhage within 72 h at the time of evaluation. 2) Clinical
signs consistent with the diagnosis of subarachnoid hemorrhage in-
cluding severe thunderclap headache, cranial nerve abnormalities,
decreased level of consciousness, meningismus and focal neurological
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deficits. 3) Computed tomography demonstrates subarachnoid hem-
orrhage. 4) Cerebral angiography reveals the presence of saccular
aneurysm(s) in a location that explains the subarachnoid hemorrhage.
5) Treatment of cerebral aneurysm must be carried within 72 h of
symptom onset. 6) Accepted treatments of aneurysms include surgical
clipping or endovascular embolization. 7) Presence of an external
ventricular drain with position of the catheter tip within the lateral or
third ventricle confirmed by computed tomography.

Exclusion criteria. 1) Time of symptom onset cannot be reliably
assessed. 2) No demonstrable aneurysm by cerebral angiography. 3)
Evidence of traumatic, mycotic, or fusiform aneurysm by cerebral
angiography. 4) Hunt and Hess scale of 4 or greater and Fisher scale
of 0—1. 5) Severe prior physical disability that precludes evaluation of
clinical outcome measures. 6) Severe terminal disease with life
expectancy < 6 mo. 7) No family available to give informed consent.

CSF Collection

CSF was collected via ventriculostomy from eight patients with
aSAH daily from days 3—12 posthemorrhage. All patients had Fisher
3 and Hunt-Hess 2 or 3 aSAH as well as hydrocephalus requiring
ventriculostomy placement.

Following collection, the CSF was immediately frozen at —70°C
and was not subjected to centrifugation. Analyzing only the CSF
supernatant for miR levels would confound trends over time, as cells
(especially leukocytes and red blood cells) in the CSF are known to
lyse and may release miRs.

miR Extraction and Purification

Total nucleic acid from CSF was extracted using the Circulating
Nucleic Acid Extraction Kit (Qiagen, Valencia, CA), following the
manufacturer’s protocol designed for isolation of miR omitting carrier
RNA. To remove any DNA contamination in the extracted RNA, we
performed DNA digestion with Qiagen RNase-free DNase set. For
concentration of miRNA from enzymatic reactions, the RNA was
further cleaned up, with the manufacturer’s modifications using Qia-
gen RNeasy MinElute Clean up Kit.

NanoString Assay

The multiplexed nanoString nCounter miR system (nanoString
Technologies) was used for miR expression profiling (11). This assay
was performed at The Ohio State University Comprehensive Cancer
Center Nucleic Acid shared services facility. Total RNA (100 ng) was
used as input material. Small RNA samples were prepared by ligating
a specific DNA tag onto the 3'-end of each mature miR according to
manufacturer’s instruction (nanoString Technologies). These tags
normalized the melting temperatures of the miRs and provided iden-
tification for each miR species in the sample. Excess tags were then
removed, and the resulting material was hybridized with a panel of
miR:tag-specific nCounter capture and barcoded reporter probes.
Hybridization reactions were incubated at 64°C for 18 h. Hybridized
probes were purified and immobilized on a streptavidin-coated car-

Table 1. Patient demographics

CSF miR FOLLOWING SAH

tridge using the nCounter Prep Station (nanoString Technologies).
nCounter Digital Analyzer was used to count individual fluorescent
barcodes and quantify target RNA molecules present in each sample.
For each assay, a high-density scan (600 fields of view) was per-
formed.

Data Normalization and Analysis

Quality control, normalization, and data analysis was performed
using nSolver 2.0 Analysis Software (nanoString Technologies). Ad-
ditional data analysis was performed using Genespring GX (Agilent
Technologies, Santa Clara, CA). For data visualization, the miRNA
expression data were subjected to hierarchical clustering using dChip
(v 1.3) software. All differentially expressed miR were identified
using one-way analysis of variance (ANOVA) assay with significance
level was set at P < 0.05 and with correction for false discovery rate
(22-26).

