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Abstract

Ischemic stroke in rodents stimulates neurogenesis in the adult brain and the proliferation of 

newborn neurons that migrate into the penumbra zone. The present study investigated the effect of 

methylene blue (MB) on neurogenesis and functional recovery in a photothrombotic (PT) model of 

ischemic stroke in rats. PT stroke model was induced by photo-activation of Rose Bengal dye in 

cerebral blood flow by cold fibre light. Rats received intraperitoneal injection of either MB (0.5 

mg/kg/day) from day 1 to day 5 after stroke or an equal volume of saline solution as a control. Cell 

proliferative marker 5-bromodeoxyuridine (BrdU) was injected twice daily (50 mg/kg) from day 2 

to day 8 and animals were sacrificed on day 12 after PT induction. We report that MB significantly 

enhanced cell proliferation and neurogenesis, as evidenced by the increased co-localizations of 

BrdU/NeuN, BrdU/DCX, BrdU/MAP2 and BrdU/Ki67 in the peri-infarct zone compared with 

vehicle controls. MB thus effectively limited infarct volume and improved neurological deficits 

compared to PT control animals. The effects of MB were accompanied with an attenuated level of 

reactive gliosis and release of pro-inflammatory cytokines, as well as elevated levels of 

cytochrome c oxidase activity and ATP production in peri-infarct regions. Our study provides 

important information that MB has the ability to promote neurogenesis and enhance the newborn-

neurons’ survival in ischemic brain repair by inhibiting microenvironmental inflammation and 

increasing mitochondrial function.
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Introduction

Stroke is the second leading cause of death and primary cause of long term disability 

worldwide, imposing a substantial medical, social, and economic burden in the US and 

abroad (Go et al., 2014). Focal cerebral ischemia commences with the occlusion of the 

cerebral vasculature and the interruption of blood flow to specific regions of the brain, 

consequently causing localized brain damage and functional disruption that can lead to 

disability and death (Ma et al., 2013; Reiter et al., 2005). Tissue necrosis in the infarct core 

cannot be reversed or prevented; tissue damage in the surrounding penumbra, however, takes 

some time to mature. Focal cerebral ischemia has been reported to induce neurogenesis in 

the cortical peri-infarct region in both the photothrombotic stroke (PT) model (Gu et al., 

2000) and the middle cerebral artery occlusion (MCAO) stroke model (Jiang et al., 2001). 

Unfortunately, these nascent neurons have a limited ability to survive long term, suggesting 

that the post-stroke local microenvironment is not conducive to this endogenous self-repair 

process (Arvidsson et al., 2002; Ohab et al., 2006; Thored et al., 2006). Neuroinflammation, 

a major facet of the brain's response to cerebral ischemia, is known to exert deleterious 

effects on neurogenesis (Monje et al., 2003). Suppression of this post-ischemic inflammation 

is therefore a promising potential therapeutic target to enhance endogenous neurogenesis 

after ischemic insult.

Photothrombosis-induced ischemic stroke has been widely used as an experimental model to 

study neuroprotective mechanisms and in vivo cellular responses. This model does not 

occlude a single artery as is usually the case in human stroke, rather it causes the occlusion 

of microvasculature in a targeted region of cortex. The PT stroke model is non-invasive and 

produces an infarct with a reproducible location, size, and degree of damage with the 

accompanying mitochondrial dysfunction, inflammation, neurodegeneration and behavioural 

deficits characteristic of other well validated stroke models (Demyanenko et al., 2015; 

Pevsner et al., 2001; Schmidt et al., 2012; Shanina et al., 2005).

