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1  | INTRODUC TION

Ischaemic encephalopathy has the second highest fatality rate 
worldwide, according to a recent study.1 At present, the most ef-
ficient therapy for ischaemic encephalopathy is to restore blood 

supply as quickly as possible.2 However, blood recanalization may 
worsen brain damage and neurologic deficits. The phenomenon of 
aggravated function and structure of ischaemic brain tissue follow-
ing blood reperfusion is called brain I/R injury.3 The mechanism of 
brain I/R injury involves numerous complex biological processes 
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Abstract
The mechanisms of brain protection during ischaemic reperfusion injury induced 
by isoflurane (ISO) post- conditioning are unclear. Myocyte enhancement factor 2 
(MEF2D) has been shown to promote neural survival in a variety of models, in which 
multiple survival and death signals converge on MEF2D and modulate its activity. 
Here, we investigated the effect of MEF2D on the neuroprotective effects of ISO 
post- conditioning on rats after cerebral ischaemia/reperfusion (I/R) injury. Rats un-
derwent middle cerebral artery occlusion (MCAO) surgery with ischaemia for 90 min-
utes and reperfusion for 24- 48 hours. After MCAO, neurological status was assessed 
at 12, 24 and 48 hours by the Modified Neurological Severity Score (mNSS) test. The 
passive avoidance test (PAT) was used to assess cognition function. Histological and 
neuropathological evaluations were performed with HE staining and Nissl's staining, 
respectively. We measured the expression of MEF2D, ERK5, GFAP and caspase- 3 by 
immunofluorescent staining and Western blotting, and TUNEL staining to assess the 
severity of apoptosis in hippocampal CA1 area. We found that MEF2D was involved 
in nerve protection after I/R injury, and post- treatment of ISO significantly promoted 
the phosphorylation of ERK5, increased MEF2D transcriptional activity, inhibited the 
expression of caspase- 3 and played a role of brain protection.
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and signalling pathways,4,5 including apoptosis.6,7 Thus, it is im-
portant to illuminate the mechanisms of apoptosis and find effi-
cient pharmacotherapies targeting the apoptotic process in brain 
I/R injury.

In the mammalian nervous system, the regulation of transcrip-
tion factor activity is a key determinant of neuronal differentiation, 
survival and death.8 Activation of upstream signalling molecules 
to regulate transcription factors has become a particular research 
focus.9 MEF2s, originally identified as a nuclear factor in myogenic 
cells, have four different isoforms (MEF2A- D).10 One of these family 
members, MEF2D, is mainly expressed in the cerebellum and hip-
pocampus throughout the developing and adult brain.11 Numerous 
animal and human clinical experiments have suggested that the in-
hibition of MEF2D transcriptional activity can promote neuronal 
apoptosis. In the substantia nigra pars compacta (SNc) under stress 
conditions, MEF2D promotes dopaminergic (DA) neuronal sur-
vival.12 Although the role of MEF2D in neuronals has been studied, 
its role and regulatory mechanistic properties in the model of brain 
I/R injury are still unknown.

The concept of anaesthetic post- conditioning is interesting in 
which its effects occur at critical moments at the start of brain I/R 
injury, and the activation of these neuroprotective mechanisms may 
outweigh the mechanisms that lead to I/R injury.13 Isoflurane (ISO) 
is an older inhaled anaesthetic drug frequently used in clinics.14 The 
mechanisms of its neuroprotective effect and ability to induce post- 
conditioning are mainly related to the formation of reactive oxygen 
species, activation of cellular signalling pathways, and have an influ-
ence on mitochondria. Based on our previous studies, we showed 
that ISO post- treatment plays a beneficial role in resisting brain I/R 
injury through the TGF- β/Smad- MAPK signalling pathway.15,16