Real-time PCR

Isolated circulating miRNA underwent reverse transcription using
miRCURY LNA Universal cDNA synthesis kit (Exiqon, Woburn,
MA) according to manufacturer’s recommended protocol. MiRs were
quantified via real-time polymerase chain reaction using ExiLENT
SYBR Green (Exiqon) on a Mx3000P qPCR platform (Agilent Tech-
nologies, Santa Clara, CA). SNORD44 (hsa) was use as a housekeep-
ing reference. 2Ct comparative analysis was done was used to
normalize each assayed miR sequence. The LNA PCR primers sets
(Exiqon) used targeted the below sequences: hsa-miR-92a-3p: UAU-
UGCACUUGUCCCGGCCUGU, hsa-let-7b-3p:  UGAGGUAGU-
AGGUUGUGUGGUU, hsa-miR-491-3p: CUUAUGCAAGAUUC-
CCUUCUAC.

RESULTS
Patient Data

A total of eight female patients were enrolled in this study
(Table 1). They ranged in age from 30 to 74 yr old. All had a
significant amount of blood in the subarachnoid space on
computed tomography scan (Fisher grade 3) and had a good
clinical grade (Hunt-Hess grades 2 or 3). There were three
anterior communicating artery aneurysms, two posterior com-
municating artery aneurysms, one internal carotid artery aneu-
rysm, one middle cerebral artery aneurysm, and one posterior
inferior cerebellar artery aneurysm. Seven patients were treated
with coil embolization, and one underwent craniotomy and
clipping of her aneurysm. Four of the patients suffered a
clinical decline due to DCI, and three had radiographic evi-
dence of infarction due to DCI.

Patient No. Age Sex Fisher Score Hunt-Hess Grade Aneurysm Location Treatment DCI
1 49 F 3 3 R PComm coiled no
2 74 F 3 2 AComm coiled yes
3 40 F 3 3 L PICA coiled no
4 30 F 3 3 L MCA coiled yes
5 40 F 3 3 LICA coiled no
6 66 F 3 2 L PComm coiled no
7 70 F 3 3 AComm clipped yes
8 71 F 3 3 AComm coiled yes

F, female; L, left; R, right; AComm, anterior communicating artery; ICA, internal carotid artery; MCA, middle cerebral artery; PICA, posterior inferior
cerebellar artery; PComm, posterior communicating artery; DCI, delayed cerebral ischemia.
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t]|  Fig. 1. Hierarchical clustering of microRNA
(miR) expression after hemorrhagic stroke. A:
heat mapping (red, upregulated; green, down-
regulated) identification of 2 distinct clusters
of miRs: group 1, decreased abundance over
time; group 2, increased abundance over time.
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Hierarchical Clustering

CSF was collected daily from day 3 to day 12 posthemor-
rhage. miRs were extracted and purified, and then miR expres-
sion profiling was run on an nCounter system using the
nCounter Human v2 miR Expression Assay. Of 800 possible
targets, 52 human miRs were detected in human CSF and fold
expression relative to the first time point (day 3) characterized
(Fig. 1). There were eight samples of aSAH CSF at each of the
time points. Hierarchical clustering revealed two large clusters
of miRs: one that showed decreased abundance over time
compared with baseline (group I) and a second that showed
late increased abundance compared with baseline (group 2).

Analysis of NanoString and Quantitative RT-PCR Data

ANOVA with significance level was set at P < 0.05 and
with correction for false discovery rate was performed of the
nanoString data on each of the groups identified in the hierar-
chical clustering (Tables 2 and 3). In group I, the overall
downward trend was typified by the abundance of miR-92a and
let-7b (Fig. 2, A and B). In group 2, the overall increase over
time was typified by the abundance of miR-491 (Fig. 2C).
These trends were confirmed with quantitative RT-PCR with
samples collected on days 3, 5, and 11 (Fig. 2, D-F).

DISCUSSION

Our understanding of brain injury and delayed cerebral
ischemia after aSAH is limited. The working clinical cause is
thought to be narrowing of large and small cerebral arteries that

result in ischemia; however, while this is a clinically useful
paradigm, it does not explain the cause for the vessel narrow-
ing itself nor does it account for all cases of delayed cerebral
ischemia (8). Because CSF is contiguous with the interstitial
fluid of the brain, we believe that sampling of CSF may
provide information on the molecular events in the extracellu-
lar milieu. Because aSAH results in the contamination of
relatively acellular CSF with numerous circulating cells, it is
quite likely that there are components in blood that contribute
to brain injury and delayed cerebral ischemia after aSAH.
However, by analyzing CSF over time, we have been able to
identify temporally mediated changes that suggest the release
of miRs into CSF days after the initial aSAH.