Methylene blue (MB) is a well-established drug in the clinic, used classically to treat various 

conditions including malaria, methemoglobinemia, and cyanide poisoning (Atamna et al., 

2008; Lin et al., 2012). MB receives an electron from NADH and transfers it to cytochrome 

c, bypassing complex I/III. This facilitates enhanced ATP production as well as decreased 

reactive oxygen species (ROS) output from the mitochondrial electron transport chain (Chen 

et al., 2003; Lu et al., 2015; Shen et al., 2013). This has made MB a promising candidate for 

many neurodegenerative conditions. It has been reported that low dose MB treatment 

attenuates behavioral, neurochemical and pathological impairments in animal models of 

Parkinson's disease (PD), Alzheimer's disease (AD), global cerebral ischemia (GCI) and 

stroke (Oz et al., 2009; Medina et al., 2011; Lu et al., 2015; Wen et al., 2011). The 

neurogenic property of MB in ischemic stroke, however, remains poorly understood. We 

tested the hypothesis that MB treatment promotes neurogenesis in the rat PT stroke model 

by increasing mitochondrial activity and ATP production while reducing reactive 

microgliosis and pro-inflammatory cytokine levels.
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Materials and methods

Photothrombotic (PT) stroke model

Male Sprague-Dawley rats (200-250g, Charles River Laboratories) were used for the 

purposes of this study. Rats were housed in propylene cages in animal housing facilities with 

ambient temperature set at 25 ± 2°C and a relative humidity of 45-55%. Rats were 

maintained on a 12 h light/dark cycle with ad libitum access to pellet chow and water. All 

procedures were approved by the institutional animal care committee of Augusta University. 

Rats were randomly divided into 3 groups (n=6-10 animals in each group): (a) Sham group 

without PT stroke; (b) PT stroke group, vehicle (saline) treatment; (c) PT stroke group with 

MB treatment. Rats were anesthetized with intraperitoneally (ip) injected sodium 

pentobarbital (50 mg/kg). Five minutes prior to illumination, Rose Bengal dye (0.1 mg/

gram, ip) was administered. The skull was exposed and cleaned, and a fiber optic cable 

delivering cold light (6 mm diameter) was placed onto the skull using a stereotaxic frame. A 

heating pad was located under the rat at all times while mounted on the stereotaxic frame, 

and rectal temperature was maintained at 37 ± 0.5 °C for the duration of surgical operation. 

The cold light was centered 1.8 mm anterior to the bregma and 2.5 mm lateral from the 

midline, targeting the forelimb and hindlimb area of the right sensorimotor neocortex. The 

skull was illuminated for 15 min. The incision was closed using wound clips and the rats 

were placed on a warming pad as they recovered from anaesthesia. A control group of photo 

treatment without the Rose Bengal dye was also conducted, and no infarct injury was 

observed (data now shown). Methylene blue (0.5 mg/kg, ip) in saline was injected on days 1 

through 5 after PT stroke. The experimental protocol was shown in diagram Figure 1.

5-Bromodeoxyuridine (BrdU) labelling

Proliferating cells were labelled using the thymidine analogue BrdU (5-bromodeoxyuridine, 

Carbosynth Ltd) dissolved in 0.9% saline. Rats were administered BrdU (50 mg/kg, ip, 

twice daily) on days 2 through 8 after PT stroke.

Histology examination and infarct volume assessment

Histological examination was performed as previously described (Zhang et al., 2009). 

Twelve days after PT stroke, rats were anesthetized with sodium pentobarbital and 

underwent transcardial perfusion through the ascending aorta with 0.9% saline followed by 

ice cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS). Brains were 

removed and postfixed overnight in 4% PFA at 4°C, and were then cryoprotected by 

submersion in 30% sucrose in 0.1 M PBS until they sank. Brains were then immersed in 

OCT cryoprotectant and frozen overnight at −80°C. Coronal brain sections (25 μm) were 

prepared on a cryostat (Leica RM2155, Nussloch, Germany) and sections were collected. 

