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ABSTRACT 

Nuclear factor erythroid 2-related factor 2 (Nrf2) plays a pivotal role in cellular defense 

against oxidative stress damage after ischemic stroke. In the present study, we examined 

the time-dependent change of in vivo optical imaging of oxidative stress after stroke 

with Keap1-dependent oxidative stress detector (OKD) mice. OKD mice were subjected 

to transient middle cerebral artery occlusion (tMCAO) for 45 min, and in vivo optical 

signals were detected during the pre-operative period, 12 h, 1 d, 3 d, and 7 d after 

tMCAO. Ex vivo imaging was performed immediately after obtaining in vivo optical 

signals at 1 d after tMCAO. Immunohistochemical analyses and infarct volume were 

also examined after in vivo imaging at each period. The in vivo signals showed a peak 

at 1 d after tMCAO that was slightly correlated to infarct volume. The strong ex vivo 

signals, which were detected in the peri-ischemic area, corresponded to endogenous 

Nrf2 expression. Moreover, endogenous Nrf2 expression was detected mainly in 

neurons followed by oligodendrocytes and pericytes, but only slightly in astrocytes, 

microglia, endothelial cells. The present study successfully demonstrated the temporal 

change of in vivo imaging of oxidative stress after tMCAO, which is consistent with 

strong expression of endogenous Nrf2 in the peri-ischemic area with a similar time 

course. 



SIGNIFICANCE 

This study investigated the time-dependent change of in vivo optical imaging of 

oxidative stress after stroke with OKD mice. The in vivo signals showed a peak at 1 d 

after tMCAO that was slightly correlated to infarct volume. The strong ex vivo signals, 

which were detected in the peri-ischemic area, corresponded to endogenous Nrf2 

expression. Our result of synchronization between in vivo imaging and endogenous 

Nrf2 expression might provide a benefit to verification of drugs targeting the 

Nrf2-mediated defense pathway and the therapeutic time window in acute phase of 

ischemic stroke. 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

 Although early recanalization of the ischemic brain is essential to rescue the 

peri-ischemic area surrounding the ischemic core and to restore neurological functions, 

such recanalization may also result in tissue damage known as “reperfusion injury” 

(Abe et al. 1988; Molina and Alvarez-Sabin 2009). Reactive oxygen species (ROS), 

which begin to be produced during cerebral ischemia, are then exaggerated during 

reperfusion (Chan 1996; Chan 2001; Peters et al. 1998), triggering oxidative damage to 

DNA, lipids, and proteins, finally resulting in cell death (Jung et al. 2010; Lakhan et al. 

2009). Therefore, detection and regulation of ROS is indispensable in 

ischemia-reperfusion injury. 

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-sensitive 

transcription factor that regulates the cellular defense enzymes against oxidative stress. 

Under quiescent conditions, Nrf2 is combined with kelch-like ECH associating protein 

1 (Keap1) which promotes rapid proteasomal degradation of Nrf2 via ubiquitination. 

However, under oxidative stress conditions, the dissociation of Keap1 frees Nrf2 from 

ubiquitin/proteasome degradation, and Nrf2 binds to the antioxidant response element 

(ARE) that leads to the induction of phase II defense enzyme expression (Ishii et al. 

2000; Kaspar et al. 2009; Kensler et al. 2007; Shih et al. 2005). 



