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Methylene blue ameliorates brain edema in rats with
experimental ischemic stroke via inhibiting
aquaporin 4 expression
Zhong-fang Shi1,2, Qing Fang1, Ye Chen1, Li-xin Xu1, Min Wu1, Mei Jia1, Yi Lu1, Xiao-xuan Wang1, Yu-jiao Wang1, Xu Yan1,
Li-ping Dong1 and Fang Yuan1,2

Brain edema is a common and serious complication of ischemic stroke with limited effective treatment. We previously reported that
methylene blue (MB) attenuated ischemic brain edema in rats, but the underlying mechanisms remained unknown. Aquaporin 4
(AQP4) in astrocytes plays a key role in brain edema. We also found that extracellular signal-regulated kinase 1/2 (ERK1/2) activation
was involved in the regulation of AQP4 expression in astrocytes. In the present study, we investigated whether AQP4 and ERK1/2
were involved in the protective effect of MB against cerebral edema. Rats were subjected to transient middle cerebral artery
occlusion (tMCAO), MB (3 mg/kg, for 30min) was infused intravenously through the tail vein started immediately after reperfusion
and again at 3 h after ischemia (1.5 mg/kg, for 15min). Brain edema was determined by MRI at 0.5, 2.5, and 48 h after tMCAO. The
decreases of apparent diffusion coefficient (ADC) values on diffusion-weighted MRI indicated cytotoxic brain edema, whereas the
increase of T2 MRI values reflected vasogenic brain edema. We found that MB infusion significantly ameliorated cytotoxic brain
edema at 2.5 and 48 h after tMCAO and decreased vasogenic brain edema at 48 h after tMCAO. In addition, MB infusion blocked the
AQP4 increases and ERK1/2 activation in the cerebral cortex in ischemic penumbra at 48 h after tMCAO. In a cell swelling model
established in cultured rat astrocyte exposed to glutamate (1 mM), we consistently found that MB (10 μM) attenuated cell swelling,
AQP4 increases and ERK1/2 activation. Moreover, the ERK1/2 inhibitor U0126 (10 μM) had the similar effects as MB. These results
demonstrate that MB improves brain edema and astrocyte swelling, which may be mediated by the inhibition of AQP4 expression
via ERK1/2 pathway, suggesting that MB may be a potential choice for the treatment of brain edema.
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INTRODUCTION
Stroke is one of the leading causes of death and disability
worldwide, and ischemic stroke accounts for 85% of all strokes
[1, 2]. Ischemic stroke leads to neurological dysfunction, significant
infarct volume, and serious neuronal damage [3, 4]. Brain edema is a
very serious complication not only of ischemic stroke but also
following treatment with thrombolysis and intracranial thrombect-
omy [5]. Ischemic brain edema mainly includes cytotoxic edema
(oncotic cell swelling) and vasogenic edema. The former occurs
immediately after cerebral ischemia and continues throughout the
whole period of cerebral edema, and the latter occurs following
damage to the brain–blood barrier (BBB) after brain ischemia [1].
Without treatment, brain edema leads to swelling of the cerebral
parenchyma, reduces cerebral blood flow, and increases intracranial
pressure that causes secondary brain damage, such as impaired
vascular perfusion and life-threatening herniation of the brain.
Therefore, improving the severity of brain edema has already
become the main potential therapeutic strategy for the treatment
of cerebral ischemia [6, 7]. Treatment of cerebral edema

might relieve neuronal cell damage, reduce infarct volume, and
improve neurological movement disorders. Thus far, the
approved therapies for the treatment of cerebral edema include
osmotherapy and decompressive craniectomy, which both aim
to improve the downstream effects rather than address the
molecular mechanisms underlying the development of brain edema.
Therefore, the treatment effect is very limited [1]. It is of great
importance to explore new therapeutic measures for brain edema
after stroke.
Recently, the protective effect of methylene blue (MB) has been

demonstrated in ischemic stroke in vitro and in vivo, potentially
due to its capability to act as an alternative mitochondrial electron
carrier [8]. MB is a blue dye synthesized by Heinrich Caro in 1876; it
was initially employed in laboratory and clinical settings in the
1890s [9]. MB is currently used to treat carbon monoxide
poisoning, methemoglobinemia and cyanide poisoning in the
clinic [10, 11]. Due to its energy-enhancing and antioxidant
properties, MB has been studied in ischemia–reperfusion damage
[8], Alzheimer’s disease [12], Parkinson’s disease, and cerebral
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traumatic brain injury [13]. Wen et al. found that MB significantly
reduced the ischemic lesion volume depicted by triphenyl
tetrazolium chloride staining at 24 h after cerebral
ischemia–reperfusion injury [8]. Using magnetic resonance ima-
ging (MRI), Jiang et al. also confirmed that MB treatment reduced
infarct volumes defined by apparent diffusion coefficient (ADC) or
T2-weighted MRI (T2WI) in rat models of ischemic stroke [14].
Recently, we further found that MB not only reduced ADC and
T2WI lesion volume in rats at 48 h after transient middle cerebral
artery occlusion (tMCAO) but also remarkably decreased the
corrected T2WI lesion volume, which referred to brain edema
volume, suggesting that MB improved ischemic brain edema [15].
MRI is now widely used to guide acute stroke treatment in
preclinical and clinical studies [16]. Diffusion-weighted MRI (DWI),
in which image contrast is based on the water ADC, can examine
ischemic injury within a few minutes after the onset of stroke and
was used to evaluate cytotoxic brain edema [17]. T2WI is widely
used to define final infarct volume and delineate vasogenic brain
edema [18–20]. In the current study, to mimic clinical practice, we
performed sequential MRI scans on rats after tMCAO at different
stages and evaluated the effect of MB on cytotoxic and vasogenic
brain edema by detecting the ADC and T2WI values.
Astrocytes are the most abundant cell type in the brain, and