For infarct volume assessment, every fifth section was selected and stained with 0.01 % 

(w/v) cresyl violet for 10 min, followed by graded ethanol dehydration. Stained sections 

were imaged using an AxioVision 4Ac microscope system (Carl Zeiss, Germany). The mean 

infarct area of each section was quantified using Image-J software (NIH). Infarct volume 

was expressed as the percentage of the total volume of the contralateral hemisphere per 

group (Vaibhav et al., 2012).
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Immunofluorescence staining

Floating coronal brain sections (25 μm) were washed in 0.1 M PBS for 30 min and then 

blocked with 10% normal donkey serum with 0.1% Triton X-100 in PBS at room 

temperature for 1 h, as previously described by our laboratory (Zhang et al., 2009). Sections 

were then incubated with the corresponding primary antibodies at 4°C overnight. The 

primary antibodies used in this study were the following: rat anti-BrdU (1:200), mouse anti-

NeuN (1:500, EMD Millipore, Billerica, MA), goat anti-DCX (1:50, Santa Cruz 

Biotechnology), goat polyclonal anti-MAP2 (1:100, Santa Cruz Biotechnology), mouse anti-

Ki67 (1:200, Developmental Studies Hybridoma Bank), mouse anti-GFAP (1:200, 

Proteintech) and rabbit anti-Iba1(1:200, Proteintech). Sections were washed 3 times and 

were subsequently incubated with secondary antibodies (Alexa Fluor 568 donkey anti-

mouse or rabbit, and Alexa Fluor 488 nm donkey anti-mouse or rat) at room temperature for 

1 h. Sections were then mounted with a water-based mounting medium with anti-fading 

vectashield mounting medium for fluorescence with 4, 6- diamidino-2-phenylindole (DAPI) 

(H-1200; Vector Laboratories, Inc., CA, USA) and were cover slipped afterwards. Images 

were captured using a LSM510 Meta confocal laser microscope (Carl Zeiss).

Tissue preparation

Rats were deeply anaesthetised and sacrificed 12 days after PT stroke and whole brains were 

quickly removed on ice. The infarct region of the cortex was rapidly micro dissected and 

immediately frozen. Samples were then homogenized as previously described (Han et al., 

2015). Briefly, tissue samples were homogenized in an ice cold homogenization medium 

consisting of 50 mM HEPES (pH 7.4), 150 mM NaCl, 12 mM β-glycerophosphate, 3 mM 

dithiotheitol (DTT), 2 mM sodium orthovanadate (Na3VO4), 1 mM EGTA, 1 mM NaF, 1 

mM phenylmethylsulfonyl fluoride (PMSF), 1% Triton X-100 and protease and enzyme 

inhibitors (Thermo Scientific, Rockford, IL) in a Teflon-glass homogenizer. The 

homogenates were then centrifuged for 30 min at 12,000 ×g at 4 °C, and the supernatants, 

constituting the total protein fractions, were collected and stored at −80 °C for later use. As 

needed, the mitochondrial fractions and subcellular cytosolic fractions were prepared and 

collected. Briefly, tissue samples were homogenized in a buffer containing 10 mM HEPES 

(pH 7.9), 0.6% NP-40, 12 mM β-glycerophosphate with protease and enzyme inhibitors. 

The homogenates were centrifuged for 10 min at 800 × g. The supernatants were then 

centrifuged for 20 min at 17,000 ×g at 4 °C to generate cytosolic fractions (supernatant) and 

mitochondrial fractions (pellet). Protein concentrations were evaluated using a Modified 

Lowry Protein Assay (Pierce, Rockford, IL).

Cytochrome C Oxidase Activity

Cytochrome c oxidase activity in the mitochondrial fractions was assessed by using an 

activity assay kit (ab109911; Abcam Inc) according to the manufacturer's instructions. 

Cytochrome c oxidase present within the protein samples oxidizes fully reduced ferro-

cytochrome c to ferri-cytochrome c. Oxidation of ferro-cytochrome c was measured as a loss 

of absorbance at 550 nm, measured in a 96-well plate reader using a spectrophotometer 

(Bio-Rad Benchmark plus Microplate Spectrophotometer).
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Quantification of total ATP content

The level of ATP was quantified in the total protein sample using a kit ENLITEN® 

rLuciferase/Luciferin reagent (FF2021, Promega, Madison, WI), as previously described by 

our lab (Lu et al., 2015). In brief, 30 μg of protein samples were diluted in 100 μL of 

reconstituted rL/L reagent buffer containing luciferase, D-luciferin, Tris-acetate buffer (pH 

7.75), ethylene diamine tetra acetic acid (EDTA), magnesium acetate, bovine serum albumin 

(BSA), and dithiothreitol (DTT). Light emission at 10 s interval from the reaction was 

measured in a standard microplate luminatoer (PE Applied Biosystem). Relative light units 

(RLU) from “background blank” were subtracted from the sample light output in the assay. 