Recent studies suggested that Nrf2 is induced after cerebral ischemia, 

especially in the peri-ischemic area of the animal stroke model (Alfieri et al. 2011; Dang 

et al. 2012; Takagi et al. 2014; Takamiya et al. 2012). However, each report shows a 

different temporal change in Nrf2 expression after cerebral ischemia. Furthermore, the 

time-dependent change of such anti-oxidative stress response in cerebral ischemia in 

vivo has not been fully investigated. On the other hand, there are several studies that 

have focused on in vivo imaging analysis of the acute response to ischemia-reperfusion 

injury such as autophagy, inflammation, and early stage apoptosis (Liu et al. 2010; 

Martin et al. 2015; Medoc et al. 2016; Takamiya et al. 2012; Tian et al. 2010). In the 

present study, therefore, we examined the time-dependent change of in vivo optical 

imaging of oxidative stress after cerebral ischemia using a Keap1-dependent oxidative 

stress detector, No.48 (OKD48) transgenic mouse which is able to visualize oxidative 

stress (Oikawa et al. 2012), and concurrently validated the temporal change in Nrf2 and 

related protein expression in immunohistochemical analysis. 

 

METHODS AND MATERIALS 

Animals 

 We obtained OKD48 transgenic mice from TransGenic Inc. (Japan) and 



maintained this line as heterozygotes by screening offspring by genotyping using the 

polymerase chain reaction (PCR). The OKD48 construct consists of three copies of 

AREs as an optimized stress-inducible promoter, Nrf2, and FLAG-tagged luciferase 

(Oikawa et al. 2012). Under quiescent conditions, this transgene is not transcriptionally 

induced and the leaked fusion protein is degraded by Keap1. However, under oxidative 

stress conditions, the transgene is induced by endogenous Nrf2 dissociated from Keap1, 

and the fusion protein enables oxidative stress to be visualized as bioluminescence 

when luciferin is injected. 

Age and gender-matched groups of male and female mice (11-13 weeks old, 

23-28 g, total n = 32) were used in each experimental group. All mice were allowed free 

access to water and food in a temperature-regulated room (23-25°C) and placed in a 12 

h light-dark cycle. All experimental procedures were carried out according to the 

guidelines of the Animal Care and Committee of the Graduate School of Medicine, 

Dentistry, and Pharmaceutical Sciences, Okayama University (approval 

#OKU-2014536). 

 To detect an increase of bioluminescent signals at 12 h after surgery inducing 

cerebral ischemia in comparison to pre-operative period with a two-sided 5% 

significance level and a power of 80%, a sample size of 6 mice was necessary. We used 



48 mice in this study, of which 16 were excluded based on the following exclusion 

criteria: mice that died as a result of a procedural problem during surgery (n = 3), mice 

without neurological findings or in vivo optical signals (n = 6), and mice that died after 

surgery in the period leading up to sacrifice (n = 7). Finally, we included 5-8 mice in 

each group based on time course, in addition to 2 mice for ex vivo imaging. Because ex 

vivo imaging was examined for identification of a bioluminescent signal distribution, 

we performed ex vivo imaging in 2 mice as the representatives. The experimenter who 

conducted operations and in vivo / ex vivo optical imaging was not blinded to the 

assignment of animals to each group depending on observation period because this 

study is not interventional, but observational. However, in immunohistochemical 

analyses, the estimator was blinded to each mice brain section for the validity. 

 

Focal cerebral ischemia 

 Focal cerebral ischemia was introduced into mice by transient middle cerebral 

artery occlusion (tMCAO) according to our previous reports (Abe et al. 1992; 

Yamashita et al. 2006). Briefly, mice were anesthetized with a nitrous oxide: oxygen: 

isoflurane mixture (69%: 30%: 1%) through an inhalation mask. The right common 

carotid artery was exposed and a 7-0 nylon thread with a silicone-coated tip was 



inserted into the right MCA while body temperature was maintained at 37 ± 0.3°C using 

a heat bed (BWT-100; Bio Research Center, Japan). After 45 min of tMCAO, the 

silicone-coated thread was pulled out to restore blood flow (reperfusion). Then, the 

incision was closed, and the animals recovered and were allowed free access to water 

and food at ambient temperature. Sham control animals (n = 4) were prepared with a 

sham cervical operation but without inserting the thread. 