existing studies have confirmed that astrocyte swelling is the main
type of brain edema and a lasting event after ischemic stroke [21].
Aquaporin 4 (AQP4), the major aquaporin in the central nervous
system (CNS), is mainly expressed in astrocytic endfeet and plays a
central role in brain edema [22]. Previous studies showed that
genetic deletion or silencing of AQP4 improves brain edema
following ischemia, while an accelerated progression of cytotoxic
brain edema was observed in AQP4-overexpressing mice [23–26].
In an astrocyte swelling model induced by incubation with
glutamate, which is one of the important factors leading to
ischemic brain edema [27], we demonstrated that inhibition of
AQP4 expression with AQP4 siRNA blocked astrocyte swelling [28].
Both in vivo and in vitro experimental results indicated that AQP4
is the target molecule for brain edema treatment. Accordingly,
we speculated that the protective effect of MB against
brain edema induced by ischemic stroke may be mediated by
inhibition of AQP4 expression. Therefore, in the present study, we
detected the effect of MB on AQP4 expression both in rat brain at
48 h after tMCAO and in cultured astrocytes incubated with
glutamate.
Accumulating evidence has shown that AQP4 is dynamically

regulated by different mechanisms. The extracellular signal-
regulated kinase 1/2 (ERK1/2) signaling pathway is a key signaling
pathway involved in the mechanism of ischemic stroke [29]. p-
ERK1/2 levels reflecting ERK1/2 activity have been shown to
increase in tMCAO models [30, 31]. Our previous study found that
the ERK1/2 signaling pathway was involved in the regulation of
AQP4 expression. Therefore, we intended to explore whether the
ERK1/2 pathway mediates the effect of MB on AQP4 expression to
attenuate brain edema and astrocyte swelling. We examined the
effects of MB on ERK1/2 activation in both the rat tMCAO model
and astrocyte swelling model. Then, the ERK1/2 kinase inhibitor
U0126 was used to investigate whether blocking ERK1/2 activation
can imitate the effect of MB on reducing astrocyte swelling and
AQP4 expression. Our results might provide a basis for the further
application of MB in the treatment of cerebral edema caused by
brain injuries, including ischemia, trauma, and epilepsy.

MATERIALS AND METHODS
Animals
Male neonatal (1 day) and adult (280–320 g) Sprague–Dawley rats
were purchased from the Institute of Laboratory Animal Science,
affiliated with the Chinese Academy of Military Medical Sciences
(Certificate No, SCSK (Beijing) 2012–0004, Beijing, China). Adult

rats were maintained under environmentally controlled conditions
including a 12 h light–dark cycle, a standard diet and water.
All animal studies were carried out in accordance with the

Guidelines for the Care and Use of Laboratory Animals. The animal
experiments were approved by the Animal Care and Use
Committee at Beijing Neurosurgical Institute (No. 201401007).

Transient middle cerebral artery occlusion (tMCAO) of rats and
administration of MB
The tMCAO model was induced by inserting a nylon thread into
the left middle cerebral artery in rats for 1 h followed by 47 h of
reperfusion, as previously described [15]. Rats were randomly
divided into three groups: (1) a sham surgery group (Sham group,
n= 12), (2) a tMCAO with vehicle treatment group (tMCAO group,
n= 16), and (3) an MB treatment group (tMCAO+MB group, n=
15). Two rats from the tMCAO group and two from the tMCAO+
MB group prematurely died from subarachnoid hemorrhage and
were excluded from further analysis. The mortality rate of rats in
our experiment was ~10%.
For MB (Sigma Aldrich, St. Louis, MO, USA) treatment, MB

(3mg/kg, 4mL·kg−1·h−1, ~30min) was infused intravenously
through the tail vein starting immediately after reperfusion and
again at 3 h after ischemia (1.5mg/kg, 4mL·kg−1·h−1, ~15min). An
equivalent volume of 0.9% saline was infused intravenously for the
tMCAO with vehicle treatment group. We performed MRI and
histological and molecular biology examinations at the indicated
time points according to the experimental design shown in Fig. 1a.
Following ischemic stroke, there is usually an ischemic core and

a surrounding area, defined as the ischemic penumbra, which has
reduced cerebral blood flow but preserved energy metabolism
[32]. The ischemic penumbra has been broadly defined as an area
of severely hypoperfused but potentially rescuable tissue around
the ischemic core and is regarded as a target for the current
neuroprotective intervention [33]. In our study, brain tissues from
the ischemic penumbra in tMCAO rats and the corresponding
regions in sham rats were harvested for further experiments. As
described previously [15, 34], a 2 mm section was cut 5 mm from
the anterior tip of the frontal lobe. A longitudinal cut was made
from top to bottom ~2mm from the midline through the ischemic
hemisphere of this section. Then, a transverse diagonal cut was
made at approximately the “1 o′clock” position to separate the
core from the penumbra in the adjacent cortex.