Values of ATP levels were determined using an ATP standard curve, and data were 

expressed as level of ATP compared to sham group.

ELISA of pro-inflammatory cytokines (TNF-α, IL-1β and IL- 6)

Indirect Enzyme-Linked-Immunosorbent Assay (ELISA) in each group were quantitatively 

detected as previously described (Gan and Patel., 2013). In brief, protein samples were 

diluted in bicarbonate/carbonate coating buffer (Sigma-Aldrich) and total volume were 

adjusted to 50 μL. Samples were loaded in PVC ELISA microtitre plate (Corning), sealed 

and incubated overnight at 4°C. Samples were discarded and the plate wells were washed 

three times. The remaining protein-binding sites in the coated well plate were blocked by 

blocking buffer (1% BSA in PBS, 0.3% solution of H2O2) for 1 hour at room temperature. 

Afterwards 50 μL primary antibodies of pro-inflammatory cytokines were added to well and 

incubated overnight at 4°C and following 3 times wash with PBST. Plate wells were then 

incubated with HRP-conjugated secondary antibodies for 1 hour at room temperature. 

Following 3 washes, samples were incubated with TMB (3, 3, 5, 5’-tetramethylbenzidine, 

BD Bioscience) substrate reagent for 30 min and reaction was stopped with 50 μL of 

sulphuric acid. The optical density was read at 450 nm on spectrophotometer (Bio-Rad).

Behavioral analysis

Behavioral tests were performed on days 1, 7 and 12 after PT. These tests included: (a) The 
cylinder test: The cylinder test was performed to evaluate the asymmetry of left 

(contralateral) paw usage on days 1, 7 and 12 after PT stroke. The rats were placed in a 

transparent glass cylinder (diameter: 10 cm; height: 15 cm) for 2 min. During the trial, the 

experimenter counted the instances in which the animal made contact with the side of the 

cylinder with its left or right paws, as well as both paws simultaneously. Relative 

contralateral paw use was calculated according to the following formula: score = 

(contralateral paw use/total paw use)*100. (b) The adhesive removal test: The adhesive 

removal test is a well-established paradigm to measure somatosensory deficits. This test was 

performed on days 1, 7, and 12 after PT stroke. A small rectangular adhesive strip (0.35 × 

0.45 cm) was placed on the inner portion of each front paw of the animals. The animal was 

immediately returned to its home cage in the absence of its cagemates. Both the time taken 

to contact and the time take to remove the adhesive tape was recorded, with an upper time 

limit of 2 min. (c) The hanging wire test: A wire was stretched between two poles 60 cm 

above the ground. A rat was suspended by its tail, and then lowered within reach of the wire. 

When the rat had grasped the wire, support was gently removed, allowing the rat to hang 
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from the wire by its front paws. A thick soft mat was placed under the apparatus to catch the 

rat when it dropped. Each trial was evaluated by a 5-point scale: 0, the animal falls 

immediately; 1, the animal hangs onto the wire by two forelimbs; 2, the animal hangs via 

two forelimbs and attempts to climb onto the wire; 3, The animal grasps the wire with both 

forelimbs and one or both hind limbs while attempting to climb onto the wire; 4, The animal 

grasps the wire with all four paws, as well as wrapping its tail around the wire. Each testing 

session included 3 trials per animal. The highest reading of three successive trials was taken 

for each animal (Vaibhav et al., 2013). (d) Edge beam test: Rats were habituated to the 

balance beam (100 cm in length, 7 cm in width, 100 cm elevated above the horizontal 

surface of the ground) the day prior to testing. During habituation, the animal's home cage 

was placed at one end of the beam and the animal was placed at three points of increasing 

distance from the cage, allowing the animal to cross the beam to return to its cage. During 

testing, the animal was placed at the far end of the beam. The time taken to initiate 

movement (latency) and the time taken to cross the beam (completion time) were measured, 

as well as the number of foot slips. Latency was defined as the time taken to advance 20 cm 

beyond the start point, and completion time was defined as the interval between completion 

and the latency time point. Each trial had an upper time limit of 5 min (Ma et al. 2013).