 

In vivo and ex vivo optical imaging of oxidative stress 

  Bioluminescent imaging was performed in each group of OKD48 mice using 

the IVIS spectrum imaging system (PerkinElmer Inc., USA). During the pre-operative 

period, 12 h, 1 d, 3 d, and 7 d after tMCAO (each n = 5-8), mice were intraperitoneally 

injected with 150 mg/kg of D-luciferin (OZ Biosciences, USA) dissolved in 

phosphate-buffered saline (PBS) 20 min before in vivo optical imaging for 1 min 

exposure under constant anesthesia, as indicated above. The in vivo signals were 

detected on a skull surface with a head skin opened. Every time after performing in vivo 

imaging, the head skin was sutured and completely closed to prevent excessive bleeding, 

damage due to drying, or infection. A part of mice brains at 1 d (n = 2) was quickly 

removed after in vivo imaging, and was cut into 2 mm thick sections, then ex vivo 



imaging was performed under the same conditions as in vivo. Bioluminescent signals 

were measured from the skull surface using uniform circular regions of interest (ROIs), 

and emission intensity was expressed as the total flux of photons (photons/sec) by 

LivingImage software (PerkinElmer). 

 

Tissue preparation and measurement of infarct volume 

 After obtaining in vivo optical signals, sham-operated mice (n=4) and stroke 

mice (n = 6 at 12 h, n = 5 at 1 d, n = 6 at 3 d, and n = 8 at 7 d after tMCAO) were deeply 

anesthetized by intraperitoneal injection of pentobarbital (40 mg/kg), and then perfused 

with chilled PBS, followed by 4% paraformaldehyde in PBS. Brains were removed and 

immersed in the same fixative solution overnight, then were subsequently incubated in 

20% (wt/vol) sucrose in PBS for 24 h at 4°C. The tissues were frozen in liquid nitrogen 

and stored at -80°C. Coronal brain sections 20 μm thick were prepared using a cryostat 

at -20°C and mounted on silane-coated glass slides. 

 These brain sections were stained with cresyl violet as Nissle staining to 

measure the infarct area using a standard computer-assisted image analysis technique. 

The infarct volume of each brain was calculated by summation of infarct areas of five 

serial brain slices, at a 0.5 mm interval each, between 1.0 mm anterior and 1.5 mm 



posterior to the bregma. 

 

Immunohistochemistry 

 For immunohistochemistry, frozen sections (20 µm) were incubated in 0.3% 

hydrogen peroxide/methanol for 20 min to prevent endogenous peroxidase activity. 

After washing in PBS, brain sections were blocked in 5% bovine serum albumin for 2 h. 

Then, they were incubated 4°C overnight with the following primary antibodies. All 

antibodies used in this study were from commercial sources (see Table 1): rabbit 

anti-Nrf2 antibody (1:200; Sigma-Aldrich, USA, SAB4501984, AB_10747179); mouse 

anti-luciferase antibody (1:100; Sigma, L2164, AB_439707); goat anti-Keap1 antibody 

(1:50; Santa Cruz Biotechnology, USA, sc-15246, AB_2132638); rabbit anti-HO-1 

antibody (1:500; Stressgen, Canada, SPA-895, AB_2314637). The sections were washed 

in PBS and incubated with biotinylated secondary antibodies (Vector Laboratories, USA) 

diluted at 1:500 for 2.5 h. The sections were then incubated with the ABC Elite complex 

(Vector Laboratories), and visualized with diaminobenzidine (DAB) substrate dissolved 

in PBS. A set of sections was also stained in a similar way but without the primary 

antibody and served as the negative control. 