This is the first study to describe the temporally differenti-
ated abundance of miRs in human CSF after aSAH. We
hypothesize that the ability of a single miR to alter translation
of numerous proteins makes them likely contributors to brain
injury and the brain’s response to injury. Recent studies have
unveiled the role of miRs as key modulators of intracellular
signaling mediators (2). Here we have identified two distinct
clusters of miR abundance in human CSF in the days following
SAH. Group 1 miRs decrease over time relative to the first
time point and may be due to breakdown of miRs that were
introduced into the CSF in the blood at the time of the initial
hemorrhage (12, 13, 18). On the other hand, the increased
abundance of group 2 miRs over time relative to the first time
point may be due to the release of miRs into the CSF from the
brain itself. The actual source of these group 2 miRs (ependy-
mal cells, glial cells, or neurons) remains to be seen.

Table 2. miRs with decreased abundance over time after aSAH (group 1)

Fold Change

Sample ID P Value Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12
hsa-miR-410 3.17E-04 1 1.72 1.85 1.03 —1.15 —1.81 —-3.15 —5.83 —4.39 —8.05
hsa-miR-126-3p 7.48E-04 1 1.63 2.14 2.17 1.67 —1.05 —3.72 —4.02 —3.28 —5.31
hsa-miR-331-3p 0.001 1 1.08 1.66 —1.18 —-1.20 —2.41 —3.49 —=9.72 —10.73 —3.56
hsa-miR-142-3p 0.002 1 —1.50 1.15 —1.12 —1.61 —2.68 —3.98 —7.21 —5.41 —6.96
hsa-miR-20a/20b-5p 0.002 1 1.31 1.75 1.34 1.09 —1.25 —3.44 —11.06 —3.83 —8.47
hsa-miR-486-3p 0.002 1 242 1.36 1.02 —-1.22 —-1.20 —2.41 —12.96 —3.38 —6.16
hsa-miR-92a-3p 0.005 1 2.61 1.67 1.27 —1.86 —-1.39 —4.33 —6.85 —14.52 —16.39
hsa-miR-98 0.006 1 1.23 —1.04 —1.74 —1.74 —1.04 —2.38 —4.07 —4.27 —4.36
hsa-miR-296-5p 0.007 1 2.94 1.92 1.48 —-1.25 —-1.91 —=5.11 —5.68 —4.92 —7.63
hsa-miR-106b-5p 0.008 1 1.45 2.29 1.69 —1.07 1.55 —3.91 —4.67 —1.64 —2.91
hsa-let-7b-5p 0.012 1 3.18 2.37 1.90 1.14 1.07 —=3.10 —4.68 —5.05 —10.02

ANOVA analysis of nanoString results of highly significant group I microRNAs (miRs) normalized to the first time point (day 3) following aneurysmal

subarachnoid hemorrhage (aSAH).
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Table 3. miRs with increased abundance over time after aSAH (group 2)

Fold Change

Sample ID P Value Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 Day 9 Day 10 Day 11 Day 12
hsa-miR-1275 0.0031 1 —1.08 1.07 1.11 —1.46 1.03 —-1.19 3.39 2.16 1.80
hsa-miR-491-3p 0.0033 1 —1.17 —1.35 —1.10 1.90 1.07 1.60 1.44 2.86 3.18
hsa-miR-135a-5p 0.0039 1 1.53 2.11 1.28 2.56 1.82 2.15 4.82 2.57 1.93
hsa-miR-515-5p 0.0073 1 —1.81 —1.21 —2.18 —1.80 —1.72 1.44 1.21 1.14 2.33
hsa-miR-1471 0.0078 1 2.77 1.15 2.78 1.60 2.99 1.08 2.44 1.16 2.86
hsa-miR-585 0.0119 1 —3.22 —2.86 —2.46 —3.05 —3.34 —1.88 —2.65 —1.09 1.34
hsa-miR-1287 0.0121 1 —3.63 —1.87 —1.94 —2.67 —3.62 —1.85 —2.53 —1.59 1.38
hsa-miR-647 0.0159 1 1.18 1.41 1.24 1.04 1.59 2.55 1.87 2.88 3.32
hsa-miR-552 0.0188 1 1.69 1.07 2.25 1.86 1.11 1.61 2.45 1.54 4.60
hsa-miR-1255a 0.0191 1 —3.75 —3.24 —2.16 —4.70 —2.09 —2.57 —3.14 —1.55 —1.47
hsa-miR-449b-5p 0.0360 1 1.39 1.72 1.45 1.90 1.60 2.00 4.86 2.68 2.87