Magnetic resonance imaging (MRI)
In our experiment, MRI was performed in rats as previously
described [15, 35]. The same rat was imaged at 0.5, 2.5, and 48 h
after tMCAO in both the tMCAO group (n= 8) and tMCAO+MB
group (n= 7) on a 7.0 T scanner (Bio Spec, Bruker, Bremerhaven,
Germany) with a four-channel phase array rat head coil. DWI was
obtained by a spin echo echo-planar-imaging sequence, and the
parameters used were as follows: field of view (FOV)= 4 cm ×
4 cm, slice thickness (THK)= 1mm, matrix= 128 × 108, echo time
(TE)= 35ms, repetition time (TR)= 4500ms, number of averages
(NA)= 1, and b values= 0, 1000 s/mm2. Quantitative maps
of the ADC were detected according to two different b values
(0, 1000 s/mm2). OsiriX software was used to compute and
calculate ADC maps. T2-weighted turbo-spin echo images (T2WI)
were obtained using a fast spin echo sequence, and the detailed
parameters were as follows: FOV= 4 cm × 4 cm, THK= 1mm,
matrix= 320 × 240, TE= 37ms, TR= 3140ms, and NA= 1.
To explore the effect of MB on brain edema at 0.5, 2.5, and 48 h

after tMCAO, we calculated the relative signal intensity of ADC
(ipsilateral/contralateral) (rADC) to represent cytotoxic brain
edema and the relative signal intensity of T2WI (ipsilateral/
contralateral) (rT2WI) to reflect vasogenic brain edema. First, the
area of hypointense pixels in ADC or that of hyperintense pixels in
T2WI was defined as the region of interest (ROI). Then, the ROIs on
each of the lesion-containing slices in the ipsilateral hemisphere
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and the corresponding region in the contralateral hemisphere
were delineated by two researchers who were blinded to the
experimental groups. The signal intensities of ROIs were analyzed
using imaging software (IMAGE, version 4.03; National Institutes of
Health, Bethesda, MD, USA) on ADC maps and T2WI. According to
previously described equations [36], the rADC was calculated as
the ratio of ipsilateral ADC signal intensity to contralateral ADC
signal intensity. Similarly, the rT2WI was the ratio of ipsilateral to
contralateral T2WI signal intensity. Finally, the ratio of each rat was
averaged from all slices calculated in one rat.

Hematoxylin–eosin staining and immunohistochemistry of rat
brain
For morphological assays, rats that underwent 1 h of ischemia
followed by 47 h of reperfusion were transcardially perfused with
4% paraformaldehyde. Brain tissue sections, ~4 mm thick, from
the cerebral cortex in the ischemic penumbra were fixed in 4%
paraformaldehyde for 1 day at 4 °C, embedded in paraffin and
then sliced into 4 μm sections.
H&E staining was conducted to evaluate the histological injury.

Immunohistochemistry staining for albumin was carried out to
detect the permeability of the BBB [37]. Moreover, immunohis-
tochemistry staining was used to examine the expression of glial
fibrillary acidic protein (GFAP, DAKO, Glostrup, Denmark) and
AQP4 (Abcam, Cambridge, MA, USA). The sections used for
immunohistochemistry staining were prepared as previously
described. The primary antibodies used were rabbit anti-rat
albumin (1:400, Abcam), rabbit anti-rat GFAP (1:2000), and rabbit
anti-rat AQP4 (1:2000). The antigen–antibody complexes were
detected by an EnVisionTM Detection Kit (DAKO). Negative controls
were made by omitting primary antibodies. Images were acquired
with a microscope (Carl Zeiss, Oberkochen, Germany).

Astrocyte swelling and treatment with methylene blue or U0126
A cell swelling model induced by glutamate treatment of cultured
astrocytes was used to evaluate the effect of MB on astrocyte
swelling in vitro. According to our published method [38], primary
cultured astrocytes were prepared from cerebral cortices of 1-day-
old Sprague–Dawley rats and incubated in MEM (Gibco, Grand
Island, NY, USA) supplemented with 10% FBS and maintained at
37 °C in a 5% CO2 incubator. When the astrocytes were 80%–90%
confluent on the 10th day of primary culture, subculture was carried
out to obtain more astrocytes. Secondary cultured astrocytes were
used in this experiment. The purity of the cultured astrocytes was
detected by GFAP immunofluorescence staining. Cell swelling of
cultured astrocytes was induced by exposure to 1mM glutamate for
48 h as previously described [28]. Then, the cell perimeter, AQP4
expression level and ERK1/2 activation were measured. In some
experiments, MB at different concentrations (0, 0.1, 1, and 10 μM)
was applied together with glutamate administration. Only the MEM
was replaced in the control group.
To detect the effect of ERK1/2 activation on AQP4 levels in

astrocytes, the ERK1/2 kinase inhibitor U0126 (Biomol, Hamburg,
Germany) was used in the culture medium combined with
glutamate and/or MB. U0126 was dissolved in dimethyl sulfoxide
(DMSO), and a final concentration of 10 μM U0126 was used in the
culture medium. The controls were treated with DMSO (0.2%). In
the cell swelling model, in which cultured rat astrocytes were
incubated with 1 mM glutamate for 48 h, reverse transcription
quantitative real-time polymerase chain reaction (qRT-PCR) and
Western blot experiments were performed three times with three
samples for each experimental condition in three independent cell
culture experiments.