 For double immunofluorescent staining, frozen sections (20 µm) were blocked 



in Tris-NaCl-blocking (TNB) buffer (PerkinElmer). The primary antibodies used were: 

rabbit anti-Nrf2 antibody (1:100; Sigma, SAB4501984, AB_10747179); mouse 

anti-luciferase antibody (1:50; Sigma, L2164, AB_439707); mouse anti-NeuN antibody 

for neuron (1:200; Millipore, Germany, MAB377, AB_2298772); mouse anti-GFAP 

antibody for astrocytes (1:500; Millipore, MAB3402, AB_10627989); goat anti-Iba1 

antibody for microglia (1:200, Abcam, UK, ab107159, AB_10972670); goat anti-GSTπ 

antibody for oligodendrocytes (1:200; Abcam, ab53943, AB_873819); lycopersicon 

esculentum (LEL) for vascular endothelial cells (1:200; Vector Laboratories, DL-1174, 

AB_2336404); mouse anti-NG2 antibody for pericytes (1:500; Millipore, 05-710, 

AB_309925). Biotinylated anti-rabbit secondary antibody (1:500, Vector Laboratories) 

was used to estimate Nrf2 expression. Other immunogens were detected with secondary 

antibodies conjugated with Alexa FluorTM (1:500; Invitrogen, USA). The sections were 

finally treated with a tyramide signal amplification kit (TSA tetramethyl rhodamine 

system; PerkinElmer) to detect Nrf2 immunoreactivity. 

 

Semiquantitative analysis 

For the semiquantitative evaluation of histochemical staining, three areas were 

randomly selected from the sections at the level of striatum, and captured at 200× 



magnification with a light microscope (OlympusBX51, Olympus, Japan). The number 

of positively stained cells in each field was counted, and the same procedure was 

repeated for each section. We confirmed the border between the infarcted and 

peri-ischemic region through Nissle staining of adjacent sections based on a previous 

report (Omori et al. 2002). 

 

Statistical analysis 

Data were analyzed in SPSS v.22.0 (IBM, USA, SCR_002865). All data are 

expressed as mean ± SE or median [interquartile range]. Based on normality tests of 

data, unpaired t-test and Mann-Whitney U test were performed to examine the 

differences between sexes in infarct volume and bioluminescent signals, respectively. 

The differences in bioluminescent signals between the preoperative period and each 

time point after tMCAO were evaluated with Wilcoxon signed-rank test. The correlation 

between infarct volume and peak bioluminescent signals was evaluated using Kendall 

rank correlation coefficient. One-way ANOVA was used to verify the differences in the 

expression of Nrf2, luciferase, Keap1, and HO-1 among each period, followed by a 

Turkey’s honestly significant difference test. The differences between peri-ischemic 

area and ischemic core were evaluated with paired t-test. In all statistical analyses, 



significance was accepted at p < 0.05. 

 

RESULTS 

 There were no differences both in infarct volume and bioluminescent signals 

between the sexes (infarct volume: males = 8.7 ± 4.1 mm3; females = 9.7 ± 6.7 mm3; n 

= 15 and 11, respectively; p > 0.05, unpaired t-test; in vivo peak signals: males = 3.2 

[1.3-4.2] ×106 photons/sec; females = 2.0 [1.2-2.8] ×106 photons/sec; n = 15 and 11, 

respectively; p > 0.05, Mann-Whitney U test). Fig. 1A shows a typical time-dependent 

change of in vivo bioluminescent signals indicative of oxidative stress before and after 

tMCAO in the same mouse. The signals, which became detectable from 12 h after 

tMCAO, peaked at 1 d (pre = 2.7 [2.4-2.9] ×106 photons/sec; 1 d = 4.0 [3.1-9.3] ×106 

photons/sec; n = 8; **p < 0.01, Wilcoxon signed-rank test), decreased until 3 d, then 

finally disappeared at 7 d. The in vivo peak signals at 1 d after tMCAO were slightly 

correlated with infarct volume (R = 0.333, p = 0.072, Kendall rank correlation 

coefficient, Fig. 1B). Ex vivo imaging of coronal brain slices at 1 d after tMCAO 

showed high bioluminescent signals in the marginal area of MCA territory surrounding 

the ischemic core which was unstained in Nissle staining (Fig. 1C, D). 

