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Abstract

Embolic stroke results in a necrotic core of cells destined to die, but also a peri-ischemic, 

watershed penumbral region of potentially salvageable brain tissue. Approaches to effectively 

differentiate between the ischemic and peri-ischemic zones is critical for novel therapeutic 

discovery to improve outcomes in survivors of stroke. MicroRNAs are a class of small non-coding 

RNAs regulating gene translation that have region- and cell-specific expression and responses to 

ischemia. We have previously reported that global inhibition of cerebral microRNA-200c after 

experimental stroke in mice is protective, however delineating the post-stroke sub-regional and 

cell-type specific patterns of post-stroke miR-200c expression are necessary to minimize off-target 

effects and advance translational application. Here, we detail a novel protocol to visualize regional 

miR-200c expression after experimental stroke, complexed with visualization of regional ischemia 

and markers of oxidative stress in an experimental stroke model in mice. In the present study 

we demonstrate that the fluorescent hypoxia indicator pimonidazole hydrochloride, the reactive

oxygen-species marker 8-hydroxy-deoxyguanosine, neuronal marker MAP2 and NeuN, and the 
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reactive astrocyte marker GFAP can be effectively complexed to determine regional differences 

in ischemic injury as early as 30 mins post-reperfusion after experimental stroke, and can be 

effectively used to distinguish ischemic core from surrounding penumbral and unaffected regions 

for targeted therapy. This multi-dimensional post-stroke immunofluorescent imaging protocol 

enables a greater degree of sub-regional mechanistic investigation, with the ultimate goal of 

developing more effective post-stroke pharmaceutical therapy.
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1 Introduction

Embolic stroke comprises 87% of total stroke cases annually in the United States (Benjamin 

et al., 2019), resulting in substantial mental and physical disability, as well as financial 

impact for stroke survivors. Histologically, focal ischemia results in a necrotic core of 

irrevocable neuronal cell death. However, injured neurons in the peri-ischemic, watershed 

penumbral region exhibit competing outcomes of either delayed cell death or spontaneous 

recovery (Baron et al., 2014). This region therefore represents an auspicious therapeutic 

target to ameliorate injury and improve outcomes in stroke survivors. Unfortunately, 

distinguishing the ischemic core from surrounding penumbral areas immediately after 

the ischemic insult is widely accepted as a barrier to effective targeted translational 

advancement for therapies in stroke (Jickling and Sharp, 2011; Zhang et al., 2017).

MicroRNAs have been implicated as important regulators of post-ischemic injury, and 

identified as a potential therapeutic target to salvage peri-ischemic brain volume (Ouyang 

et al., 2015, 2013, 2012; Stary et al., 2016; Stary and Giffard, 2015, 2015; Xu et al., 

2015). MicroRNAs (miRs) are a class of non-coding RNAs ~22 nucleotides long that 

regulate gene translation and have been shown to be promising therapeutic targets in other 

models of disease(Janssen et al., 2013). Endogenous miR expression can be supplemented 

or altered with exogeneous mimics and inhibitors (Drury et al., 2017; Hanna et al., 2019). 

Endogenous miR expression levels can be altered within minutes to hours after injury, 

and our lab has previously observed that miR-200c expression is substantially (~17 fold) 

elevated in whole brain as early as 1 hr after middle cerebral artery occlusion (MCAO) 

in mice, only to return to near-baseline levels 24 hr post-injury (Stary et al., 2015). We 

further demonstrated that pre-injury treatment with intracerebroventricular (ICV) injection 

with miR-200c antagomir was protective, suggesting that early inhibition of the miR-200c 

response to stroke may be a potential therapeutic avenue. Novel miR-based therapies have 

recently been effectively employed for liver disease (Bader, 2012; Janssen et al., 2013). 

However, miR-expression patterns and biological activity are cell-type dependent (Halushka 

et al., 2018) and the regional and cell-type specific expression patterns of miR-200c and 

other potential therapeutic miR targets in the early-immediate response to MCAO remain a 

critical gap limiting potential off-target effects of anti-miR based therapies for stroke.
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To better identify regional distribution of ischemia in experimental stroke, researchers have 

traditionally relied on tissue staining techniques such as Cresyl violet in fixed tissue, or 

triphenyltetrazolium chloride (TTC) in metabolically active fresh tissue. However, tissue 

staining eliminates opportunities for concurrent fluorescent protein staining (Türeyen et al., 

2004), and the reliance on tissue degradation or loss of metabolism for these approaches 

requires a post-injury period of ~24 hr, when miR-200c levels have returned to baseline. 

Fluoro-Jade staining has been utilized for co-visualization of neurodegeneration with 

protein, but the highest reported efficacy is 24 hr after injury (Liu et al., 2009). Additionally, 

multiple markers of apoptotic and necrotic cell death including deoxynucleotidyltransferase

mediated dUTP-biotin nick-end labeling (TUNEL), propidium iodide, caspase 3, Annexin 

V (Zille et al., 2012), HSP72, and HSP27 (Popp et al., 2009) used to study ischemia

reperfusion injury have not been demonstrated as sufficient for distinguishing the ischemic 

core from peri-ischemic penumbral regions of the brain in the immediate aftermath of 

stroke. Alternatively, immunohistochemical (IHC) approaches to visualize infarct volume 

have utilized degradation of specific brain proteins, for example with microtubule associated 

protein-2 (MAP2, (Dawson and Hallenbeck, 1996) or sigma-1 receptor protein (Zhang et 

al., 2017). Notably, the neuronal marker NeuN has been observed to lose immunoreactivity 

in the ischemic core 1.5 hr after stroke. However, early loss of protein expression may not 

reliably reflect the early-immediate post-stroke period, and whether loss of NeuN expression 

is an indication of neuronal cell death or is a result of degradation in antigen-antibody 

binding remains controversial (Liu et al., 2009; Ünal-Çevik et al., 2004).

