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Abstract

Ischemic neuroprotection afforded by sevoflurane preconditioning has been previously

demonstrated, yet the underlying mechanism is poorly understood and likely affects a wide range

of cellular activities. Several individual microRNAs have been implicated in both the pathogenesis

of cerebral ischemia and cellular survival, and are capable of affecting a range of target mRNA.

Conceivably, sevoflurane preconditioning may lead to alterations in ischemia-induced microRNA

expression that may subsequently exert neuroprotective effects. We first examined the microRNA

expression profile following transient cerebral ischemia in rats and the impact of sevoflurane

preconditioning. Microarray analysis revealed that 3 microRNAs were up-regulated (>2.0 fold)

and 9 were down-regulated (< 0.5 fold) following middle cerebral artery occlusion (MCAO)

compared to sham controls. In particular, miR-15b was expressed at significantly high levels after

MCAO. Preconditioning with sevoflurane significantly attenuated the upregulation of miR-15b at

72h after reperfusion. Bcl-2, an anti-apoptotic gene involved in the pathogenesis of cerebral

ischemia, has been identified as a direct target of miR-15b. Consistent with the observed

downregulation of miR-15b in sevoflurane-preconditioned brain, post-ischemic Bcl-2 expression

was significantly increased by sevoflurane preconditioning. We identified the 3’-UTR of Bcl-2 as

the target for miR-15b. Molecular inhibition of miR-15b was capable of mimicking the

neuroprotective effect of sevoflurane preconditioning, suggesting that the suppression of miR-15b

due to sevoflurane contributes to its ischemic neuroprotection. Thus, sevoflurane preconditioning

may exert its anti-apoptotic effects by reducing the elevated expression of miR-15b following
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ischemic injury, allowing its target proteins, including Bcl-2, to be translated and expressed at the

protein level.
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INTRODUCTION

The molecular basis of neural cell death and survival following ischemic injury has been an

intense focus of research over the past several decades. Targeting of single molecules has

yielded limited success in conferring longterm survival of neural tissue, leading to the search

for more pluripotent therapeutic strategies. Recently, microRNAs have been identified as a

class of single-stranded, noncoding RNA molecules comprised of 18–23 nucleotides that

function as gene expression regulators at the posttranscriptional level [1, 2]. These

endogenous small RNA molecules induce cleavage or translation blockage of target mRNAs

by complete or incomplete complementary binding to the 3′ untranslated region (UTR) of

mRNAs. Since one microRNA has the potential to regulate hundreds of mRNAs, it is

conceivable that microRNAs are involved in almost every cellular process such as

development, growth and metabolism. Furthermore, changes in microRNA expression may

result in different pathologies including tumor, inflammation and apoptosis. Accumulating

evidence has begun to suggest that microRNAs contribute to the pathogenesis of cerebral

ischemia [3–13]. However, the particular microRNAs that could emerge as potential

therapeutic targets are not well defined and are likely to be highly context-specific under

different neuroprotective strategies.

Cerebral ischemia is a prevalent brain injury in the general population, but also contributes

to serious complications during the perioperative period. Interestingly, volatile anesthetics

such as sevoflurane have been effectively used to induce a neuroprotective ischemic tolerant

state [14]. Thus, the clinical use of volatile anesthetics to reduce the incidence of

perioperative brain ischemia has become an emerging priority of volatile anesthetic

treatment. Sevoflurane preconditioning has shown direct neuroprotective effects on brain

against experimental ischemic injury both in vitro [15–21] and in vivo [14, 22–27] settings.

Previous work in our and other laboratories have reported that sevoflurane preconditioning

protects brain ischemia/reperfusion injury by affecting a variety of cellular events, including

attenuation of inflammation [24], release of reactive oxygen species (ROS) [18, 25, 28],

opening mitochondrial ATP-sensitive potassium channels [18, 22, 26] and improving blood-

brain-barrier (BBB) integrity [27]. However, the precise molecular mechanisms underlying

sevoflurane preconditioning remain unclear. Given the multifaceted nature of the cellular

effects of sevoflurane preconditioning, we hypothesized that microRNAs may be

differentially expressed in the ischemic tolerant state. In this work, we describe the

microRNA expression profile following transient cerebral ischemia in rats and the impact of

sevoflurane preconditioning. We focus on assessing the functional activity of the microRNA

miR-15b in targeting degradation of the pro-survival Bcl-2 mRNA as a mechanism involved
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in the ischemic injured state, and further explore the effects of sevoflurane preconditioning

on suppressing the expression of miR-15b.

MATERIALS AND METHODS

Animals and model of transient focal cerebral ischemia

Adult male Sprague-Dawley rats (SD, 260– 280g, 8 weeks old) were provided by Shanghai

SLAC Laboratory Animal Co. Ltd., Shanghai, China. The rats were housed in the same

temperature- and humidity-controlled animal facility with a 12 h light/dark cycle. All animal

experiments were performed in accordance with institutional guidelines and all efforts were

made to minimize the number of animals.