 Immunohistochemical analysis showed no evident Nrf2 staining in sham 



control brains, but was apparent in the peri-ischemic area of mice brains with tMCAO. 

The number of Nrf2-positive cells peaked at 12 h in the peri-ischemic area, then 

gradually decreased until 7 d (F4, 25 = 13.0; n = 30; p < 0.01, one-way ANOVA; sham 

control [n = 4] vs 12 h [n = 7], 1 d [n = 5], 3 d [n = 6], and 7 d [n = 8]; *p < 0.05, **p < 

0.01, Turkey’s honestly significant difference test; Fig. 2, left upper panel), and was 

always higher than the ischemic core (n = 5-8; ##p < 0.01, paired t-test; Fig. 2, left upper 

panel). On the other hand, the expression of luciferase indicative of exogenous Nrf2 

began to increase from 12 h, which peaked at 1 - 3 d, and then decreased at 7 d after 

tMCAO in the peri-ischemic area (F4, 25 = 13.1; n = 30; p < 0.01, one-way ANOVA; 

sham control [n = 4] vs 12 h [n = 7], 1 d [n = 5], 3 d [n = 6], and 7 d [n = 8]; **p < 0.01, 

Turkey’s honestly significant difference test; Fig. 2, right upper panel). Those luciferase 

expressions were also stronger in the peri-ischemic area than the ischemic core (n = 5-8; 

#p < 0.05, ##p < 0.01, paired t-test; Fig. 2, right upper panel). A weak baseline expression 

level of Keap1 was observed in sham control brains, but declined at 12 h after tMCAO, 

and finally recovered at 7 d (not significant). Keap1-positive cells were variable in the 

peri-ischemic area (Fig. 2, left lower panel). The number of HO-1-positive cells began 

to increase from 12 h, peaked at 3 d in the peri-ischemic area, then decreased 7 d after 

tMCAO (F4, 25 = 3.6; n = 30; p < 0.05, one-way ANOVA; sham control [n = 4] vs 12 h 



[n = 7], 1 d [n = 5], 3 d [n = 6], and 7 d [n = 8]; *p < 0.05, **p < 0.01, Turkey’s 

honestly significant difference test; Fig. 2, right lower panel), and was higher than the 

ischemic core (n = 5-8; #p < 0.05, ##p < 0.01, paired t-test; Fig. 2, right lower panel). 

 Double immunofluorescent analysis showed that endogenous Nrf2 was 

detected both in the nucleus and cytoplasm with a peak at 12 h - 1 d (Fig. 3), while 

luciferase expression (exogenous Nrf2) was observed mainly in the cytoplasm, peaking 

at 1 - 3 d. Thus, Nrf2-luciferase double-positive cells were prominent at 1 d after 

tMCAO, followed by 3 d (Fig. 3, arrowheads). Cell-type specific analysis on Nrf2 

expression profiles showed that Nrf2 immunofluorescent signals were apparently 

colocalized with NeuN presenting neurons, while a few merged signals were observed 

in the staining of Nrf2 with astrocytic GFAP, microglial Iba1, or endothelial LEL. On 

the other hand, several cells expressing Nrf2 were also positive for GSTπ of 

oligodendrocyte or NG2 of pericyte marker (Fig. 4, arrowheads). 

 

DISCUSSION 

 The generation of ROS explosively increases under cerebral 

ischemia-reperfusion injury (Allen and Bayraktutan 2009; Chan 1996; Chan 2001; 

Peters et al. 1998), and is one of the pivotal mechanisms leading to ischemic cell death. 



The Keap1-Nrf2 defense pathway plays a key role against such ROS-mediated 

oxidative stress in cerebral ischemia (Alfieri et al. 2011; Li et al. 2011; Shih et al. 2005; 

Takagi et al. 2014). In the present study, we showed the temporal change of in vivo 

optical imaging of oxidative stress caused by ischemia-reperfusion injury in OKD48 

mouse stroke model with the peak signals at 1 d after tMCAO, which was consistent 

with a previous report (Takagi et al. 2014). 