Pimonidazole hydrochloride (HypoxyprobeTM) is a commercially available hypoxia 

indicator capable of penetrating the blood brain barrier (BBB; Li et al., 2018), which 

limits the diffusion of hydrophilic molecules but allows diffusion of lipophilic or uncharged 

small molecules from circulation into the central nervous system. Ischemia with and without 

reperfusion disrupts the BBB, causing edema, hemorrhagic transformation, and exacerbates 

the brain injury (Liu et al., 2011). The oxidative metabolism of pimonidazole is regulated by 

NADH and NADPH redox states. Under normoxic conditions the compound is continually 

in balance between a reduced nitroradical anion intermediate and oxidation by molecular 

oxygen, however during hypoxia, pimonidazole remains reduced and irreversibly binds 

to thiols thereby serving as a persistent tissue indicator of hypoxia (Arteel et al., 1998). 

Pimonidazole hydrochloride has a half-life of ~20 mins in mice and can be reliably 

assessed several half-lives after intravenous injection using fluorescent IHC. Pimonidazole 

hydrochloride therefore represents a promising compound to regionally co-localize the 

degree of brain ischemia with cell-type specific protein or gene expression in the immediate 

period after cerebral ischemia. Therefore, the aim of the current study was to establish a 

reproducible methodological approach to assess cell-type-specific miR expression in the 

acute post-injury period after experimental stroke, with the underlying goal to distinguish 

the early formation of ischemic core and peri-ischemic penumbra and enable targeted 

therapies.
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2 Materials and Methods

2.1 Equipment and Reagents:

• Hybridization incubator oven (Innova 4200 incubator shaker, Brunswick 

Corporation, IL, USA)

• Immuno-Stain Moisture Chamber, Black (#240–9020-Z10, Evergreen 

Scientifics, CA, USA

• Vibratome (Leica VT100S, Leica Biosystems, Germany)

• Zeiss Axio Imager M2 (Carl Zeiss AG) upright fluorescent microscope with 

ApotomeTM 2.0

• Diethylpyrocarbonate (DEPC, Applichem, Darmstadt, Germany, Catalog # 

A0881)

• TRIS (Amresco LLC, Solon, OH, USA, Catalog # 0497)

• Phosphate buffered saline (PBS, 10x, Thermo Fisher Scientific, MA, USA, 

Catalog # 70011044)

• Sodium Chloride (Fisher Scientific, Fair Lawn, NJ, USA, Catalog # S271)

• Hydrochloric Acid (12 M) (Fisher Scientific, Catalog # A144-212)

• Ultrapure 20X saline-sodium citrate (SSC) (Invitrogen, Carlsbad, CA, USA, 

Catalog # 15557)

• Tyramide signal amplification (TSA) kit (Perkin Elmer, Shelton, 119 CT USA, 

Catalog #NEL745001KT)

• LNA probes (Exiqon, Woburn, MA, USA), specific for target miRNAs as well 

as positive and negative controls. We used snRNA U6 as positive control and 

a scrambled probe with no complementarity to any known miRNAs as negative 

control (Supplemental Data).

• Primary and secondary antibodies for IHC

• Citric acid (Fisher Scientific, Catalog # BP339-500)

• Sodium Citrate (Fisher Scientific, Catalog # BP327-500)

• 1-methylimidazole (Sigma-Aldrich, Saint Louis, MO, USA, Catalog # 336092)

• (3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma

Aldrich, Catalog # E1769)

• Glycine (Sigma-Aldrich, Catalog # G7126)

• RNaseZAP (Ambion, Life technologies, NY, USA, Catalog # AM9780)

• Bovine Serum Albumin (BSA), Fraction V—Standard Grade (Gemini Bio

Products, CA, USA, Catalog #700-100P)

• H202 30% (Sigma-Aldrich, Catalog #216763-100ML)
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2.2 Solutions:

• Washing buffer I (4× SSC, 0.1% Tween-20)

To prepare 1 L of buffer, add 200 ml of 20× SSC to 799 ml of water and 1,000 μl 

of Tween-20. Store at room temperature.

• Washing buffer II (2× SSC)

To prepare 1 L of buffer, add 100 ml of 20× SSC to 900 ml of autoclaved 

Millipore (Milli-Q) H2O. Store at room temperature.

• Washing buffer III (1× SSC)

To prepare 1 L of buffer, add 50 ml of 20× SSC to 950 ml of autoclaved Milli-Q 

H2O. Store at room temperature.

• Washing buffer IV (0.2× SSC)

To prepare 1 L of buffer, add 10 ml of 20× SSC to 990 ml of autoclaved Milli-Q 

H2O. Store at room temperature.