Statistical analysis

Quantified data are presented as mean ± SE and were analyzed using GraphPad PRISM 6.0 

software. Statistical comparisons between two groups were performed using t tests. 

Comparisons between multiple groups were made using one-way or two way ANOVA, using 

Bonferroni's post hoc test or Dunnett's post hoc tests for comparisons between all groups or 

against control, respectively. A level of P < 0.05 was considered statistically significant.

Results

MB treatment significantly ameliorates behavioral changes after PT stroke

Behavioral tests were performed on days 1, 7 and 12 after PT stroke. The cylinder test was 

conducted to test paw usage preference as a measure of lateralized motor deficits. Relative 

paw use contralateral to the damaged hemisphere was significantly decreased after PT in 

comparison to sham animals. This preference was significantly ameliorated in the PT group 

treated with MB (Fig. 2A). The adhesive test was performed to test forepaw somatosensory 

activity. PT group animals were unable to perform the task within the given time. Treatment 

with MB, however, significantly decreased the time taken to remove adhesive compared to 

PT group animals (Fig. 2B). The grip strength test was conducted to test motor coordination. 

Significant deficits in grip strength and motor coordination were observed in the PT group 

compared to sham. A marked improvement in grip strength score was observed in the MB 

treatment group (Fig. 2C). The edge beam test was conducted to test sensorimotor deficits 

and motor coordination. PT group rats displayed discoordination while crossing the beam, 

including body rigidity and missed paw placement leading to slipping. The latency of 

initiating movement and completion time was significantly prolonged in PT group rats 

compared to sham. Treatment with MB significantly improves latency in initiating 

movement and completion time compared to the PT group (Fig. 2D).
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MB treatment enhanced cortical neurogenesis in PT stroke rats

To assess the effects of MB on PT induced neurogenesis, neuronal proliferation was 

investigated using BrdU colocalizion with NeuN, DCX, Ki67 or MAP2. As expected, very 

few newly formed neurons were found in sham animals (Fig. 3A, B; Fig. 4A, B). 
Quantification of BrdU/NeuN, BrdU/DCX positive cells was presented in (Fig. 3C, D), and 

the quantification of BrdU/Ki67, BrdU/MAP2 positive cells was shown in (Fig. 4 C, D). In 

PT group animals, however, new neurons were present, distributed randomly throughout the 

cortex and concentrated in the peri-infarct region. MB group animals displayed a 

significantly greater population of these cells compared to the PT group, with a similar 

pattern of distribution. These results clearly indicate that MB administration post-stroke has 

the potential to support the proliferation and continued survival of neurons generated as a 

response to stroke.

MB treatment significantly inhibits cortical PT stroke-induced gliosis and pro-inflammatory 
cytokine release

To determine the potential role of pro-inflammatory cytokines in MB-induced neurogenesis, 

we next investigated the effect of MB on reactive gliosis and pro-inflammatory cytokine 

levels in the infarct cortex region following PT. Confocal microscopy images of coronal 

sections peri-infarct and quantification in (Fig. 5A, B) indicated that staining of GFAP (a 

marker for reactive astrocytosis) and Iba1 (a marker for microglia activation) were negligible 

in the sham group. These markers were significantly elevated in the peri-infarct region in the 

PT group. Treatment with MB significantly decreases this elevated expression, suggesting 

that MB attenuated the reactive glial response to injury (Fig. 5A, B). We further measured 

the levels of pro-inflammatory cytokines, TNF-α, IL-1β and IL-6 via highly sensitive 

ELISA using cortical protein homogenates. ELISA assessment (Fig. 5C) shows robust 

increases in the level of these pro-inflammatory cytokines in the PT group when compared 

to sham. Once again, MB treatment significantly dampened this response, strongly 

suggesting that MB exhibits anti-inflammatory effects in the PT stroke model.