Takagi et al. evaluated Nrf2-mediated anti-oxidative stress response with GFP 

signals by using OKD mice whose construct contained GFP instead of luciferase 

(Takagi et al. 2014). They confirmed the distribution of GFP signals indicative of 

oxidative stress mainly in the peri-ischemic region, which corresponded to our results of 

ex vivo imaging. Another study reported autophagy imaging in an experimental mouse 

stroke brain, and ex vivo fluorescent signals indicative of autophagosomes were 

detected in the peri-ischemic area of the ischemic cortex (Tian et al. 2010). Thus, in 

recent years, various responses against ischemia-reperfusion injury such as oxidative 

stress (Takagi et al. 2014), autophagy (Tian et al. 2010), or pro-inflammatory (Takamiya 

et al. 2012) / pro-apoptotic (Liu et al. 2010) processes have been able to become 

visualized in vivo, particularly in the peri-ischemic region. 

Bioluminescent signals are produced via the Keap1-Nrf2 pathway with the 



luciferase assay. Consequently, we validated the time course of Nrf2 and other related 

protein expression by immunohistochemistry. Nrf2 expression was clearly detectable 

mainly in the peri-ischemic area at 12 h after tMCAO whereas in vivo peak signals were 

observed at 1 d after tMCAO. As described above, ROS converts the Keap1 structure to 

liberate and translocate Nrf2 into the nucleus, then the activated Nrf2 accelerates the 

expression of anti-oxidative stress proteins via ARE (Kaspar et al. 2009; Kobayashi and 

Yamamoto 2006; Motohashi and Yamamoto 2004). Previous studies reported an 

increase in Nrf2 expression at 4-48 h after cerebral ischemia (Li et al. 2011; Srivastava 

et al. 2013; Tanaka et al. 2011; Yang et al. 2009), as observed in our result. On the other 

hand, exogenous Nrf2-luciferase fusion protein is induced under continuously activated 

endogenous Nrf2 (Oikawa et al. 2012), which could delay the peak of in vivo 

exogenous Nrf2 optical signals after endogenous Nrf2 expression. Besides, an 

immunofluorescent luciferase signal was observed only in the cytoplasm because 

exogenous Nrf2-luciferase fusion protein has no DNA binding site (Oikawa et al. 2012). 

In Nrf2 expression profiles based on cell type-specificity, previous studies 

indicated that Nrf2 is expressed mainly in neurons, and slightly in astrocytes or 

microglia (Dang et al. 2012; Shih et al. 2003; Takagi et al. 2014; Tanaka et al. 2011). 

Recently, another research showed Nrf2 expression in endothelial cells and pericytes 



after ischemia-reperfusion injury in tMCAO model (Imai et al. 2016). Our present data 

was similar to these previous studies, but also found some Nrf2/GSTπ double-positive 

cells in the peri-ischemic area, suggesting that oligodendrocytes are more vulnerable to 

ischemic damage than other glial cells (Mifsud et al. 2014; Petito et al. 1998). In fact, 

multiple sclerosis showed nuclear Nrf2 expression in oligodendrocytes (Licht-Mayer et 

al. 2015). When we focused on the dimension of neurovascular unit (NVU) composed 

with neurons, glial cells, and vascular cells, our result indicated that Nrf2 was expressed 

in all components of NVU, especially in vulnerable cells such as neurons, 

oligodendrocytes, and pericytes, as a consequence of ischemia-reperfusion injury. Nrf2 

activation may be beneficial for cell protection on NVU, particularly in the 

peri-ischemic region under oxidative stress after cerebral ischemia (Alfieri et al. 2011; 

Vargas and Johnson 2009). 