• Sodium citrate buffer (SSC 0.01 M, pH = 6.4): Add 41 mL of 0.1 M sodium 

citrate to 9 mL of 0.1 M citric acid. Bring the volume up to 500 mL with 

DEPC-treated H2O or autoclaved dH2O. Store at 4°C.

• TN buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl)

Add 100 ml of 1-M Tris-HCl and 100 ml of 1.5-M NaCl to 800 ml of autoclaved 

Milli-Q H2O.

• TNB blocking buffer (0.1-M Tris-HCl pH 7.5, 0.15-M NaCl, 0.5% wt/vol 

blocking reagent)

Dissolve 0.5-g blocking reagent in 100-ml TN buffer. Heat gradually to 50–60°C 

with continuous stirring to completely dissolve the blocking reagent. Prepare 

aliquots and store the working solution at 4°C. For long-term use, store aliquots 

at −20°C.

• TNT buffer (0.1-M Tris-HCl pH 7.5, 0.15-M NaCl, 0.2% vol/vol Triton X-100)

Add 100 ml of 1-M Tris-HCl, 100 ml of 1.5-M NaCl and 20 ml of 10% (vol/vol) 

Triton X-100 complete with autoclaved Milli-Q H2O up to 1,000 ml.

• Blocking solution for IF (5% NDS in PBS-Triton)

5ml: add 0.1g of BSA to and 250 uL of normal donkey serum to 4750uL PBS-T.

• −0.2% (w/v) glycine in PBS

Add 0.02g of glycine in 10mL of PBS.

• −25% Dextran sulfate

Dissolve 25 g of dextran sulfate sodium salt in H2O to a final volume 165 of 100 

ml by stirring.

• Hybridization buffer (10% dextran sulfate in 4× SSC)
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To prepare 10 ml, add 2 ml of 20× SSC, 4 ml of dextran sulfate 25% and 4 ml of 

H2O.

• DEPC-treated water or autoclaved dH2O

Add 1 mL of DEPC per 1 L of H2O (0.1% v/v). Incubate overnight with gentle 

agitation and autoclave 170 for 30 min to hydrolyze DEPC. Store at room 

temperature.

• NaCl (3 M)

Dissolve 87.8 g of NaCl in 500 mL of DEPC treated H2O.

• Tris-HCl (1 M)

Dissolve 121.1 g of Tris base in 800 mL of DEPC treated H2O. Adjust pH by 

adding 12 M HCl. For combined FISH and IF experiments Tris-HCl at both pH 

7.4 and 8.0 need to be prepared.

• −10X Tris Buffered Saline

410 ml of DEPC-treated H2O, 500 ml of 1 M Tris-HCl pH 7.4, 90 g of NaCl.

• Sodium citrate (0.1 M)

14.705 g of sodium citrate in 500 mL of DEPC-treated autoclaved dH2O. Store 

at 4°C.

• Citric acid (0.1 M)

9.56 g of citric acid in 500 mL of DEPC-treated autoclaved dH2O. Store at 4°C.

• Prehybridization buffer (3% BSA in 4× SSC)

to prepare 10 ml, add 0.3 g of Bovine Serum Albumin to 10 ml of 4× SSC.

• H202 3% in PBS

Add 1ml of H202 30% to 9ml of PBS.

2.3 Methods

2.3.1 Animal Care—This study was carried out in accordance with the 

recommendations of with NIH guidelines for humane animal treatment (NIH Publications 

No. 80–23, revised 1978). All efforts were made to minimize animal suffering, and to reduce 

the number of animals used. The protocol was approved by the Stanford University Animal 

Care and Use Committee. All mice were housed in a research animal facility room at 22 ± 

2°C on a 12-hr light-dark cycle with ad libitum access to food and water.

2.3.2 Experimental Protocol—Young domestic male C57BL/6 mice (age 8–10 

weeks, Jackson Laboratory, Sacramento, CA) were randomly assigned to receive 

intracerebroventricular (ICV) pre-treatment of either miR-200c antagomir or mismatch

control sequence infusion 24 hrs before undergoing 1 hr middle cerebral artery occlusion 

(MCAO). The animals received intravenous injection of pimonidazole hydrochloride 

(PimonidazoleTM, HP1-100Kit, Pimonidazole Inc, MA, USA) 5 (n=24) or 90 mins (n=6) 
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prior to MCAO and were sacrificed at 30 mins or 2 hrs of reperfusion for analysis of 

ischemic brain regions.

2.3.3 Stereotactic Injections—All mice (n = 31) were anesthetized with ventilated 

2%–2.5% isoflurane and placed in stereotaxic frame for intracerebroventricular (ICV) 

injection of miR-200c antagomir or mismatch-control sequence as we have performed 

previously (Stary et al., 2015). Briefly, the animals were placed in a stereotaxic 

frame and a 26g brain infusion cannula was introduced into the left lateral ventricle 

following coordinates: bregma: − 0.58 mm; dorsoventral: 2.1 mm; lateral: 1.2 mm, as 

previously described 2. After 20-minute infusion of 3 pmol/g body weight in 2 μL of 

miR-200c antagomir (miRCURY LNA™ miRNA Custom Power Inhibitor 200C_1, Cat. 