Transient focal cerebral ischemia was induced by filament occlusion of the middle cerebral

artery (MCAO) as previously described [24]. Rats were anesthetized with 1–2% isoflurane

(Abbott, U.S.A.) in air and mechanically ventilated with an endotracheal tube. After a

midline cervical incision, the left common carotid artery was exposed and a 4-0 nylon

monofilament coated with a silicone tip was introduced into the external carotid artery, and

advanced 1.9–2.0 cm along the internal carotid artery until occluding the origin of the

middle cerebral artery. The animals underwent left MCAO for 120 minutes and then

reperfusion for the indicated duration. In sham-operated groups, rats were anesthetized, and

only branches of external cervical artery were dissected, and then the wound was sutured

(ischemia was not induced). All rats were randomly distributed into the corresponding

groups.

Breath rate, end tidal CO2 (EtCO2), artery blood gas and rectal temperature were monitored

throughout the experiment. Breath rate, EtCO2 and concentration of isoflurane were

monitored with a Datex-Ohmeda AS/3 monitoring device. Rectal temperature was

maintained at 37.0±0.5°C during and shortly after surgery with a temperature-regulated heat

lamp. The left femoral artery and vein were cannulated for artery blood gas. To confirm the

success of MCAO, changes in regional cerebral blood flow (rCBF) were evaluated in rats by

laser Doppler flowmetry.

Assessment of neurological deficits

Animals subjected to MCAO underwent neurological evaluation at 24 hr and 48 hr after

ischemia. Each rat was assigned a score according to a five-point behavioral rating scale

[22]: 0, no deficit; 1, forelimb weakness, and torso turning to the ipsilateral side when held

by tail; 2, circling to the affected side; 3, unable to bear weight on the affected side; and 4,

no spontaneous locomotor activity or barrel rolling. Any animal without a deficit was

excluded from the study. A single observer blinded to group assignment performed

neurological testing.

Sevoflurane preconditioning in vivo

In the sevoflurane-preconditioned groups, the rats received 1.0 minimum alveolar

concentration (MAC) sevoflurane (2.4% sevoflurane in air, Baxter, U.S.A.) in an anesthetic

chamber for 30 min per day on 4 consecutive days, monitored by a Datex-Ohmeda AS/3
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monitoring device [24]. Animals in sham-operated and vehicle groups were exposed to

ambient air. At 24h following the last exposure, rats were anesthetized and exposed to

transient focal cerebral ischemia.

Microarray analysis

Rats were randomly divided between sham-operated (n=2) and MCAO (n=3/time point)

groups for the determination of differential microRNA expression, and rats were euthanized

at 24h or 72h after MCAO. RNA samples were prepared from the ischemic cortex for

microarray analysis to determine global microRNA expression changes following transient

cerebral ischemia in rats. Total RNA was extracted with TRIzol reagent according to the

manufacturer's instructions and subjected to Affymetrix Gene Chip microRNA microarray

analysis to determine relative microRNA expression.

Quantitative RT-PCR validation of microRNA expression

In order to determine the effects of sevoflurane preconditioning following MCAO, eighteen

rats were randomized into three experimental groups: sham-operated, vehicle and

sevoflurane preconditioning (n=3/group /time point) groups. Rats were euthanized at 24h or

72h after MCAO and tissues were prepared from the ischemic cortex for real time PCR and

western blots.

Total RNA was extracted and the integrity and purity was verified. miR-15b was

subsequently chosen as the candidate microRNA for validation based on the results from the

array analysis. U6 RNA was chosen as internal control. The 20 µl reverse transcriptase

reactions contained 1 µg of RNA samples using miScript Reverse Transcription Kit

(QIAGEN, U.S.A.) following the manufacturer's instructions. The RT-PCR reactions

contained miScript SYBR Green PCR Kit (QIAGEN, U.S.A.), and miScript Primer Assay

specific for miR-15b (QIAGEN, U.S.A.) and U6 (QIAGEN, U.S.A.).

Reverse transcriptase reactions were incubated for 60 min at 37°C, 95 °C for 5 min and then

placed on ice. Real-time PCR was performed using a realplex analysis system (Eppendorf,

Germany). The following real-time PCR protocol was used: PCR initial activation step (95

°C for 15 min), amplification and quantification program repeated for 40 cycles (94 °C for

15 s and 55 °C for 30 s and 70 °C for 30s with a single fluorescence measurement), and

melting curve program. The microRNA expression data were normalized with respect to U6

RNA.