ANOVA analysis of nanoString results of highly significant group 2 miRs normalized to the first time point (day 3) following aSAH.

It is conceivable that some of the group I miRs contribute to
brain injury following aSAH. The let-7 family of miRs is highly
expressed in the cardiovascular system, and aberrant expression
has been shown in cardiovascular diseases (3). Circulating let-7b
has been shown to be decreased after acute myocardial infarction

Fig. 2. Temporal expression of pathologically
relevant microRNA. A-C: mean percent
change expression relative to the first time
point [day 3 postaneurysmal subarachnoid
hemorrhage (aSAH)] of hsa-miR-92a-3p, hsa-
let-7b-3p (group 1), and has-miR-491-3p
(group 2), respectively, as quantified via
Nanostring nCounter Expression Assay. D—F:
mean percent change expression validation of
Nanostring miRs performed via quantitative
RT-PCR of hsa-miR-92a-3p, hsa-let-7b-3p
(group 1), and hsa-miR-491-3p (group 2),
respectively.
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(15) and increased after some types of acute ischemic stroke (16).
Additionally, in mice let-7b participates in angiogenesis by regu-
lating the antiangiogenic factor tissue inhibitor of metalloprotei-
nase 1 (19). However, the mechanism by which let-7b may
contribute to brain injury following aSAH is undefined.
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Perhaps the most compelling mechanism for an miR in CSF
following aSAH contributing to brain injury is with miR-92a.
The transcription factor Kriippel-like factor 2 (KLF2) plays an
important role in endothelial cell function and is highly in-
duced by atheroprotective flow patterns (i.e., shear stress with
a significant forward direction) as well as by statins. KLF2
enhances vessel compliance and confers antithrombotic and
anti-inflammatory effects on endothelial cells (1). miR-92a
targets KLF2 and levels of miR-92a are reduced by atheropro-
tective flow patterns, resulting in increased levels of KLF2
messenger RNA (32). Overexpression of miR-92a in human
umbilical vein endothelial cells suppressed the KLF2-regulated
gene eNOS (6). It is possible that increased abundance of
miR-92a following aSAH results in perturbation of endothelial
function and an increased likelihood of secondary brain injury
through delayed cerebral ischemia. This is supported by the
finding that KLF2(—/—) mice suffer larger stroke burden and
impairment in blood brain barrier function than control mice
following transient middle cerebral artery occlusion (28).

It is also intriguing to hypothesize that the group 2 miRs
play a role in the brain’s response to injury as this group of
miRs increases over time and is likely due to release from the
brain into the CSF. In particular, miR-491 has been shown to
be upregulated in human subjects who had committed suicide
(27) and may regulate synaptic plasticity in the mouse
amygdala (20). Cognitive impairment and behavioral difficul-
ties are some of the most common symptoms in those who
survive aSAH (8), but the mechanistic role of miR-491 in this
problem, if any, is again undefined.

This study has several limitations that will be addressed in
subsequent work. First, a larger sample size needs to be
analyzed. In the current study a small sample size of only eight
patients was included. Second, although nanoString analysis
has been shown to provide excellent specificity and a low false
positive rate (17), only a subset of the miRs were analyzed with
quantitative RT-PCR. And third, any clinical relevance of our
results will need to be explained in future studies.

Conclusions

Here we have identified a temporally differentiated abun-
dance of miRs in human CSF after aSAH. Some decrease in
abundance over time, while others increase in abundance over
time. These miRs may have pleiotropic effects on brain injury
and the brain’s response to injury. Further research into CSF
miRs may contribute to a better understanding of brain injury
after aSAH and lead to the development of novel therapeutics.
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