Immunocytochemistry of cultured astrocytes and measurements
of cell perimeters
According to our previous description [28], cultured rat astrocytes
were fixed in acetone for 10–15min. Cells were blocked with 10%

goat serum for 20min and then incubated with rabbit polyclonal
antibodies against GFAP (1:50) at 4 °C overnight. Subsequently, Alexa
Fluor 488 IgG secondary antibody (1:200, Life Technologies, Carlsbad,
CA, USA) was applied at room temperature (RT) for 1 h. Images were
acquired under an inverted fluorescence microscope. The negative
control was treated with PBS instead of the primary antibody.
The cell perimeter was measured to represent astrocyte volume

according to our previous report [28]. After the cultured astrocytes
were stained for GFAP, the cell perimeter was calculated by
immunofluorescence using the Image-Pro Plus software package
(Media Cybernetics, Rockville, MD, USA). Ten cells in each field under
high magnification (×200) were randomly selected. Three fields in
three wells were measured in every group, and the average values
of nine fields were calculated as the cell perimeter of each group.

Reverse transcription quantitative real-time polymerase chain
reaction (qRT-PCR)
The expression levels of AQP4 mRNA were measured by qRT-PCR.
Total RNA from the brain tissue of the ischemic penumbra or
cultured astrocytes were isolated using a Total RNA Extraction Kit
(Promega, Madison, WI, USA). cDNA was generated from 1 μg of
total RNA using a Reverse Transcription System (Promega). cDNA
levels in all samples, including the housekeeping gene β-actin, were
analyzed by PCR using a LightCycler 480 (Roche, Basel, Switzerland).
The following primer sequences were used in this experiment: AQP4
forward: 5′-TGAATCCAGCTCGATCCTTTG-3′; reverse: 5′-TATC-
CAGTGGTTTTCCCAGTTTC-3′; β-actin (internal standard) forward: 5′-
CGTTGACATCCGTAAAGACC-3′; reverse: 5′-CTAGGAGCCAGAGCAG-
TAATC-3′. The samples were treated at 95 °C for 10min followed by
40 cycles at 95 °C for 15 s, 58 °C for 30 s, and 72 °C for 30 s and a final
extension at 72 °C for 10min. The specificity of the measured signal
was identified as a single peak in the melting curve. β-Actin was
used as the internal control. The 2−ΔΔCt method was used for
quantification. The results are shown as the AQP4/β-actin ratio.

Western blotting
AQP4 protein expression and ERK1/2 activation were detected by
Western blot as previously described [38]. The ischemic penumbra
of cortical regions in tMCAO rats and the corresponding cortical
regions in sham rats were used. The brain tissue and cultured
astrocytes were lysed in cell lysis buffer supplemented with
phosphatase and protease inhibitor on ice using an ultrasonic
instrument (Branson, Danbury, Conn, USA). The concentrations of
extracted protein were estimated using a BCA protein assay kit.
Samples containing approximately 30 μg of protein were sepa-
rated on 10% SDS-PAGE gels and then transferred to 0.45 μm
PVDF membranes. After blocking with 5% nonfat milk in Tris-saline
buffer for 2 h at RT, the membranes were incubated with primary
antibodies, including AQP4 (1:500), p-ERK1/2 and ERK1/2 (1:1000,
Cell Signaling Technology, Danvers, MA, USA), at 4 °C overnight.
Subsequently, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies at RT for 1 h. β-actin
(1:5000, Sigma Aldrich) was used as a control. An enhanced
chemiluminescence reagent kit (Applygen Technologies, Beijing,
China) was used to detect the specific bands, which were
quantified with a ChemiDocMP (Bio-Rad, Hercules, CA, USA).
The levels of AQP4 protein expression were normalized to β-actin.
The p-ERK1/2 levels were normalized to total ERK1/2.

Statistical analysis
Statistical analysis was carried out using SPSS 11.5 for Windows
(SPSS Inc., Chicago, IL, USA). Data are presented as the mean ± SD.
Student’s t test was used to compare the rADC or rT2WI between
the tMCAO group and tMCAO+MB group at each time point in
the MRI experiment. One-way repeated measures ANOVA
followed by post hoc Tukey’s test was used to compare the rADC
or rT2WI at 0.5, 2.5, and 48 h after tMCAO in the tMCAO group or
tMCAO+MB group. One-way ANOVA followed by post hoc Tukey’s
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test was used to statistically analyze the cell perimeter, ERK1/2
activation, and AQP4 protein and mRNA expression data. A value
of P < 0.05 was considered statistically significant.

RESULTS
MRI revealed that MB attenuated cytotoxicity and vasogenic brain
edema in rats after tMCAO
The lower values of the rADC (the ipsilateral/contralateral ratio)
indicated more diffusion of water in the intercellular space,
namely, more serious cytotoxic brain edema [39].