MB treatment ameliorates cortical mitochondrial dysfunction after PT stroke

Previous work has shown that MB can increase mitochondrial oxidative phosphorylation and 

cellular oxygen consumption, as well as preventing electron leakage and decreasing 

anaerobic glycolysis under pathological circumstances (Poteet et al., 2012; Wen et al., 

2011). In the present study, we determined whether MB can rescue mitochondrial function 

after PT stroke. Our results showed that PT causes a significant decrease in mitochondrial 

cytochrome c oxidase activity compared to the sham group which was mitigated upon 

administration of MB (Fig. 6A). We further investigated whether MB can elevate cortical 

ATP levels which are diminished post-stroke. ATP levels were significantly decreased in PT 

group compared to sham group. Treatment with MB significantly enhanced the ATP level 

compared to PT group animals (Fig. 6B). Our results clearly suggest that MB treatment has 

potential to significantly restore the mitochondrial function by increasing cytochrome c 

oxidase activity and facilitating enhanced ATP synthesis 12 days after PT.
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MB decreases cortical infarct size after PT stroke

Cresyl violet staining in coronal cortex sections 12 days after PT stroke showed a significant 

increase in infarct volume, displaying condensed pyknotic and shrunken nuclei. Treatment 

with MB significantly decreased the infarct volume and increased the number of surviving 

neurons after PT (Fig. 7A, B), suggesting that MB has the ability to promote the survival of 

neurons and facilitate brain repair after PT stroke

Discussion

In the present study, we demonstrated that the administration of MB after PT stroke 

significantly promoted the proliferation and survival of newborn cells in the cortical peri-

infarct region. Strikingly, behavioral assessment showed that these MB-induced alterations 

in neurogenesis were strongly associated with ameliorated motor deficits on the adhesive 

test, cylinder test, hanging wire test and edge beam test. These results reinforce previous 

studies that show MB improves neurological outcomes in other experimental brain injury 

models (Shen et al., 2013; Tretter et al., 2014) by extending these findings to the PT stroke 

model, a clinically relevant and highly repeatable rodent stroke model that causes extensive 

damage in the cerebral cortex with accompanying motor deficits (Jin et al., 2001; Yan et al., 

2015).

While previous evidence suggested that stroke only induced neurogenesis in the striatum, 

this study and others have provided evidence that cortical neurogenesis occurs both in 

experimental stroke models (Collin et al., 2005; Hurwitz et al., 1990; Ortega et al., 2013; 

Parent et al., 2002) as well as in human stroke patients (Jin et al., 2006; Macas et al., 2006). 

Our work revealed that newly formed neurons were randomly distributed in the peri-infarct 

region after PT stroke. Furthermore, MB treatment significantly increased these populations. 

Since a previous study has shown that MB did not stimulate neurogenesis in normal 

conditions (Xie et al., 2014), we believe that the neurogenic effects of effects can be 

attributed to its promotion of mitochondrial function and its mitigation of 

neuroinflammation. In these respects, we believe that post-stroke administration of MB may 

facilitate neural repair.

With the massive energy demands of the brain, mitochondrial function plays a vital role in 

neuronal survival. The interruption of cerebral blood flow during stroke limits the delivery 

of oxygen and glucose, disrupting oxidative phosphorylation within the mitochondria (Szeto, 

2008). This derailment of the electron transfer chain results in the loss of the mitochondrial 

membrane potential, leading to decreased ATP production, production of damaging free 

radicals, and the release of apoptotic signals (Bolanos and Almeida, 2006). While ATP 

production is essential throughout the brain, it is especially important in differentiating 

neural progenitor cells. The elevated energy demands of these cells are reflected in their 

observed upregulation of mitochondrial proteins during differentiation (Cordeau-Lossouarn 

et al., 1991; Vayssiere et al., 1992). This elevated energy damage is needed for growth, 

migration, and cytoskeletal remodeling (Bernstein and Bamburg, 2003). In our study, we 

found that PT stroke significantly decreased cortical ATP levels as well as complex IV 

activity. MB treatment ameliorated these deficits, and commensurately increased the number 
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of surviving nascent neurons. These results implicate mitochondrial function as a key 

contributor to maintenance of neurogenesis in the injured brain.