Western blot

The tissue used in this part was harvested as described above in section 3.5, and all

procedures were performed as previously described [24]. The primary antibody used in this

study was rabbit anti Bcl-2 (Cell Signaling Technology, U.S.A.). The blots were semi-

quantified using gel densitometry with Quantity One software (Bio-Rad, U.S.A.), and the

amount was normalized to beta-actin values in the same lane.
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Immunofluorescence staining

At 72h after reperfusion, rats (n=3/group) were sacrificed in deep anesthesia by intracardiac

perfusion with 0.9% saline and subsequent 4% paraformaldehyde. Rat brains were removed

and cryoprotected in 20% sucrose and then in 30% sucrose in phosphate-buffered saline.

Brain tissues were coronally sectioned with a cryostat and double immunostaining was

performed on 30 µm free-floating sections. Rabbit anti-Bcl-2 antibody (Novus, U.S.A.) and

mouse anti-NeuN antibody (Millipore, U.S.A.) were used as the primary antibodies in this

study. After blocking with 10% goat serum albumin in phosphate-buffered saline for 1 hour,

we incubated the sections with primary antibodies for 1 hour at 37°C and then at 4°C

overnight. After washing, DyLightTM 488-conjugated goat anti- mouse IgG (Jackson

ImmunoResearch Laboratories, U.S.A.) or Cy3-conjugated Donkey anti-rabbit IgG

secondary antibody (Jackson ImmunoResearch Laboratories, U.S.A.) was incubated for 1h

at 37°C. Sections were then stained with DAPI (Thermo Scientific, U.S.A.) for 2 minutes at

room temperature for counterstaining.

Intracerebroventricular injection

The rats were anesthetized and mounted in a stereotactic frame, and intracerebroventricular

injections using a 10-microL Hamilton syringe were made at the following coordinates: 0.8

mm posterior to the bregma, 1.5 mm lateral, and 3.7 mm deep. The selective Bcl-2 inhibitor

TW-37 0, 2.5, 5°g (SelleckBio.com, Houston, TX, U.S.A) in 5 °l DMSO was infused for 5

min and the needle was kept in this position for an additional 15 min after injection and then

withdrawn slowly from the brain. Either TW-37 or vehicle injection was done at 1 h prior to

MCAO or sham operation.

Oxygen-glucose deprivation and sevoflurane preconditioning in neuron cultures

Cortical neurons were dissociated, suspended in Neurobasal medium supplemented with

B27, and plated in 6 well dishes at 2 × 105 cells/cm2 for activity assays, 1.6 × 105 cells/cm2

for cell death assays, and 8 × 104 cells/cm2 for immunocytochemistry. Experiments were

performed on day in vitro (DIV) 11–12 to ensure development of a mature neuronal

phenotype with expression of glutamate receptors [29] and where cultures consisted of

>97% neurons determined by neuron- and glial-specific immunocytochemistry [30].

Oxygen–glucose deprivation (OGD) was used as an in vitro model of ischemia. Briefly,

maintenance medium was replaced with medium lacking glucose and other components

known to be substrates for glycolysis; culture dishes were placed in an airtight chamber

(Billups-Rothenberg) and flushed with 100% argon gas for 3 min; and neurons were

incubated at 37 °C for 1 h. Following OGD, medium was replaced and incubated

(reperfused) for the times indicated. Control cultures had their medium changed with

maintenance medium the same number of times as OGD-treated cultures and were incubated

at 37 °C in humidified 95% air and 5% CO2 for equivalent periods.

To induce sevoflurane preconditioning, neurons were exposed to 1 MAC of sevoflurane for

30 min, repeating for 3 times, with 15-min washout after each exposure. At 24 h after

sevoflurane preconditioning, neurons were subjected to OGD for 1 h and collected for

protein analysis at 2 or 6 h after OGD or for cell viability assays at 24 h after OGD.
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Cell death/viability assessment in cultured neurons

Fluorescence of Alamar blue, an indicator that changes from blue to red and fluoresces when

reduced by cellular metabolic activity, was used to measure the viability of cultured neurons

at 24h after OGD [31, 32]. One-half of the culture medium was replaced with MEM-Pak

containing 10% (vol/vol) Alamar blue, and cultures were incubated for 1.5 h at 37 °C in

humidified 95% air and 5% CO2. Fluorescence was determined in a Millipore CytoFluor

2300 automated plate-reading fluorimeter, with excitation at 530nm and emission at 590 nm.

OGD-induced cell death was confirmed at 24h after OGD by measuring lactate

dehydrogenase (LDH) release from damaged cells into the culture medium. In brief, 10-µl

aliquots of medium taken from the cell culture wells were added to 200 µl of LDH reagent

(Sigma). Using a spectrophotometer plate reader (Molecular Devices), the emission was

measured at 340 nm, which is proportional to the amount of LDH in the medium. The

percentage of cell death was calculated as described previously [31].