In the current study, the rADC was decreased at 0.5 h (0.748 ±
0.009), 2.5 h (0.833 ± 0.040), and 48 h (0.772 ± 0.026) after tMCAO
in rats, with a higher rADC at 2.5 h after tMCAO, indicating that
tMCAO induced rapid cytotoxic brain edema in rats that lasted for
48 h, and the most serious cytotoxic brain edema occurred at 0.5 h
after tMCAO.
After treatment with MB, the rADC in the MB group was 0.753 ±

0.013 at 0.5 h, 0.9138 ± 0.018 at 2.5 h, and 0.8161 ± 0.011 at 48 h
after tMCAO. Compared with the tMCAO group, the MB-treated
group showed no difference in rADC at 0.5 h, but a higher rADC
was found at 2.5 and 48 h (P < 0.05, Fig. 1b), suggesting that MB

Fig. 1 Methylene blue (MB) ameliorated cerebral edema in rats after ischemia for 1 h followed by 47 h of reperfusion. a Schematic
drawing of the experimental design in rats. MCAO middle cerebral artery occlusion, MB methylene blue, Rep reperfusion, MRI magnetic
resonance imaging, H&E hematoxylin–eosin staining, IHC immunohistochemistry, WB Western blotting, qRT-PCR quantitative reverse
transcription polymerase chain reaction. b, c Apparent diffusion coefficient (ADC) and T2-weighted imaging (T2WI) images at 0.5, 2.5, and 48 h
after tMCAO for tMCAO and tMCAO+MB rats; the left side is the ipsilateral side of the injury. The area of the dotted red or blue line is the
range of brain edema after tMCAO in rats. n= 8 for tMCAO rats, n= 7 for tMCAO+MB rats. Values are the mean ± SD. *P < 0.05 vs. the tMCAO+
MB group. #P < 0.05 vs. the 0.5 h group
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attenuated the cytotoxic brain edema at 2.5 and 48 h after
cerebral ischemia–reperfusion injury.
As local T2WI maps provide a quantitative evaluation of

vasogenic brain edema severity [39], we utilized T2 imaging to
determine the effect of MB on vasogenic brain edema in
tMCAO rats.
The T2WI results showed that no difference was found between

0.5 and 2.5 h after cerebral ischemia–reperfusion injury in the
tMCAO group (1.083 ± 0.037 and 1.122 ± 0.058, respectively), but
the values of T2WI were significantly higher at 48 h after tMCAO
(1.595 ± 0.028) than at 0.5 and 2.5 h after tMCAO, indicating that
serious vasogenic brain edema occurred 48 h after tMCAO.
When MB was administered, T2WI did not reveal any differences

between the tMCAO and MB groups at 0.5 h (1.083 ± 0.037,
1.100 ± 0.048, respectively) or 2.5 h (1.122 ± 0.058, 1.166 ± 0.044,

respectively) after tMCAO. However, the value of T2WI at 48 h after
tMCAO in the MB group (1.482 ± 0.045) was remarkably lower than
that in the tMCAO (1.595 ± 0.028) group (P < 0.05, Fig. 1c),
suggesting that MB attenuated vasogenic brain edema at 48 h
after tMCAO.

MB blocked the increases in AQP4 expression in rats after tMCAO
In the rat model of tMCAO, H&E staining was used to visualize the
changes in brain tissue structure after cerebral
ischemia–reperfusion injury, which manifested as loose tissue
structure, increased perivascular space, nuclear pyknosis and
necrosis, and MB treatment attenuated these pathological
changes (Fig. 2a). Immunohistochemical staining of albumin
showed that the massive extravasation of albumin in the tMCAO
group was decreased in the MB treatment group, indicating that

Fig. 2 Methylene blue (MB) inhibited the increases in aquaporin 4 (AQP4), glial fibrillary acidic protein (GFAP), and albumin induced by
transient middle cerebral artery occlusion (tMCAO) in rats. a H&E staining of the cerebral cortex in the ischemic penumbra and
immunohistochemical staining of albumin, GFAP and AQP4. Scale bars: 50 μm. Arrows indicate AQP4 expression around blood vessels. b, c
AQP4 mRNA and protein were detected by qRT-PCR and Western blot. The data are presented as the mean ± SD (n= 6 for each group), *P <
0.05 vs. ipsilateral injury in the sham group. #P < 0.05 vs. ipsilateral injury in the tMCAO group. &P < 0.05 vs. contralateral injury in the
tMCAO group
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MB alleviated the disruption of the BBB to improve vasogenic
brain edema (Fig. 2a).
Immunohistochemistry staining of GFAP, a marker of astrocytes,

showed that the number of GFAP-positive astrocytes and the
intensity of GFAP labeling were much greater in the tMCAO group
than in the sham group but were decreased after MB treatment
(Fig. 2a). Similarly, AQP4 expression, localized in astrocytes,
increased in the ischemic penumbra at 48 h in tMCAO group
compared with the sham group and was decreased in rats after
treatment with MB; we also found that AQP4 is normally
expressed in a highly polarized pattern, especially in endfeet
around blood vessels, and the change in polarity distribution of
AQP4 after cerebral ischemia–reperfusion injury and MB treatment
attenuated the polarity distribution change (Fig. 2a).
qRT-PCR further revealed that the expression of AQP4 mRNA in

the tMCAO group was significantly increased compared with that
in the sham group, while MB blocked the increases in AQP4 after
cerebral ischemia–reperfusion injury (Fig. 2b). Furthermore,
Western blot results showed that the AQP4 protein in the tMCAO
group was also remarkably elevated compared with that in the
sham group and was decreased in the MB treatment group
(Fig. 2c). Collectively, these results indicated that MB blocked the
increases in AQP4 mRNA and protein levels in rats
following tMCAO.