Despite the demonstrated protective effects of ISO, studies on 
ISO post- conditioning activation signalling pathways are limited and 
deserve further study. One possible mechanism may be through the 
activation of extracellular signal- regulated kinase 5 (ERK5). ERK5 
is a crucial part of mitogen- activated protein kinase (MAPK) family, 
which is regulated by a variety of mitogens and cell stress, and is 
participated in cell differentiation. Recent studies have shown that 
ERK5 is an important factor in cell survival.3 For example, Bickler 
et al have shown that ISO preconditioning increased intracellular 
p- ERK5 expression by also increasing intracellular Ca2 + concentra-
tion temporarily, playing a crucial role in reducing neuronal death 
in oxygen- glucose deprivation (OGD) models.17 The c- terminal of 
ERK5 includes a transcriptional activation domain (aa 664- 789) and 
a MEF2 interaction region (aa 440- 501), which is critical for syner-
gistic activation of MEF2.18 Studies have also shown that MEF2D is a 
specific substrate for ERK519; additionally, expression and activation 
of MEF2D depends on the ERK5 mitogen- activated protein (MAP) 
kinase.19 All of these provide the theoretical basis for the important 
role of ERK5/MEF2D signalling pathway in ISO post- treatment of 
I/R injury.

In this study, we first sought to determine the neuroprotective 
effects of MEF2D in the model of I/R injury in rats. We further inves-
tigated the neuroprotective role of ISO in promoting transcriptional 

activity of its downstream transcription factor MEF2D by activating 
ERK5.

2  | MATERIAL S AND METHODS

2.1 | Animals

Experiments were performed on 6-  to 8- week- old male adult 
Sprague- Dawley (SD) rats (220- 300g), as supplied by the labora-
tory animal centre of Shihezi University. Then, rats were divided into 
9 groups randomly (n = 15- 20 each group): (1) Sham group, (2) I/R 
group, (3) shMEF2D + IR group , (4) shScr + IR group , (5)IR + ISO 
group, (6) shMEF2D + IR+ISO group, (7)shScr + IR+ISO group , (8) 
XMD8- 92 + IR+ISO group (X + IR+ISO) and (9) DMSO + IR+ISO 
group (D + IR+ISO). XMD8- 92 (5 μg/kg) was injected into the right 
ventricle at 30 min before MCAO (coordinate: A- P −1mm, M- L 
1.5 mm, D- V −4.5 mm).

We used a total of 187 rats. Rats with massive haemorrhage or 
complications of the middle cerebral artery during surgery were 
excluded. In all of the groups, the mortality rate was 6.4% (12 of 
187), and the exclusion rate was 4.4% (7 of 158). The processing pro-
cedures of all animals were according to the National Institutes of 
Health (NIH) Guide for the Care and Use of Experimental Animals 
(80- 23, 1996). Study design and experimental methods were con-
formed to the Animal Ethics Committee of the First Affiliated 
Hospital of Shihezi Medical College.

2.2 | In vivo MEF2D knockdown

To silence the expression of MEF2D, recombinant lentivirus vector 
expressing MEF2D- shRNA was obtained commercially from Hanboi 
Biotechnology Co., Ltd., Shanghai, China. Lentiviral vectors coding 
for GFP were used as the control (Con- shRNA). Twenty- one days be-
fore MCAO, lentiviruses were injected into the ischaemic hippocam-
pus as follows: A- P −3.3 mm, M- L 2.3 mm, D- V −2.4 mm.

2.3 | Model establishment

Middle cerebral artery occlusion (MCAO) was used to induce cer-
ebral I/R injury, as described previously.20 Following anaesthetiza-
tion by pentobarbital sodium (40 mg/kg) and buprenorphine- HCl 
(0.1mg/kg) intraperitoneally, rats were kept on a thermostatic op-
erating table at 37°C. After sterilizing the towel, the right neck skin 
was cut open to fully display the common carotid artery (CCA), in-
ternal carotid artery (ICA) and external carotid artery (ECA). Then, 
A 4- 0 line embolism (diameter with coating 0.37 ± 0.02mm; Doccol 
Corporation, Sharon, MA, USA) was sliped into the CCA and ad-
vanced ICA by 18.5 ± 0.5mm distance. After 90 min of ischaemia, 
the line embolism was removed for blood reperfusion. Rats as-
sessed by Longa- Z method without neurologic impairment after 
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reperfusion (neurological function score < 1 or > 3) were excluded 
from this study.