Luciferase Assay

The 3’-UTR activity of Bcl-2 was assessed in neuronal cultures transfected with a luciferase

reporter plasmid containing the putative Bcl-2 3’-UTR target site for miR-15b. The Bcl-2

3’-UTR fragment was PCR-amplified with the primers (sense 5’-CCT GTG GAT GAC

TGA GTA CC-3’, antisense 5’-GAG ACA GCC AGG AGA AAT CA-3’) and subcloned

into the cloning cassette of pGL3-Basic (Promega). The integrity of the constructs and the

incorporated mutations were confirmed by sequencing. For Bcl-2-LUC reporter activity

assay, neurons cultured in 24-well plates were transfected with 2 µg of reporter DNA

together with 100 ng of pRL-TK (Promega) using Lipofectamine 2000 (Invitrogen).

Twenty-four hours later, cultures were subjected to OGD for 60 min. Luciferase assays were

performed at 2 h after OGD using the Dual-Luciferase reporter assay system (Promega) and

a Turner TD-20e luminometer according to the manufacturers’ instructions. Firefly outputs

were normalized to Renilla outputs to control for transfection efficiency.

Lentiviral vector transfection

The lentiviral vectors for overexpression of mouse miR-15b were purchased from Applied

Biological Materials (abm, Cat # mm10673, Richmond, BC, Canada). The vectors contain

both the pre-miRNA and GFP inserts under the same CMV promoter. The transcription

termination site is after the pre-miRNA, thus both GFP and the pre-miRNA are transcribed

together, making GFP an actual transcription reporter for the 15b miRNA. The pre-miRNA

region of the 15b mRNA folds over on itself and forms a stem loop structure which is

processed in the cell by the Drosha/Pasha enzymes and cleaved from the GFP portion of the

mRNA (www.abmgood.com). For lentivirus vector transduction in primary neurons, the

neuronal cultures were transduced for 2 days with the lentiviral vectors at the range of 10 to

100 TU per cell.

Statistical analysis

Data were expressed as mean ± standard error (SE) of the mean. Differences in miR-15b and

Bcl-2 expression under various experimental conditions or infarct volume after MCAO were
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determined with analysis of variance (ANOVA) followed by post hoc Fisher’s probable

least-squares difference (PLSD) tests. It was considered statistically significant when the P

value was less than 0.05.

RESULTS

miR-15b is induced following ischemia and directly inhibits bcl-2

Recently, microRNAs have presented themselves as potentially potent effectors of cell death

and survival [33]. As more pharmacological inhibitors are becoming available, we wished to

determine which, if any, microRNAs might contribute to neural damage following cerebral

ischemia. Using comprehensive microRNA profiling, we performed a clustering analysis of

data to compare sham-operated controls to MCAO rats at 24 and 72 h post-reperfusion

(Figure 1A). Differential expression of specific microRNAs was observed at both 24 and 72

h following MCAO (Figure 1B, Table 1), including 3 microRNAs upregulated by more than

2 fold, and 9 microRNAs downregulated to less than half the level of sham operated

controls. microRNA15-b, in particular, exhibited robust upregulation in ischemic rats.

The finding the miR-15b was robustly upregulated following MCAO supports the recent

studies indicating that miR-15b contributes to the progression of many pathological

conditions [34, 35]. We thus hypothesized that miR-15b upregulation would be found in

regions undergoing pathological events following MCAO. In order to verify the microarray

profiling, we performed quantitative RT-PCR analysis of miR-15b expression in sham-

operated and MCAO rats at 72h following ischemic injury, using tissue encompassing the

infarct region (Figure 2A). Consistent with the microarray data, quantitative RT-PCR

demonstrated a significant upregulation of miR-15b (2.61±0.42) following MCAO

compared to sham-operated controls (Figure 2B).

To establish that the upregulation of miR-15b exerts a functional effect on target protein

expression, we wished to assess the levels of a target of miR-15b in the border region

between the infarction zone and the penumbra. Recent studies in non-neuronal model

systems have indicated that Bcl-2 mRNA is a direct target for miR-15b activity and

subsequent inhibition of translation [34–36]. We therefore hypothesized that Bcl-2 protein

levels would be suppressed under ischemic conditions that upregulate miR-15b. Consistent

with this hypothesis, we observed that only limited Bcl-2 protein levels could be detected in

neurons following MCAO (Figure 2C–E). These findings established a correlative

relationship between miR-15b upregulation and ischemic infarction, and an inverse

correlation between miR-15b upregulation and Bcl-2 protein expression.

miR-15b expression is attenuated by the neuroprotective use of sevoflurane
preconditioning

To further implicate miR-15b as a pathological effector in ischemic injury, we sought to

determine if known neuroprotective strategies used prior to the ischemic event could

suppress the upregulation of miR-15b. Preconditioning with the volatile anesthetic

sevoflurane has been reported by our group and others to exert neuroprotection against

subsequent ischemic events by inhibition of an active cell death process [14, 17, 24, 25,
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27]}. Using 30 min of 1.0 MAC sevoflurane administered daily for 4 consecutive days

followed by MCAO induced 24 h after the last sevoflurane treatment, we observed a

significant attenuation in the induction of miR-15b (Figure 2B). Furthermore, sevoflurane

preconditioning increased the level of Bcl-2 protein in neurons following MCAO (Figure

2C–E), concurrent to the observation of attenuated miR-15B expression. Bcl-2 protein was

rarely observed in sham-operated rats, but was expressed to limited extent in neurons

following MCAO, primarily in the ipsilateral cortex, or border region of the infarct.