MB blocked the astrocyte swelling and AQP4 expression increase
induced by glutamate in vitro
We subsequently examined the effect of MB on astrocyte swelling
in a cell swelling model by using the cell perimeter to represent
astrocyte volume. Cell perimeter measurements showed that, as in
our previous report, cell swelling was induced in cultured rat
astrocytes by exposure to 1 mM glutamate for 48 h; 0.1, 1, and 10
μM MB in media alone had no effect on the cell perimeter of
astrocytes, but 10 μM MB significantly inhibited the astrocyte
swelling induced by 1mM glutamate (P < 0.05, Fig. 3a, b).
The qRT-PCR results showed that 1 mM glutamate significantly

increased AQP4 expression. Although MB at 0.1, 1, and 10 μM did
not change AQP4 expression in cultured rat astrocytes, MB at 10
μM significantly blocked the increase in AQP4 expression induced
by incubation with glutamate for 48 h (P < 0.05, Fig. 3c). Western
blot analysis also confirmed that AQP4 expression was increased
in cultured astrocytes incubated with 1 mM glutamate for 48 h
(P < 0.05). Furthermore, 0.1, 1, and 10 μM MB had no effect on
AQP4 expression under normal culture conditions, but MB at 10
μM had a remarkable antagonistic effect on the elevated AQP4
expression in the cell swelling model (P < 0.05, Fig. 3d). These
results indicated that MB blocked astrocyte swelling and AQP4
expression increase in the cell swelling model.

MB inhibited the activation of ERK1/2 in tMCAO rats and the cell
swelling model
To identify the possibility of MB downregulating AQP4 through
the ERK1/2 signaling pathway to reduce brain edema and
astrocyte swelling, we first examined the effect of MB on ERK1/2
activation after brain edema caused by cerebral ischemia-
reperfusion injury in vivo and in an astrocyte swelling model.
Western blot results showed a significant increase in p-ERK1/2
expression in tMCAO rats, while MB inhibited activation of the
ERK1/2 signaling pathway in rats in the tMCAO+MB group (P <
0.05, Fig. 4a).
In cultured astrocytes, p-ERK1/2 expression was increased after

incubation with glutamate (P < 0.05). No differences in p-ERK1/2
expression in astrocytes were found after pretreatment with 0.1, 1,
or 10 μM MB. When coincubated with glutamate, 10 μM MB
significantly blocked the ERK1/2 activation induced by glutamate
(P < 0.05), while 0.1 and 1 μM MB had no effects (Fig. 4b). These
results showed that the ERK1/2 signaling pathway was activated
during brain edema and astrocyte swelling and that MB inhibited

ERK1/2 activation by the same mechanism through which it exerts
its effects on brain edema/astrocyte swelling and AQP4
expression.

The ERK1/2 inhibitor U0126 mimicked the effects of MB on
astrocyte swelling and AQP4 expression in vitro
Next, the ERK1/2 inhibitor U0126 was used to evaluate the role of
ERK1/2 activation in the protective effect of MB against astrocyte
swelling. Western blot analysis showed that no difference in p-
ERK1/2 expression levels was found between the control
astrocytes and the astrocytes pretreated with U0126. Compared
with that in the control group, p-ERK1/2 expression was increased
after incubation with glutamate (P < 0.05), which was antagonized
by either U0126 or MB treatment (P < 0.05), and U0126 had a
stronger inhibitory effect than MB. Moreover, p-ERK1/2 expression
was further decreased when combined treatment with MB and
U0126 was applied (P < 0.05, Fig. 5a), indicating that U0126 and
MB have a synergistic effect of reducing p-ERK1/2 activation
induced by glutamate in cultured astrocytes.
Quantitative analysis of the cell perimeter showed that U0126

had no effect in the control group but blocked glutamate-induced
astrocyte swelling. In addition, MB pretreatment alone blocked
astrocyte swelling induced by glutamate (P < 0.05), but combina-
tion treatment with MB and U0126 did not have a stronger effect
(Fig. 5b, c), indicating that U0126 had the same potency as MB in
ameliorating astrocyte swelling in cultured rat astrocytes.
Furthermore, U0126 had no effect on AQP4 expression in

cultured astrocytes, as determined by qRT-PCR and Western blot,
but it blocked the AQP4 increases induced by glutamate (P < 0.05).
Combined treatment with MB and U0126 had no synergistic effect
on AQP4 expression (Fig. 5d, e), indicating that MB and U0126
may have a common pathway for the inhibition of astrocyte
swelling and AQP4 expression increases.