No. YCI0202184-DDB, Qiagen, Germany) or mismatch-control (miRCURY LNA miRNA 

Power inhibitor negative control A, Cat. No. YCI0199006-111, Qiagen, Germany) mixed 

with cationic lipid DOTAP (4μl; 6 μl total volume; Roche) the head wound was closed, and 

mice weaned from anesthesia.

2.3.4 Experimental Stroke and Intravenous Pimonidazole Hydrochloride 
Injection—Mice (n=25) were subjected to 1h MCAO as previously described (Ouyang 

et al., 2012; Stary et al., 2015). Briefly, animals were randomized to treatment group by 

coin flip and then anesthetized with 2% isoflurane and secured; temperature and respiratory 

rate were monitored continuously, and rectal temperature was maintained at 37 ± 0.5 °C 

with homeothermic blanket (Harvard Apparatus, MA, USA). A subcutaneous buprenorphine 

injection (1.0 mg/kg) prior to incision was used as analgesic. Jugular veins were exposed 

for pimonidazole hydrochloride in saline injection (60mg/kg at 30mg/mL) or saline injection 

alone, either 90 mins or 5 mins prior to 1h MCAO via silicone-coated 6–0 monofilament 

thread. Sham-operated mice (n=5) underwent ligation of the external carotid artery but no 

suture insertion.

2.3.5 Tissue Collection and Processing—Brains were collected at 30 mins 

(miR-200c antagomir group n=6, mismatch control group n=7, sham infarction n=2) or 

2 hrs (miR-200c antagomir group n=7, mismatch control group n= 6, sham infarction group 

n=3) after reperfusion for immunohistochemical assessment. While deeply anesthetized, 

mice underwent transcardiac perfusion with ice cold saline, followed by ice cold 4% 

paraformaldehyde (PFA). The brains were then submerged in 4% PFA for 48 hrs. Brains 

were then cut with a vibratome in 50 μM thick sections (Leica VT100S, Leica Biosystems, 

Germany) and stored in phosphate buffered saline (PBS). One mouse died after the ICV 

infusion (mismatch at 30 mins), and was excluded from the study, leading to 30 min 

mismatch control group of 6.

2.3.6 Fluorescence Immunohistochemistry—Sections from the hippocampal plane 

(−1.2 to −2.0 mm Anterior Commissure) were selected for imaging to allow assessment of 

both cortical and subcortical regions. Free-floating sections were first washed in PBS twice 

for 15 mins at room temperature prior to blocking endogenous peroxidases by submerging 

in 3% H2O2 in PBS for 45 mins. After a 15 min permeabilization step in 0.2 % Triton 

x-100 in PBS, the sections were washed for 15 mins in PBS, then blocked with 5% donkey 
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serum (#D9663-10ML, Sigma-Aldrich, MO, USA) in PBS at 4°C overnight. The sections 

were then washed with PBS three times for 15 mins at room temperature the following 

day, followed by serial fluorescent staining beginning with incubation in primary antibody 

solutions consisting of: 1) Pimonidazole Mouse-AB, [1:100], #HP1-100Kit, Pimonidazole™ 

Inc; 2) Goat-8-OHdG, [1:200], #ab10802, Abcam, Cambridge, United Kingdom; 3) 

Chicken-MAP2 [1:200] #ab5392, Abcam; 4) Rabbit-NeuN [1:500] #NBP1-77686, Novus 

Biologicals, CO, USA; and, 5) Chicken-GFAP[1:500] #ab4674, Abcam in 3% filtered 

(0.2 micron filter) bovine serum albumin (BSA) in PBS at 4°C, overnight. The following 

day the sections were washed three times in PBS for 15 mins, followed by secondary 

antibody solutions: 1) Donkey anti-Goat, Alexa Fluor 594, [1:200], # A-11058 Invitrogen, 

NY, USA; 2) Donkey anti-Mouse, Alexa Fluor 488, [1:200], #A-21202,Invitrogen; 3) 

Donkey anti-Chicken, Alexa Fluor 647 [1:500], #703-606-155, Jackson Immunoresearch 

Laboratories Inc, PA, USA; 4) Donkey-anti-Rabbit, Alexa Fluor 594 [1:500] #A21207, 

Abcam), and, 5) 4′,6-diamidino-2-phenylindole-hydrochloride (DAPI) [1:1000] #1700624 

Life Technologies, CA, USA, in PBS at 4°C, overnight. On the final day, the sections 

were washed with PBS three times for 15 mins prior to mounting with ProLong™ Glass 

Antifade Mountant (#P36980, Fisher Scientific, NH, USA) to Fisherbrand™ Superfrost™ 

Plus Microscope Slides (#22-037-246, Fisher Scientific). An observer blinded to treatment 

group quantified 4 sections/brain using 50 μm coronal sections stained with pimonidazole 

hydrochloride, MAP2, DAPI, 8-OHdG

2.3.7 Complexing miR-200c FISH and fluorescent IHC—In order to determine 

the cell-type specific expression of miR-200c at baseline, 30 mins and 2h post MCAO 

we combined fluorescent in situ hybridization (FISH) with fluorescent IHC for neuronal 

markers (NeuN, MAP2) and the astrocyte marker (GFAP), an oxidative stress markers 