Neuro-inflammation is involved in the pathogenesis of several neurological disorders such as 

stroke and epilepsy (Sieber et al., 2011; Vezzani et al., 2011), conditions known to stimulate 

neurogenesis as well (Arvidsson et al., 2002; Parent et al., 1997). The exact impact of 

inflammation on neurogenesis, however, is not fully understood (Das and Basu, 2008). A 

primary component of neuroinflamation is microglial activation, a result of which is the 

production and secretion of pro-inflammatory cytokines including TNF-α, IL-1β and IL-6 

(Gebicke-Haerter, 2001; Liu and Hong, 2003; Pocock and Liddle, 2001). Accumulation of 

these pro-inflammatory cytokines is deleterious to neurons, contributing to 

neurodegeneration (Cagnin et al., 2006; Minghetti, 2005) and potentially stifling 

neurogenesis (Green et al., 2012; Keohane et al., 2010; Koo and Duman, 2008; Monje et al., 

2003). Over-expression of IL-6 within the brain is known to reduce proliferation, survival 

and differentiation of new cells (Vallieres et al., 2002), while TNF-α has been found to 

reduce cell proliferation within the granular layer following systemic administration (Seguin 

et al., 2009). A recent study has shown that MB treatment attenuated the expression of pro-

inflammatory cytokines and activated microglia in the hippocampus after TBI (Fenn et al., 

2015). In accordance with these findings, we demonstrated a significant increase of reactive 

gliosis and pro-inflammatory cytokines after PT stroke which was significantly mitigated by 

MB administration. This, in combination with our other results, corroborates our hypothesis 

that the limited capacity for neurogenesis after stroke may be, in part, a result of the 

unfavorable microenvironment presented by neuroinflammation.

Conclusions

In conclusion, the present study demonstrates that MB administered post-stroke can promote 

neurogenesis and improve behavioral outcomes in the rat PT model. We found that MB 

mitigated post-stroke mitochondrial dysfunction and ATP output. Furthermore, we found 

MB treatment decreased reactive gliosis and accompanying release of pro-inflammatory 

factors. We believe that the amelioration of inflammation and improved mitochondrial 

function are responsible for the observed increase in neurogenesis. This, along with its 

proven safety record in the clinic, position MB as a promising therapy for stroke. 

Furthermore, MB should be investigated in the context of other neurodegenerative 

conditions associated with neuroinflammation and mitochondrial dysfunction. This and 

other studies shine a new light on an old drug.
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● Methylene blue ameliorates sensorimotor deficits after photothrombotic 

(PT) stroke.

● Methylene blue stimulates neurogenesis in the peri-infarct region after 

PT stroke.

● Methylene blue reduces neuroinflammation in the peri-infarct region 

after PT stroke.

● Methylene blue treatment promotes mitochondrial activity and ATP 

production.

● Methylene blue treatment reduces infarct volume after PT stroke.
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Fig. 1. Schematic diagram of the experimental design
PT model was induced on day 0, and on days 1 through 5, rats were treated with MB (0.5 

mg/kg, ip). BrdU (50 mg/kg, ip) was injected two times daily on days 2 through 8. 