DISCUSSION
Brain edema is a serious complication of ischemic stroke, which is
a complex and devastating neurological disease with limited
treatment options. In the present study, we demonstrated that MB
attenuated cytotoxic and vasogenic brain edema in rats after
tMCAO, as evidenced by the increased rADC value and the
decreased rT2WI value. In addition, the effect of MB against
glutamate-induced cell swelling was observed in primary astro-
cyte cultures. Furthermore, we found that MB inhibited AQP4
expression and activation of ERK1/2 both in the rat tMCAO model
and the astrocyte swelling model. Similarly, the ERK1/2 inhibitor
U0126 reversed astrocyte swelling and AQP4 expression increases
induced by glutamate. Taken together, our findings indicated that
MB could ameliorate brain edema and astrocyte swelling,
potentially through the inhibition of AQP4 expression via the
ERK1/2 signaling pathway.
A previous study reported that MRI was a more sensitive

measurement for detecting brain edema. Brian edema is one of
the most serious complications of ischemic stroke and is classified
into two major types based on its underlying mechanism and time
course: cytotoxic and vasogenic. Cytotoxic brain edema usually
takes place within minutes after ischemic stroke onset [25] and is
mainly presented as astrocyte swelling [40]. The progression from
cytotoxic to vasogenic edema occurred within 2–3 days because
subsequent prolonged periods of ischemic stroke can prompt the
breakdown of the BBB [41]. The cytotoxic and vasogenic forms of
brain edema coexist in the late stage of ischemic stroke.
Loubinoux et al. reported that reduced ADC values reflect

cytotoxic brain edema, whereas increased T2WI values correlate
with the development of vasogenic edema [39]. Our current study
found that transient cerebral ischemia decreased rADC at 0.5, 2.5,
and 48 h and increased rT2WI at 48 h, consistent with the report of
He et al. [42]. Importantly, we illustrated that MB alleviated the
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decrease in rADC at 2.5 and 48 h and attenuated the increase in
rT2WI at 48 h after tMCAO. These results suggested that MB might
play a crucial role in the protection against not only cytotoxic
brain edema but also vasogenic brain edema. Interestingly, our
previous study did not find an effect of MB on ADC-defined
ischemic lesions at 2.5 h after tMCAO [15]. The MRI findings of the
present study indicated that alterations of rADC are more sensitive
than ADC-defined infarct volume during cerebral ischemia-
reperfusion injury. The effect of MB against brain edema was
further verified in an astrocyte swelling model in which MB
inhibited the astrocyte swelling induced by glutamate in astrocyte
cultures. These results were consistent with our previous

transmission electron microscopy study showing that MB remark-
ably reduced astrocyte swelling after tMCAO in rats [15].
AQP4 is the principal water channel protein mainly expressed in

astrocytes throughout the CNS. Many studies have demonstrated
that AQP4 participates in the formation and resolution of cytotoxic
brain edema and vasogenic brain edema [43, 44]. Studies have
found that the ADC value was negatively correlated with AQP4
expression [45, 46], indicating that AQP4 is involved in brain
edema. Existing research shows that the water permeability of
AQP4 is increased within a short time of cell swelling [47, 48] and
that the change in AQP4 protein and mRNA expression mainly
occurs several hours after the onset of cell swelling. In the present

Fig. 3 Methylene blue (MB) attenuated cell swelling and elevated AQP4 expression in cultured astrocytes. a Immunofluorescence
staining of GFAP (shown in green); scale bar shows 200 μm. b Quantitative analysis of the imaging data of GFAP immunofluorescence staining
(b). c, d AQP4 mRNA and protein were detected by qRT-PCR and Western blot. The data are presented as the mean ± SD (n= 9 for each
group), *P < 0.05 vs. the control group (without glutamate and MB), #P < 0.05 vs. the glutamate group (1mM glutamate and 0mM MB)
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study, increased AQP4 was detected both in the tMCAO rat model
and astrocyte swelling model, providing direct evidence that
AQP4 participated in ischemic brain edema and astrocyte swelling.
Accumulating evidence has indicated that increased AQP4 in
astrocytes mediates not only cytotoxic brain edema but also
vasogenic brain edema [49]. Research evidence has indicated that
increased AQP4 not only is associated with brain edema but also
reflected the elevated permeability of the BBB [50]. In the current
study, we found that cerebral ischemia–reperfusion causes the
leakage of albumin concurrent with increases in AQP4 expression
and that the blockage of increased AQP4 by MB not only reduced
astrocyte swelling but also attenuated BBB damage. In accordance
with our results, Miclescu et al. showed that MB played an
important role in the neuroprotective effect against brain damage
related to cerebral ischemia–reperfusion injury and ameliorated
BBB disruption [51]. We found that MB blocked AQP4 increases
and alleviated the decrease in rADC and increase in rT2WI in the
tMCAO rat model, suggesting a protective effect of MB against
cytotoxic and vasogenic brain edema induced by ischemic stroke
and that MB improved brain edema by inhibiting AQP4
expression. Therefore, we proposed that MB may provide a new
choice for the treatment of brain ischemic edema.
We further explored the signaling pathway that mediated the