(8-OHdG) and DAPI. Briefly, a double FAM-labeled miR-200c-5p miRCURY LNA miRNA 

detection probe (#YD00611801-BED, Qiagen, NJ, USA) was used in combined protocols 

described by Chaudhuri et al. (Datta Chaudhuri et al., 2013) and de Planell-Saguer et al 
(de Planell-Saguer et al., 2010)3 with minor modifications and optimization steps described 

here: 1) sections were hybridized overnight at 44 °C; 2) stringency washes were performed 

at 51 °C for 15 min each; 3) additional stringency wash of 0.2x SSC at 51 °C for 30min; 

and, 4) all PBS washes were performed for 5 min each. All sections were imaged using 

a Zeiss Axio Imager M2 (Carl Zeiss AG) with Apotome 2.0 with Neurolucida (MBF 

Bioscience) software, version 2017.03.2. Small nuclear RNA U6 was used as positive 

control and a scrambled probe with no complementarity to any known miRNAs was used as 

negative control (Supplemental Data 1).

2.3.8 Image Processing—All images were processed using ImageJ (1.51s, Java 

1.8.0_66, (64-bit), National Institutes of Health, MD, USA). Four images of each brain 

section were imaged with a fixed illumination intensity using a 2.5x Nikon Neofluar 

objective for whole section imaging. The four images of each brain were combined in silico 
using pairwise stitching feature by ImageJ (Fusion method set to Linear blending, Check 

peaks = 5, compute overlap, registration channel selected to DAPI for all sections). Cell-type 

specific miR-200c expression was assessed with a fixed illumination intensity using a 40x 

air Nikon ApoChromat objective in regions of core or penumbra.
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2.3.9 Statistical Analysis—All brain sections were stained three times as technical 

replicates to ensure proper, reproducible staining results. IBM SPSS Statistics 24 (version 24 

64-bit edition, IBM, NY, USA) was used for statistical analyses. All data reported are mean 

± standard error of the mean. Statistical analysis was performed using independent samples 

t-tests for two groups, and ANOVA with Bonferroni post-test for comparisons of more than 

two groups and testing for interactions. A p-value of < 0.05 was considered significant.

3 Results

The mean weight of mice was 26.3 g (SD = 2.29) with no differences between the study 

groups. No differences were observed in body temperature, surgical procedure times, nor 

time under anesthesia between the study groups (data not shown).

3.1 Ischemic core and penumbra can be clearly delineated at 30 mins after MCAO

Fluorescent labeling with pimonidazole hydrochloride was strong in all ischemic samples 

(Figs. 1A, 1B). Co-labeling pimonidazole with MAP2 IHC was used to assess MAP2 loss 

within ischemic regions (Figs. 1A, 1B). Changes in MAP2 expression has previously been 

utilized to determine ischemic core from perilesional zones as early as 2 hrs post-reperfusion 

(Popp, et al. 2009). Pimonidazole fluorescence at 30 mins post-reperfusion only partially 

overlapped loss of MAP2 expression after ischemia (Fig. 1B). Pimonidazole staining 

consistently followed the known anatomical vasculature (Xiong et al., 2017) and stained 

most of the cortex, lateral thalamic and hypothalamic regions, hippocampus, and striatum 

(Figs. 1C). Significantly greater levels of pimonidazole fluorescence were demonstrated 

in the ipsilateral hemisphere in the cortex (p<.001), hippocampus (p<.001), hypothalamus 

(p=.004), amygdala (p=.008) and the striatum (p=.021) relative to the same regions in the 

contralateral hemisphere (Figs. 1C, 1D). There was no apparent effect of microRNA-200c 

inhibitor treatment or recovery time on pimonidazole labeling (Figs. 2A, 2B). Furthermore, 

injecting pimonidazole 5 min or 90 min prior to MCAO did not affect the ability to 

determine the hypoxic areas, although comparatively, the staining illumination was greater 

when injected 5 min prior to surgery (Supplemental Data 2). During hypoxia, pimonidazole 

remains reduced and irreversibly binds to thiols thereby serving as a persistent tissue 

indicator of hypoxia. The central advantage of pimonidazole is that after ischemic injury 

fluorescence does not change with the physiologically evolving core and penumbral regions.

3.2 Co-visualizing ischemic regions and areas of oxidative stress with miR-200c 
expression

Sections were stained with both pimonidazole and 8-hydroxy-2’-deoxyguanosine (8-OHdG) 

to visualize ischemic regions and formation of reactive oxygen species (ROS, Figs. 2C, 3). 

Notably, at 2 hrs after MCAO, areas with clear borders of high pimonidazole fluorescence 

(core) coincided with low 8-OHdG fluorescence, while in adjacent regions high 8-OHdG 

fluorescence was observed with low pimonidazole fluorescence (penumbra, Fig. 3A). 

However, this observed effect was not consistent across all regions, and less so at 30 minutes 

after MCAO (Fig 2C). These observations suggest that the highest ROS production may 

actually occur in peri-ischemic and mildly ischemic regions relative to severely ischemic 

regions, which may be a function of profound mitochondrial dysfunction and loss of cell 
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viability in the core. Co-localization of miR-200c, however, indicated greater qualitative 

levels of expression in penumbra relative to core (Fig. 3B).