Behavioral deficits were evaluated on days 1, 7 and 12. Rats were sacrificed on day 12, and 

whole brains were extracted and prepared for further analysis.
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Fig. 2. 
Effect of MB on behavioral deficits in PT stroke rats. A: The cylinder test evaluates a 

rodent's spontaneous forelimb use. Contralateral paw use by PT group animals was 

significantly decreased compared to sham group rats, while treatment with MB reduced this 

deficit. B: Adhesive removal test investigates stimulus-directed movement after PT. Time 

taken to remove adhesive was prolonged in PT group compared to sham group. This effect is 

reversed by administration of MB. C: Grip strength test score is a measure of dexterity while 

hanging from a suspended wire. PT group animals scored significantly lower than sham 

group, while MB treated rats displayed increased motor dexterity, relative to PT. D: On the 

edge beam test, sham group rats were able to travel across the beam easily, whereas PT 

group and MB treated group rats displayed difficulties passing across the beam with paw 

slipping observed. Latency (a) and completion time (b) were both significantly decreased in 

MB post-treated group compared to PT group. Values are expressed as mean ± SE (n=10). 

*P < 0.05 versus sham, #P < 0.05 versus PT group.
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Fig. 3. Effect of MB on neurogenesis in the peri-infarct cerebral cortex on day 12 after PT stroke
BrdU was injected on days 2 through 8. Representative confocal microscopy images of 

BrdU (green), NeuN (red) and DCX (red) showed that treatment with MB increases the 

expression and colocalization of BrdU/NeuN (A) and BrdU/DCX (B) compared to PT 

group. Quantitative analyses of BrdU/NeuN and BrdU/DCX are shown in (C, D). Values are 

expressed as mean ± SE (n=6). Magnification: 40×, scale bar: 50 μm. *P < 0.05 versus 

sham, #P < 0.05 versus PT group.
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Fig. 4. Effect of MB on the expression of BrdU/MAP2 and BrdU/Ki67 in the cortical peri-infarct 
region as seen 12 days after PT stroke
Representative confocal microscopy images of the indicated markers represent that MB 

treatment significantly increases the expression and colocalization of BrdU/MAP2 (A) and 

BrdU/Ki67 (B) in the peri-infarct region cortical region following PT stroke. Quantative 

analyses of BrdU/MAP2 and BrdU/Ki67 are shown in (C, D). Values are expressed as mean 

± SE (n=6). Magnification: 40×, scale bar: 50 μm. *P < 0.05 versus sham, #P < 0.05 versus 

PT group.
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Fig. 5. Effect of MB on reactive gliosis and levels of pro-inflammatory cytokines in the infarct 
cortical region 12 days after PT stroke
Distribution of microglia and astrocytes in the coronal section of peri-infarct region of cortex 

was immunostained with anti-Iba1 and anti-GFAP antibodies, respectively. A: 

Representative confocal microscopy images display the higher expression of GFAP and Iba1 

in the peri-infarct area of cortex in PT group rats. C: The levels of pro-inflammatory 

cytokines, TNF-α, IL-1β and IL-6, were measured by ELISA assay. Note that post-treatment 

with MB significantly decreased the expression of reactive glia and the levels of pro-

inflammatory cytokines. Values are expressed as mean ± SE (n=6). Magnification: 40×, 

scale bar: 50 μm. *P < 0.05 versus sham, #P < 0.05 versus PT group.
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Fig. 6. Effect of MB on mitochondrial cytochrome c oxidase activity and ATP production 12 days 
after PT stroke
Total protein samples from the infarct cortical region were subjected to a mitochondrial 

cytochrome c oxidase activity assay (A) and an ATP assay (B). MB post-treatment 

significantly increases cytochrome c oxidase activity and total ATP level compared to PT 

group. Values are expressed as mean ± SE (n=6). *P < 0.05 versus sham, #P < 0.05 versus 

PT group.
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Fig. 7. Effect of MB on infarct volume in cortical region on day 12 after PT
Cresyl violet staining shows the elevated infarct volume in the in PT group compared to 

sham group. Treatment with MB clearly ameliorates and reduces the infarct volume 

compared to PT group. Values are expressed as mean ± SE (n= 10). Magnification: 4× in left 

lane and 20× in right lane, scale bar: 500 μm. *P < 0.05 versus sham, #P < 0.05 versus PT 

group.
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