However, preconditioning with sevoflurane robustly increased the expression of Bcl-2 in

neurons not only in the ischemic cortex, but in the ipsilateral striatum as well (Figure 2E).

These results indicate that suppression of miR-15b may play a role in the neuroprotection

function of sevoflurane preconditioning, as suppression of miR-15b correlates with

neuroprotection afforded by sevoflurane preconditioning, and miR-15b expression is

inversely related to Bcl-2 protein expression following cerebral ischemia.

miR-15b targets the 3’-UTR of Bcl-2 to suppress protein expression

Given that the above results indicate that 1) miR-15b correlates with ischemic injury and

suppression of bcl-2, and 2) sevoflurane suppresses miR-15b and promotes Bcl-2 protein

expression, we wished to more definitively address the activity of miR-15b following

ischemic injury, using a reporter assay as well as Bcl-2 protein expression as functional

readouts. The mechanism by which miR-15b suppresses target protein translation relies

primarily on its 5’-end “seed” region, which is highly conserved across species. This region

of miR-15b is complementary to the 3’-UTR of Bcl-2 (Figure 3A, [36]). In order to test

whether miR-15b targets this region of Bcl-2 under ischemic conditions and suppresses

protein translation, we constructed a luciferase reporter vector containing the putative Bcl-2

3’-UTR target site for miR-15b positioned downstream of the luciferase gene. This allows

the transcription of the luciferase mRNA with the 3’-UTR of Bcl-2. Using an in vitro model

of neuronal ischemia, we transduced the luciferase reporter vector into cortical cultures and

exposed them to 1 h of OGD followed by 2 h of reperfusion. Under normal conditions,

luciferase activity was readily detected, indicating that the addition of the 3’-UTR of Bcl-2

did not affect exogenously expressed luciferase protein function. Following OGD,

significant suppression of luciferase activity was observed compared to non-OGD cultures

(Figure 3B), which reflects a loss of protein function, or of the protein itself. Interestingly,

preconditioning the cultures with 1 MAC of sevofluane (30 min each time, 3 times, 24 h

prior to OGD) significantly attenuated the loss of luciferase activity after OGD (Figure 3B).

To determine if suppression of miR-15b expression was responsible for the retention of

luciferase activity in sevoflurane preconditioned cultures, we overexpressed exogenous

miR-15b in the presence of the luciferase-3’-UTR reporter in cultures and subjected them to

sevoflurane preconditioning followed by OGD. With forced overexpression of miR-15b,

sevoflurane preconditioning no longer sustained luciferase activity following OGD,

indicating that sevoflurane preconditioning actively suppresses miR-15b activity and that

miR-15b targets the 3’-UTR derived from Bcl-2 mRNA. We confirmed these results by

examining the endogenous target of miR-15b, Bcl-2 mRNA. Similar to the results obtained

using the luciferase reporter, OGD effectively suppressed Bcl-2 expression (Figure 3C).

Sevoflurane preconditioning led to increased levels of Bcl-2 protein following OGD when

compared to OGD alone, even in the presence of the luciferase reporter or a scrambled
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plasmid control. However, forced overexpression of miR-15b led to robust suppression of

Bcl-2, even in the context of sevoflurane preconditioning (Figure 3C). Taken together, these

results suggest that 1) ischemia-induced miR-15b actively suppresses protein translation by

targeting the 3’-UTR of Bcl-2, and 2) functional suppression of miR-15b is required for

Bcl-2 expression following sevoflurane preconditioning.

Inhibition of miR-15b mimics sevoflurane preconditioning

The use of sevoflurane as a preconditioning/neuroprotective stimulus is attractive in the

context of ischemic injury during surgical procedures. However, for the general population,

volatile anesthetic preconditioning presents multiple limitations, including prophylactic

administration, unknown off-target effects and dosage control. Thus, identifying molecular

mechanisms of neuroprotective therapies such as sevoflurane preconditioning may result in

better therapeutic interventions for wider patient populations. Given the above results

demonstrating that miR-15b is robustly downregulated as a result of sevoflurane

preconditioning against ischemia, we hypothesized that inhibition of miR-15b may mimic

the neuroprotective effects of sevoflurane preconditioning. Our results described above

indicate that sevoflurane preconditioning suppressed miR-15b expression and allowed Bcl-2

protein expression, and that the sevoflurane-induced expression of Bcl-2 could be inhibited

by forced overexpression of exogenous miR-15b. Using the in vitro neuronal cultures, we

then sought to mimic the preconditioning effects of sevoflurane by using a lentiviral vector

(miR-15b-I) encoding a short siRNA targeting, and thus inhibiting, miR-15b. When cultures

were transfected with miR-15b-I, Bcl-2 protein expression was significantly increased

following OGD compared to ischemic cultures tranfected with control vectors (Figure 3D).