effect of MB on the alleviation of brain edema and inhibition of
AQP4 expression. Several studies have suggested that ERK1/2
activation is involved in the regulation of AQP4 expression in
astrocytes under pathophysiological conditions. Qi et al. reported
that activation of the ERK1/2 and p38 MAPK pathways upregu-
lated AQP4, which led to oxygen–glucose deprivation/reperfusion-
induced injury [52]. Nito et al. showed that ERK1/2 mediated AQP4
expression in MCAO rats and rat cortical astrocytes exposed to
OGD [53]. In the present study, we also found the activation of
ERK1/2 both in the tMCAO rat model and cell swelling model. We
further found that MB treatment blocked ERK1/2 activation and
inhibited the increase in AQP4 expression. Moreover, in astrocyte
cultures, we found that U0126, an ERK1/2 pathway inhibitor,
blocked ERK1/2 activation as well as astrocyte swelling and AQP4

increases induced by glutamate. No synergistic effects of U0126
and MB on astrocyte swelling and AQP4 expression were
observed, indicating that the effect of MB on astrocyte swelling
and AQP4 expression was likely mediated by ERK1/2 signaling.
Prior studies have shown that the inhibition of ERK1/2 activation
improved the neurological outcome following focal cerebral
ischemia [54]. Activation of ERK1/2 after cerebral ischemia is
involved in dysregulation of the intracellular Ca2+ concentration,
inflammation, oxidative stress, and cell death [55–57]. Our results
suggested that the ERK1/2 signaling pathway may also participate
in brain edema/astrocyte swelling and AQP4 regulation after brain
ischemia and that MB may attenuate ischemic brain edema and
astrocyte swelling by inhibiting ERK1/2 activation.
MB has already been used in some clinical treatments. Recent

research has also shown that MB can pass through the BBB and
reach the brain, where the concentration of MB is 10 times higher
than that in normal circulation in rats, indicating its potential use
in CNS diseases [58]. Furthermore, there are no side effects with
long-term use of an equivalent dose of MB in humans, pointing to
the possibility of future clinical treatment. In the current study, we
found that MB attenuated brain edema at 2.5 and 48 h after
cerebral ischemia–reperfusion injury in rats. Given that such a
rapid application of MB to patients with ischemic stroke in the
clinic is unlikely, further research on the therapeutic time window
of MB for cerebral edema is required. In addition, future studies
are also needed to establish the optimal drug delivery method
and the MB administration treatment duration, frequency and/or
dose. The therapeutic efficacy of MB for brain edema should also
be evaluated in other animal models. Existing studies have shown
that MB, as an alternative to the mitochondrial electron transport
chain, may participate in neuroprotection by improving energy
metabolism. Dysfunction of energy metabolism is an important
mechanism of brain edema [59]. Much research suggests that MB
increases ATP content in stroke models [11, 60]. Whether MB can
reduce brain edema induced by ischemic stroke by improving
energy metabolism is worth further study. Potential interactions
between AQP4 and Na/K-ATPase have been indicated. Ouabain, a

Fig. 4 Methylene blue (MB) inhibited the elevated ERK1/2 expression after tMCAO and astrocyte swelling. a p-ERK1/2 levels were detected
by Western blot at 48 h after tMCAO and MB treatment. n= 6. The data are presented as the mean ± SD, *P < 0.05 vs. ipsilateral injury in the
sham group. #P < 0.05 vs. ipsilateral injury in the tMCAO group. b Activation of p-ERK1/2 was determined by Western blot after incubation
with/without glutamate and MB in cultured astrocytes. The data are presented as the ratios of p-ERK/ERK (mean ± SD, n= 9 for each group),
*P < 0.05 vs. the control group (without glutamate and MB), #P < 0.05 vs. the glutamate group (1 mM glutamate and 0mM MB)
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Na/K-ATPase inhibitor, was reported to be involved in ammonia-
induced astrocyte swelling by activation of the ERK1/2 signaling
pathway [61]. Further studies are needed to explore the role of Na/
K-ATPase in the MB-mediated effect on AQP4 against
brain edema.

In summary, the current study demonstrated that MB could
reduce cytotoxic brain edema and vasogenic cerebral edema after
tMCAO and ameliorate astrocyte swelling induced by glutamate in
cultured astrocytes. The mechanism of the effect of MB on
cerebral edema might be mediated by suppression of AQP4

Fig. 5 The ERK1/2 inhibitor U0126 mimicked the effects of methylene blue (MB) to attenuate astrocyte swelling and block the AQP4
increase induced by glutamate. a p-ERK1/2 expression was observed by Western blot. b Immunofluorescence staining of GFAP (shown in
green). The scale bar represents 50 μm. c Quantitative analysis of the imaging data of GFAP immunofluorescence staining (b). d, e AQP4 mRNA
and protein levels were detected by qRT-PCR and Western blot, respectively. β-actin was used as a loading control. The data are presented as
the mean ± SD (n= 9 for each group), *P < 0.05 vs. the control (c) group, #P < 0.05 vs. the glutamate (Glu) group, &P < 0.05 vs. the Glu+
MB group
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overexpression through inhibition of the ERK1/2 signaling path-
way. These results suggested that MB might provide a new choice
for the treatment of cerebral edema caused by brain ischemia.
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