We extended these observations to assess whether miR-200c antagomir altered regional 

levels of ROS production after MCAO. Based on our prior observations that high ROS 

production does not regionally co-localize with ischemic core (Figs. 2C, 3A) and therefore 

may not correlate with severity of injury, we stratified severity of ischemia based on 

pimonidazole fluorescence intensity (Fig. 4A) as ‘severe’ or ‘mild’ injury by using a 16

color LUT in ImageJ (Fig. 4A). This was done by assessment of signal intensity, which 

was significantly lower in ‘mild’ regions when compared to ‘severe’ regions (Fig. 4B) 

but consistently higher than sham signal. Uninjured hemispheres did not demonstrate any 

significant variation in signal intensity. Next, we analyzed mild and severe regions for 

MAP2 and 8-OHdG staining, and quantified regional signal intensities. Animals treated with 

microRNA-200c inhibitor demonstrated a significant reduction in 8-OHdG signal in areas of 

mild injury when compared to control after 2 hrs post-MCAO reperfusion (Fig. 4C). Neither 

the mildly nor severely injured regions demonstrated significant differences in the MAP2 

staining (data not shown).

3.3 Cell-type specific and regional post-MCAO miR-200c expression

We analyzed cell-type specific miR-200c expression in select ischemic and corresponding 

non ischemic contralateral regions by complexing pimonidazole and cell-type specific IHC 

markers with miR-200c FISH. MAP2 immunogenicity was visible in some cortical regions 

with high pimonidazole intensity (Fig. 5A), yet hippocampal, ventral and posterolateral 

thalamic regions demonstrate no MAP2 loss, despite pimonidazole fluorescence. 

Conversely, the expression of miR-200c in the ischemic core was generally decreased 

compared to penumbral regions (Figs. 5A,B). Notably, loss of NeuN immunogenicity and 

miR-200c fluorescence in ischemic regions appeared co-localize in cortex, thalamus and 

hippocampus (Fig. 5B).

In order to further assess cell-type specific expression of miR-200 in response to 

MCAO we assessed cell-type specific expression in the peri-ischemic hippocampus and 

the non-ischemic contralateral side for control comparison (Fig. 6). The non-ischemic 

hippocampal subregions CA1-CA3 and DG expressed notable miR-200c, but CA1-CA3 

regions consistently demonstrated diminished miR-200c expression and loss of NeuN 

antigenicity (Figs 6A, Supplemental data 3) which is in agreement with established 

understanding of hippocampal sub-regional differences in response to ischemia (Stary et 

al., 2016). In contralateral hippocampus, miR-200c expression was greatest in NeuN+ 

neurons relative to GFAP+ astrocytes (Fig. 6B). However, in the ipsilateral hippocampus, 

astrocyte miR-200c expression was notably increased relative to the contralateral side, while 

neuronal miR-200c appeared to decrease in parallel with loss of NeuN signal intensity (Fig. 

6C). Semi-quantitative analysis (Fig. 6D) of miR-200c fluorescence in astrocytes (GFAP+) 

and neurons (NeuN+) suggested a trend (p = 0.52, n=4) towards augmented miR-200c in 

astrocytes 2 hrs after MCAO but not in neurons. This may be related to an associated loss of 

NeuN (Fig. 6D).
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1. Discussion

Improvement in stroke research relies on the ability to distinguish the necrotic infarct core 

from potentially salvageable peri-ischemic penumbra. We present here a novel approach 

to visualize the distinct ischemic regions in the brain as early as 30 mins in a stroke 

model. Pimonidazole fluorescence was detectable throughout the predicted area of infarct, 

and absent from the contralateral, uninjured hemisphere, demonstrating its utility as a 

regional marker for acute ischemia-reperfusion injury. We interpret the differential intensity 

of pimonidazole to delineate early core and penumbral regions. Our findings also suggest 

that MAP2 is not a sufficient marker for early-stage infarct: MAP2 immunoreactivity loss 

was only observed in severe ischemic regions with cellular degradation immediately after 

MCAO.

Another feature of pimonidazole was its ability to highlight distinct ischemic regions 

with discrete ischemic/peri-ischemic boundaries. However, even within areas generally 

represented as mild ischemia we observed regions of pimonidazole signal heterogeneity, 

likely corresponding to sub-regional differences in blood flow distribution. Utilizing a 

semi-quantitative approach to counter biased analysis and subjectivity we also observed 

that the severity of ischemic injury did not directly correlate with ROS production using the 

DNA oxidation marker 8-OHdG, which has previously been used as a marker for oxidative 

damage in stroke (Nakajima et al., 2012). 8-OHdG accumulates in injured cells and its 

presence implies DNA damage. It is possible that the decreased 8-OHdG fluorescence in the 

core could be due to diminished mitochondrial function relative to the peri-ischemic regions. 

8-OHdG levels have been observed to return to endogenous levels by 45 mins after injury 

(Hamilton et al., 2001) which may represent a narrow window for this particular marker. Our 

observation of inconsistencies in 8-OHdG, MAP2 and pimonidazole staining patterns might 

therefore be due to irreversible pimonidazole binding during ischemia and/or differential 

susceptibility to ischemic injury between brain regions.