2.4 | Isoflurane post- conditioning

Our primary intervention was ISO post- conditioning. Following 
methods from our previous work,21 rats underwent 1.5% ISO post- 
conditioning for 60 min, and the line embolism was removed at the 
beginning of reperfusion. Isoflurane concentrations were continu-
ously monitored with an anaesthetic gas monitor (Drager Vamos, 
Germany).

2.5 | Neurobehavioral assessment

After MCAO, neurological function was assessed 12, 24 and 48 h by 
the Modified Neurological Severity Score (mNSS).22 mNSS is a com-
prehensive test of sensation, reflection and balance. Neurological 
function is recorded from 0 to 18, where the higher the result, the 
more severe the injury. Sensorimotor deficit was determined by the 
adhesive- removal test23: Two sheets of 113.1- mm2 adhesive paper 
were attached to the distal radial area of the forelimb as bilateral tac-
tile stimuli, and the time for each stimulus removal (maximum limit: 
120 s) was recorded in three trials per day. Each test was at least 5- min 
interval, and the rats were trained three days in advance of I/R injury.

2.6 | Cognitive function detection

The passive avoidance test (PAT) is one of the most commonly used 
tools of cognitive function in experimental stroke studies.24 As rats 
show a tendency to prefer darkness, we designed an apparatus di-
vided by a gate into two parts: a dark compartment and a brightly lit 
compartment. The floor of the dark compartment was made of elec-
trified copper grid and connected to a stimulator. When rats entered 
the darkroom, an electrical shock (0.45 mA) was delivered to the grid 
in the dark compartment by the stimulator. Each rat was put in the 
brightly lit compartment, after 10 s, the gate was opened. The rat got 
the electric shock immediately when it entered the dark compart-
ment. After 5 min, the rat was removed. The learning acquisition trial 
ended when the rat did not enter into the darkroom within 2 min. At 
24 h following I/R injury, this procedure was repeated without the 
electric shock. We recorded the time taken (latency) for rats to enter 
into the darkroom and number of errors within 5 min. Experimenters 
were blind to the groups.

2.7 | Cerebral infarction volume measurement

Twenty- four hours after reperfusion, rats were decapitated and 
brains were quickly moved to the refrigerator at −20°C to freeze. 
After freezing, brain slices were prepared at 2 mm thickness and 

immersed in a 2% solution of TTC staining fluid (Sigma, St. Louis, 
MO, USA, T8877) at 37°C for 20 min. Red areas in the slices in-
dicated normal brain tissue, and white area indicated ischaemic 
areas. The infarct volumes were analysed by ImageJ, and ischae-
mia area% = [(contralateral hemisphere area –  non- ischaemia 
area ipsilateral hemisphere area)/contralateral hemisphere area] 
×100%.

2.8 | Histological examination

After 24 h of reperfusion, the brain was severed after being fully 
anaesthetized with pentobarbital sodium and perfused through 
the heart with 4% PFA (Sigma- Aldrich, St. Louis, MO, USA, 47 608). 
We used 30% sucrose- formalin solution to fix the sample for one 
week. The tissue was paraffin- embedded and sectioned by semi- 
automatic low- temperature slicer (KD- 2850, Jinhua, China) to 
a thickness of 4 mm. We then dewaxed the sections to water, 
stained the nuclei with haematoxylin and stained the cytoplasm 
with eosin. The samples were sealed with neutral gum. We ex-
amined the morphology of vertebral nerve cells in rat CA1 areas 
under the microscope (Nikon, Tokyo, Japan). The percentage of 
damaged nerve cells in hippocampus CA1 region was used as an 
evaluation indicator.

2.9 | Neuropathological evaluation

The evaluation criteria for neuropathology were as follows: neu-
ronal density (ND) was evaluated by counting the number of 
neuronals per 1 mm linear length in the hippocampal CA1 area ac-
cording to of the methods of Xin et al25: The average number of 
nerve cells in three regions of hippocampal CA1 was accounted to 
evaluate the ND value. Histological grade (HG) was divided into 
four classes: no nerve cell death, grade 0; scattered single nerve 
cell death, grade I; mass nerve cell death, grade II; and almost com-
plete nerve cell death, grade III.