This result indicates that direct inhibition of miR-15b in ischemic cultures mimics the

increased Bcl-2 protein expression observed in sevoflurane-preconditioned ischemic

cultures. In addition, we examined the cell viability afforded by sevoflurane preconditioning

compared to direct molecular inhibition of miR-15b with miR-15b-I. Using Alamar blue

reduction as a viability assay and lactate dehydrogenase (LDH) release as a measure of cell

toxicity, we found that sevoflurane preconditioning (Figure 4A,B) or molecular inhibition of

miR-15b (Figure 4C,D) significantly protected against OGD cell toxicity. Consistent with

the data demonstrating that sevoflurane-induced Bcl-2 expression could be mitigated by

high levels of miR-15b, forced overexpression of miR-15b also significantly decreased the

neuroprotective effects against OGD afforded by sevoflurane preconditioning (Figure

4A,B). These results indicate that targeted molecular inhibition of miR-15b mimics the

increased Bcl-2 expression and neuroprotection against ischemia attained by sevoflurane

preconditioning.

Bcl-2 protein is required for ischemic neuroprotection afforded by sevoflurane
preconditioning in vivo

Currently, no pharmacological inhibitors directly targeting miR-15b are available for use in

brain, and molecular inhibition of microRNAs in vivo is compromised by experimental

limitations. In order to address the implications of sevoflurane-mediated upregulation of

Bcl-2 protein, we took advantage of a novel Bcl-2 inhibitor, TW-37, which functions as a

Bcl-2 inhibitor at the protein level (by binding to its BH3 domain). Sevoflurane

preconditioning significantly decreased ischemic infarct volume and improved neurological
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scores following MCAO (Figure 5A,B). However, intracerebroventricular injection of

TW-37 following sevoflurane preconditioning and 1 h before MCAO significantly increased

the infarct volume at both 24 and 48 hr following reperfusion (Figure 5A,B). Interestingly,

injection of TW-37 in the absence of sevoflurane preconditioning had no effect on ischemic

infarct even at the higher dose (Figure 5A). These effects were observed in the absence of

any difference among groups in regional cerebral blood flow (rCBF) or other physiological

parameters (data not shown). Thus, the function of Bcl-2 at the protein level is a necessary

component for full neuroprotective effects of sevoflurane preconditioning against cerebral

ischemia.

DISCUSSION

In the present study, we have identified the upregulation of miR-15b as a major contributor

to neural ischemic injury. Taken together with the novel findings that 1) the neuroprotective

paradigm of sevoflurane preconditioning robustly suppresses miR-15b expression following

ischemia, 2) targeted inhibition of miR-15b can mimic the protective effects of sevoflurane

preconditioning, and 3) Bcl-2 mRNA is effectively targeted by miR-15b via its 3’-UTR

under neural ischemic conditions, we propose the targeting of miR-15b expression as a

novel neuroprotective strategy against ischemic injury.

Our data indicate that a broad range of microRNAs is altered following cerebral ischemia.

We focused on miR-15b primarily due to its robust upregulation under ischemic conditions

(Figure 1A) as well as its previously identified role in apoptosis and the specific targeting

the mRNA of the pro-survival gene Bcl-2 in cancer cells [34, 35]. Previous work by our

group indicated that antisense knockdown of endogenous Bcl-2 mRNA exacerbated cerebral

ischemic injury in the rat and blocked the neuroprotection afforded by ischemic

preconditioning [37, 38]. Indeed, we have demonstrated that by direct molecular inhibition

of miR-15b we could mimic protection afforded by sevoflurane preconditioning and allow

increased expression of Bcl-2 protein, as well as potentially other relevant molecules. This

step forward presents an innovative aspect to therapeutic intervention compared to previous

antisense therapies targeting single molecules. The processes of cell death and survival are

now generally accepted to be multifaceted in nature, particularly under complex

pathophysiological states such as ischemia and reperfusion. Stemming from these past few

decades’ worth of research, the concept of the “silver bullet” approach to therapeutics (i.e.,

specific targeting of one gene product) has been acknowledged to be severely limited in

scope for the treatment of pathological states such as ischemia. Rather, a multimodal

approach (“silver shotgun”) appears necessary, where multiple gene products would be

manipulated differently at different times via a coordinated process. Manipulation of

microRNAs, which target diverse sets of mRNAs, may present an interesting opportunity to

encompass a wider range of therapeutic effects. Consistent with this, it is likely that further

studies targeting the other differentially expressed microRNAs in ischemic brain (miR-15b,

-214, -92a, -551b, -206, -195, -300-3p, -181d, -541, -708, -124-star, and -379) will reveal

alternative ways to affect cerebral ischemic outcomes, particularly if the time frame of these

alterations is better defined.
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Identification of miR-15b as a target for therapeutic intervention against stroke is interesting.