In parallel with 8-OHdG levels, we observed a subsequent relative increase in miR-200c 

expression in the penumbra, up to 2 hrs post-injury. In contrast, miR-200c expression 

was absent from the ischemic core. This is in agreement with our previous observations 

in neuronal cells that oxidative stress results in increased miR-200c levels (Stary et al., 

2015). Additionally, in the present study we observed loss of NeuN immunogenicity in 

hippocampal neurons at 30 mins after MCAO. This might be due to a loss of antigenicity 

rather than loss of neurons or neuronal degradation (Ünal-Çevik et al., 2004), but is also in 

agreement with our prior observations that exogenously increasing miR-200c levels results 

in neuronal cell death (Stary et al., 2015). MiR-200c inhibition via antagomir resulted in 

a reduction in 8-OHdG fluorescence intensity, which corroborates prior observations that 

in vivo miR-200c antagomir treatment decreased MCAO injury severity and improved 

functional recovery. These observations suggest that peri-ischemic regions with higher 

miR-200c areas may contain neurons susceptible to delayed cell death (Kozak et al., 2020). 

Conversely, miR-200c expression was also high in areas that do not experience expansive 

cell death after MCAO, such as the dentate gyrus and the contralateral hemisphere. Whether 

this is due to separate protective mechanisms is not clear, however it can be concluded that 

miR-200c expression alone is insufficient to predict cell death in the penumbra.
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MicroRNAs have cell-type specific roles (Guduric-Fuchs et al., 2012), and miR-200c is 

enriched in the brain, particularly in neurons, oligodendrocytes (Buller et al., 2012; Lau 

et al., 2008) and microglia (Tang et al., 2017; Yu et al., 2015). MiR-200c expression 

increases in response to oxidative stress (Lee et al., 2010; Stary et al., 2015) and 

suppresses MAP2 expression (Yuan et al., 2017). In the present study utilizing this novel 

complexing method we confirmed a high degree of co-localization with miR 200c and 

neurons and low miR-200c in astrocytes. However, using a semi-quantitative approach 

measuring fluorescence intensity we also observed a trend (p=0.052) towards increased 

miR-200c expression in astrocytes but not neurons in response to MCAO. Astrocytes 

are important mediators of cell death after stroke (Stary and Giffard, 2015). They 

coordinate neuronal maintenance, neurite outgrowth and repair of the neuronal network 

(Araque et al., 1999; Benarroch, 2005; Liu and Chopp, 2016), protecting neurons during 

pathophysiologic stresses such as those from stroke (Takano Takahiro et al., 2009), traumatic 

brain injury (Shields et al., 2011), or spinal cord injury (Falnikar et al., 2015). Studies 

targeting astrocytes for improving outcome following cerebral ischemia are promising: 

augmenting astrocyte glutamate sequestration by increasing the activity of astrocytic 

glutamate transporter GLT-1 decreased glutamate excitotoxicity (Ouyang et al., 2007; Weller 

et al., 2008). Overexpression of superoxide dismutase 2 in astrocytes reduced evidence 

of oxidative stress in the CA1 from transient global ischemia (Xu et al., 2010), and was 

accompanied by preservation of GLT-1. Furthermore, astrocytes are a potential source 

of new neurons in injured brains (Griffiths et al., 2019, 2020). Astrocytic mitochondrial 

function plays several direct and indirect roles in maintaining neuronal survival from 

ischemic injury (Stary and Giffard, 2015). Mitochondria are central regulators of apoptosis, 

reactive oxygen species and intracellular Ca2+ handling, and increasing astrocytic pyruvate 

preserves mitochondrial function and improves neuronal survival (Miao et al., 2011). 

Astrocytes have also been shown to sequestrate degraded neuronal mitochondria (Davis 

et al., 2014). Notably, astrocytes are capable of direct transfer of functional mitochondria to 

neurons, and that suppression of this process exacerbates ischemic injury (Hayakawa et al., 

2016). Additionally, glial cells transfer microRNAs to neurons through secreted extracellular 

vesicles modulating inflammatory response to stimuli (Prada et al., 2018). Therefore, the 

results of this study suggest that inhibiting the increase in miR-200c expression in astrocytes 

may be a potential therapeutic avenue for salvaging penumbra after stroke, and effectively 

improving clinical outcome. These observations should be further validated through 

quantitative means such as fluorescence automated cell counting (FACS) or single-cell RNA 

sequencing. We also cannot differentiate whether miR-200c expression was definitively 

cell-type dependent, or related to exosome-mediated inter-cellular miR-200c transfer (Morel 

et al., 2013; Rooj et al., 2016). Future studies can overcome this limitation by assessing 

targeted cell-type specific inhibition of miR-200c expression and/or incorporating recently 

developed high resolution miR labeling techniques (Goryacheva et al., 2018) to track inter

cellular transfer of endogenously expressed miRs in real time and by blocking exosome 

transfer.