In conclusion, we successfully demonstrated a temporal change of in vivo 

optical imaging of oxidative stress after ischemia-reperfusion injury, and found a slight 

correlation between the in vivo peak signals and infarct volume. Endogenous Nrf2 

expression was observed in the peri-ischemic area, which corresponded to the ex vivo 

signal distribution. This endogenous Nrf2 was also detected mainly in neurons, and 

slightly in oligodendrocytes and pericytes, which were vulnerable to ischemic injury. 



Our result of synchronization between in vivo imaging and endogenous Nrf2 expression 

might provide the benefit to verification of drugs targeting the Nrf2-mediated defense 

pathway and the therapeutic time window in acute phase of ischemic stroke in the 

future. 
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 FIGURE LEGENDS 

Fig. 1) In vivo and ex vivo optical imaging of oxidative stress. (A) The time-dependent 

change of in vivo imaging during the pre-operative period and after tMCAO in the same 

mouse, showing a peak at 1 d (pre = 2.7 [2.4-2.9] ×106 photons/sec; 1 d = 4.0 [3.1-9.3] 

×106 photons/sec; n = 8; **p < 0.01, Wilcoxon signed-rank test). (B) A slight correlation 

between infarct volume and the in vivo peak signals at 1 d after tMCAO (R = 0.333, p = 

0.072, Kendall rank correlation coefficient). (C) Ex vivo imaging of coronal brain slices 

at 1 d after tMCAO, showing strong signals in the peri-ischemic area. (D) Nissle 

staining of brain slices at 1 d after tMCAO. Unstained area surrounded by dotted line 

indicates ischemic core. 

 

Fig. 2) Representative immunostaining of Nrf2, luciferase, Keap1, and HO-1 at 12 h, 1 

d, 3 d, and 7 d after tMCAO in the peri-ischemic area (top panels), and semiquantitative 

analysis of the number of positive cells (/mm2) (bottom panels). The number of Nrf2 

positive cells peaked at 12 h after tMCAO in the peri-ischemic area, then decreased 

until 7 d (sham control [n = 4] vs 12 h [n = 7], 1 d [n = 5], 3 d [n = 6], and 7 d [n = 8]; 

*p < 0.05, **p < 0.01, Turkey’s honestly significant difference test). The number of 

luciferase positive cells peaked at 1 - 3 d after tMCAO in the peri-ischemic area, and 



then decreased at 7 d (sham control [n = 4] vs 12 h [n = 7], 1 d [n = 5], 3 d [n = 6], and 7 

d [n = 8]; **p < 0.01, Turkey’s honestly significant difference test). A low baseline of 

Keap1 positive cells was slightly declined at 12 h after tMCAO, and recovered almost 

same level as sham control brains until 7 d (not significant). The number of 

HO-1-positive cells peaked at 3 d after tMCAO in the peri-ischemic area, then 

decreased at 7 d (sham control [n = 4] vs 12 h [n = 7], 1 d [n = 5], 3 d [n = 6], and 7 d [n 

= 8]; *p < 0.05, **p < 0.01, Turkey’s honestly significant difference test). Those Nrf2-, 

luciferase-, Keap1-, and HO-1 expression levels in the peri-ischemic area were always 

higher than the ischemic core (n = 5-8; #p < 0.05, ##p < 0.01, paired t-test). 

 

Fig. 3) Double immunofluorescent analysis of Nrf2 and luciferase in the peri-ischemic 

area at 12 h, 1 d, 3 d, and 7 d after tMCAO. Arrowheads indicate Nrf2 and luciferase 

double-positive cells. Scale bar = 10 µm. 

 

Fig. 4) Double immunofluorescent analysis of Nrf2 with cell type-specific markers for 

neurons (NeuN), astrocytes (GFAP), microglia (Iba1), and oligodendrocytes (GSTπ), 

endothelial cells (LEL), and pericytes (NG2) in the peri-ischemic area at 12 h after 

tMCAO. Arrowheads indicate double-positive cells for Nrf2 with each cell type-specific 



marker. Scale bar = 10 µm. 
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