However, the implications of microRNAs on cell function have only recently started to

undergo investigation. Given the highly complex signaling pathways now evident in

virtually every aspect of cellular function, it is likely that a microRNA with several targets

could impinge on a multitude of cell function – possibly affecting posttranslational

modifications, degradation, synthesis and biochemical processes via the effective

knockdown of key components required in different signaling pathways. In context of the

above study, it is highly likely that sevoflurane preconditioning exerts neuroprotective

effects via integration of multiple pathways that may be equally necessary for the full impact

of neuroprotection. Given the wide range of cellular events observed to contribute to

sevoflurane protection against ischemic injury in both the heart and brain, the suppression of

miR-15b may account for only a portion of the overall cellular protection afforded by

preconditioning. Our current study demonstrates that suppression of miR-15b can mimic

sevoflurane preconditioning, but it remains highly likely that combinatorial use of miR-15b

suppression with other cellular targets would increase therapeutic effectivity.

Bioinformatic analysis indicates that the 5′-end “seed” region portion of miR-15b is

complementary to 3′UTR of Bcl-2 in various species, including human, mouse and rat [36].

Cimmino and colleagues observed that transfection of miR-15b greatly reduced Bcl-2

protein, but not Bcl-2 mRNA, and the luciferase activity of Bcl-2 3’-UTR-based reporter

construct in a leukemia cell line [39]. Likewise, forced over-expression of miR-15b in

SGC7901/VCR cells reduced Bcl-2 protein and the luciferase activity of a Bcl-2 3′

untranslated region-based reporter construct [35]. We have further extrapolated these finding

to the neural ischemic context. Taken together, these findings suggest that Bcl-2 is a direct

target of miR-15b, and that miR-15b negatively regulates the antiapoptotic gene Bcl-2 at the

posttranscriptional level. Further analysis on other mRNAs containing similar UTRs or

differential protein profiles in the presence of the miR-15b inhibitor could help identify

more downstream targets of miR-15b, and thus may lead to novel insights into the molecular

mechanisms of ischemic injury.

Cerebral ischemia in rats induces a broad change in the microRNA profile, including

significant upregulation of miR-15b. Sevoflurane preconditioning has been well documented

to exert neuroprotection against ischemic injury, both in vivo [15–21] and in vitro [14, 22–

27]. Interestingly, we have made the novel observations that preconditioning with

sevoflurane significantly attenuated the expression and functional activity of miR-15b after

reperfusion, and that forced overexpression of miR-15b abrogated the neuroprotective

effects of sevoflurane. The reduction of miR-15b expression correlated with increased

protein expression of Bcl-2, which may account for at least a significant portion of the

neuroprotective effects afforded by sevoflurane preconditioning against ischemic injury in

rats. Thus, the suppression of miR-15b (and subsequent upregulation of Bcl-2, among other

unknown targets) may contribute to the neuroprotective effects of sevoflurane

preconditioning. While the use of anesthetic preconditioning can be clinically translated to

reduce ischemic risk or severity in surgical populations [40, 41], defining pluripotent

molecular targets such as miR-15b underlying the therapeutic effects of volatile anesthestics

may allow for a more precise, and more generally applicable, method in stroke treatment.
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Further studies investigating miR-15b and the other differentially expressed microRNAs as a

mechanism underlying sevoflurane actions will help to expand the understanding of the

effects of volatile anesthetics on injurious states as well as provide insight into the molecular

mechanisms leading to ischemic neural survival. These findings not only highlight the broad

effect of cerebral ischemia on microRNA expression profiles, but also offer insights into

mechanisms of sevoflurane preconditioning and facilitate our access to novel therapeutic

strategy against ischemic injury.

CONCLUSION

Preconditioning with 1.0 MAC sevoflurane exerts neuroprotective effects against focal

cerebral injury in rats by downregulating the ischemia-induced elevation of miR-15b and

promoting the sustained expression of its target, Bcl-2.
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Figure 1. microRNA profiles differentiate ischemic rats from sham-operated rats
(A) Comparative microRNA expression of sham-operated and MCAO rats at 24h and 72h

following transient focal cerebral ischemia (n=3/group). (B) Differentially expressed

microRNAs between ischemic and sham-operated rats at 72 h after MCAO (n=3/group).