An additional limitation of the present study is that we did not correlate pimonidazole 

fluorescence with a traditional stain for infarction such as Cresyl violet or TTC. These 

stains rely on degradation of tissue or total loss of metabolic activity, and are a more 
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reliable measure for assessment of infarct volume at time points beyond the immediate post

stroke period (Fishbein et al., 1981; Türeyen et al., 2004). Future studies could incorporate 

protocols incorporating a graded degree of ischemic injury to verify pimonidazole 

fluorescence correlates with injury severity. A final limitation in the present study is 

that our traditional fluorescent microscopy approach was limited to only four fluorescent 

channels per sample, necessitating parallel tissue processing which may have been subject 

to variability in fluorescence signal intensity. Next-generation High Dimensional Imaging 

modalities (Goltsev et al., 2018; Schulz et al., 2018) represent a future potential leap to fully 

exploit multiplexing approaches to more accurately assess post-injury cell-type specific gene 

expression, a critical hurdle to advance the clinical application of miR-based therapeutic 

strategies for stroke.
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Highlights:

• Pimonidazole fluorescence multi-complexed with microRNA in situ 
hybridization and protein immunofluorescence represents a novel approach 

to visualize ischemic regions in the brain.

• Peri-ischemic regions with higher miR-200c areas correlate with areas of 

neurons susceptible to delayed cell death.

• Targeted inhibition of miR-200c in astrocytes represents a promising 

precision medicine therapeutic for salvaging penumbra after stroke.
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Figure 1. Co-localization of regional ischemia with MAP2 expression after experimental stroke.
A) Representative image of a sham brain with the hypoxia indicator pimonidazole 

(green) and the neuronal marker micro-tubule associated protein 2 (MAP2, violet). 

B) A representative image of pimonidazole and MAP2 fluorescence 30 min after 1 

hr of middle cerebral artery occlusion (MCAO). C) The anatomic regions typically 

visualized by hypoxyprobe at 30 minutes and 2 hrs. 1=cortex, 2=hippocampus, 3=thalamus, 

4=hypothalamus, 5=amygdala, 6=striatum. D) Semi-quantitative assessment of regional 

pimonidazole fluorescence after MCAO.
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Figure 2. Time course of regional ischemia with pimonidazole and MAP2 expression after 
experimental stroke.
A representative image of pimonidazole (green) and MAP2 (violet) fluorescence A) 30 min 

and B) 2 hrs after 1 hr of middle cerebral artery occlusion (MCAO). Solid lines indicate 

ischemic regions, and dashed lines delineate severe core forming ischemic regions. C) 
Representative image for ischemic regions (pimonidazole, green – DAPI, blue) with varying 

severity corresponding to areas of 8-OHdG (red) at 30 minutes after MCAO.

Arvola et al. Page 19

Neurochem Int. Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. A) Co-localizing oxidative stress and miR-200c expression in core and penumbra after 
experimental stroke.
Regions where pimonidazole fluorescence (green) was high in intensity representing the 

ischemic core corresponded to areas of low 8-OHdG fluorescence (red) 2 hrs after MCAO. 

B) Correspondingly, areas of low pimonidazole fluorescence (penumbra) overlapped with 

high 8-OHdG and greater miR-200c (yellow) expression.
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Figure 4. Semi-quantitative assessment of injury severity with pimonidazole fluorescence.
A) Visual heat map of ‘severe’ or ‘mild’ injury in a brain 2 hrs after MCAO by assessment 

of signal intensity. Uninjured hemispheres did not demonstrate significant variation in signal 

intensity. B) Bar chart depicting mean pimonidazole fluorescence intensity of ‘severe’ and 

‘mild’ regions of mismatch-control (Ctrl) and miR-200c antagomir (Inhib) -treated brains 

at 30 mins and 2 hrs post-reperfusion. C) Line graph of 8-OHdG fluorescence in areas 

of ‘mild’ injury regions determined by multivariate analysis. There was no difference in 

8-OHdG fluorescence intensity between the groups after 30 minutes of ischemia [control 

532 (486–579), miR-200c antagomir treated 548 (522–574)]. After 120 mins of ischemia 

the control group had higher 8-OHdG intensity compared to miR-200c treated group, 597 

(530–574), and 422 (374–469), respectively (n=4, *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 5. Co-localization of regional expression of pimonidazole fluorescence MAP2, NeuN and 
miR-200c after MCAO.
A) Pimonidazole fluorescence (green) and MAP2 (violet) in brain 2 hrs after MCAO. 

B) Loss of NeuN (red) fluorescence and decreased miR-200c expression co-localize at 

cortical regions (Ischemic core). ζ = Ischemic areas with no loss of MAP2 or NeuN, and 

clear miR-200c expression. η = clear ischemic region with loss of NeuN and MAP2, but 

observable miR-200c expression. ζ and η represent penumbral areas.
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Figure 6. Regional cell-type specific hippocampal expression of miR-200c after MCAO.
A) Contralateral (left) and ipsilateral (right) hippocampi 2 hrs post-MCAO. Ipsilateral 

hippocampus demonstrates selective loss of NeuN expression. B) In contralateral 

hippocampus the greatest levels of miR-200c expression were evident in NeuN+ cells, 

whereas GFAP+ astrocytes (indicated by arrows) expressed relatively decreased miR-200c. 

C) In contrast, GFAP+ astrocytes in the ipsilateral side displayed more robust expression of 

miR-200c (arrows) relative to contralateral astrocytes, while NeuN+ miR-200c expression 

appeared to relatively decrease in parallel with NeuN immunogenicity. D) Semi-quantitative 

analysis of miR-200c expression in GFAP+ cells and NeuN+ cells. Relative to sham animals 

miR-200c in astrocytes trended (p=0.052) towards increased expression in ipsilateral 

hippocampus, contrasting with miR-200c expression in neurons (n=4).
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