Each column of the heatmap figure represents a particular microarray sample (24h after

reperfusion: B016, B018, B019; 72h after reperfusion: A006, A007, A008; sham: S009,

S020). And each row is a microRNA (miR-15b, -214, -92a, -206, -195, -181, -541, -708,

-300, -124, -551b, -379). Heatmap coloring is based on microRNA expression levels. Blue is

down-regulated and yellow is up-regulated.
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Figure 2. Sevoflurane preconditioning suppresses the ischemic induction miR-15b and allows
Bcl-2 protein expression
(A) The dashed red circle indicates the region of infarct in the cortex from which tissue was

examined for the microarray data and RT-PCR, whereas the blue boxes indicate the regions

in the cortex and striatum used for Bcl2 expression experiments. (B) Validation of

microarray data and effects of sevoflurane preconditioning using quantitative RT-PCR. The

level of miR-15b was up-regulated in vehicle relative to sham-operated rats at 72h after

MCAO. Real-time PCR analysis of miR-15b in vehicle and sevoflurane preconditioning
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groups was carried out (n=6/group). Triplicate assays were performed for each RNA sample

and the relative amount of each microRNA was normalized to U6 RNA. (C) Representative

Western blot of Bcl-2 in ipsilateral cortex at 24 or 72 hours after reperfusion. (D) Semi-

quantitative analysis of Bcl-2. All data are mean± SE. n=6/group. *P<0.05, **P<0.01

compared to sham-operated rats; #P<0.05 compared to vehicle rats. (E) Expression of Bcl-2

protein in neurons preconditioned with sevoflurane increases at 72 h after ischemia.

Representative images of NeuN (green) and Bcl2 (red) immuno-fluorescence double-

labeling in a peri-infarct region in ipsilateral (Ipsi) cerebral cortex (Ctx) and striatum (Str) in

sham-operated, vehicle- and sevoflurane preconditioning rats at 72 hours after reperfusion.

Scale bar =100 µm.
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Figure 3. miR-15b targets the 3’-UTR of Bcl-2 under neuronal ischemic conditions and is
suppressed by sevoflurane preconditioning
(A) Bcl-2 is a direct target of posttranscriptional repression by miR-15b. The unique site of

complementary microRNA::mRNA is conserved in human and mouse. The sites of target

mutagenesis are indicated. (B) Luciferase assay was performed in OGD/non-OGD neurons

with sevoflurane- or vehicle- preconditioning, transfected with luciferase construct alone or

cotransfected with miR-15b precursor or the scramble precursor control. Firefly luciferase

activity was normalized to Renilla luciferase activity for each sample. (C) Bcl-2 protein

Shi et al. Page 18

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2014 June 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



level was assessed in OGD/non-OGD neurons with sevoflurane- or vehicle- preconditioning,

transfected with luciferase construct alone or contransfected with miR-15b or the scramble

precursor. (D) Western blots analysis of Bcl-2 was performed in OGD/non-OGD neurons

transfected with luciferase construct alone or contransfected with miR-15b inhibitor or the

scramble inhibitor control. All data are mean ± SEM, from at least three independent

experiments, *P<0.05, **P<0.01.
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Figure 4. Molecular inhibition of miR-15b is neuroprotective against neuronal ischemia in vitro
(A,B) Neuroprotection afforded by sevoflurane preconditioning is significantly decreased by

transduction of miR-15b (15b) in terms of cell viability (A) and cell death (B). (C,D)

Transduction with the miR-15b inhibitor (15bI) effectively promotes cell viability (C) and

decreases cell death (D) following OGD. Viability and death were measured by Alamar blue

uptake and LDH release. Asterisks indicate comparisons between OGD-only cultures to

cultures treated with OGD and transduced with the indicated lentiviral vectors. All data are

mean ± SEM, from at least three indepebdent experiments, **P<0.01; and #P<0.05

compared with transduction of either miR-15b (15b) or the inhibitor miR-15B-I (15bI).
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Figure 5. Bcl2 inhibitor significantly inhibits neuroprotection afforded by sevoflurane
preconditioning
A) Effects of sevoflurane preconditioning and Bcl-2 inhibitor (TW-37) on infarct volume.

(B) Effects of sevoflurane preconditioning and Bcl-2 inhibitor (TW-37) on neurological

scores. Neurological function was tested in rats at 24 and 48 hours after ischemia. (C)

Changes in rCBF were not different between groups during ischemia and during reperfusion.

Compared with the vehicle group without TW-37 or sevoflurane preconditioning, All data
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are mean ± SEM, n=10/group, **p<0.01, *p<0.05; compared with the sevoflurane

preconditioned group, #p<0.05.
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Table 1

Differentially expressed miRNAs in brain after MCAO.

miRNA 24h (fold over sham) 72h (fold over sham)

Upregulated microRNAs

miR-15b 1.086 2.918

miR-214 1.219 2.560

miR-92a 1.055 2.371

Downregulated microRNAs

miR-551b 0.439 0.330

miR-206 0.620 0.490

miR-195 0.522 0.478

miR-300-3p 0.676 0.458

miR-181d 0.604 0.457

miR-541 0.653 0.441

miR-708 0.510 0.437

miR-124-star 0.630 0.386

miR-379 0.538 0.330
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