2.9.1 | Immunofluorescence staining

To further identify the MEF2D, GFAP and caspase- 3 expression, we 
used immunofluorescence. Paraffin sections were dewaxed, and we 
repaired antigen and removed endogenous peroxidase. 0.2% Triton 
X- 100 and 5% bovine serum albumin (BSA) were used to block for 
1 h, and sections were incubated at 4°C overnight with anti- MEF2D 
(1:200, Abcam, Cambridge, UK, ab246884), anti- GFAP (1:200, 
Abcam, Cambridge, UK, ab7260) and anti- caspase- 3 (1:200, Abcam, 
Cambridge, UK, ab13847). Then, the sections were incubated with 
secondary antibody (FITC; 1:100, Abcam, Cambridge, UK, ab150077) 
for 1 h and stained with 4',6- diamidino- 2- phenylindole (DAPI) or pro-
pidium iodide (PI) for 6 min in the dark. Finally, the images were cap-
tured immediately by the confocal laser scanning microscope (Zeiss, 
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Jena, Germany). Mean fluorescence intensity was used to evaluate 
the level of each protein expression.

2.9.2 | Neuronal apoptosis assay

The TdT- mediated dUTP Nick- End Labelling (TUNEL) technique 
was used to evaluate neuronal apoptosis. The In Situ Cell Death 
Detection Kit (Roche, Switzerland, Germany, 11 684 795 960) was 
used according to the instruction. The nuclei were stained with 
DAPI, and fluorescent microscopy (Olympus, Tokyo, Japan) was used 
to evaluate neuronal apoptosis.

2.9.3 | Western blotting

The proteins were separated from the infarcted hemisphere hip-
pocampal tissue and then separated by 10% sodium dodecyl sul-
phate polyacrylamide gel electrophoresis (SDS- PAGE) and then 
transferred to polyvinylidene fluoride (PVDF) membranes. 10% 
skimmed milk or BSA was used to block for 2 h, and we incu-
bated the membranes at 4°C overnight with anti- MEF2D (1:1000, 
Abcam, Cambridge, UK, ab246884), anti- p- ERK5 (1:1000, Abcam, 
Cambridge, UK, ab5686), anti- ERK5 (1:1000, Abcam, Cambridge, 
UK, ab40809) and β- actin (1:10,000, ZSGB- BIO, Beijing, China, 
TA- 09). Next, we followed this with incubation with a secondary 
antibody labelled by horseradish peroxidase (1:10 000, ZSGB- BIO, 
Beijing, China, ZB- 2301) for 2 h. Finally, we used enhanced chemi-
luminescent reagent (Thermo Fisher, Waltham, MA, USA, D1306) to 
examine blots, and ImageJ (Rawak Software Inc, Stuttgart, Germany) 
to analyse blots quantitatively.

2.9.4 | Quantitative Real- Time Polymerase Chain 
Reaction (qRT- PCR)

The expression level of synGAP and arc mRNA was detected by 
qRT- PCR. Briefly, total RNA was extracted by TRIzol (Solarbio Life 
Science, 15 596 026, Beijing, China). The total RNA was reverse- 
transcribed to cDNA using a Reverse Transcription System (Bioer, 
BSB09M1, Hangzhou, China).

Quantitative real- time PCR was performed via the 
LightCycler480 Software (Thermo Fisher Scientific, Waltham, MA, 
USA) with Power SYBR Green (Thermo Fisher Scientific, Waltham, 
MA, USA). The cycling conditions were as follows: 2min at 95°C fol-
lowed by 40 cycles of 15s at 95°C and 30s at 72°C. The expression 
of each targeted gene was quantified through the threshold cycle 
(Ct) method. The primer sequences were as follows: synGAP:5’- 
TCGTGTTCAAGGAGACAGGC- 3’, 5’- CAGGTGCTGGTTGCTTTTC
C- 3’;arc:5’- TATGTGGACGCTGAGGAGGA- 3’,5’- CGCAGAAAGCGC
TTGAACTT- 3’; and GAPDH: 5’- CAGGGCTGCCTTCTCTTGTG- 3’, 
5’- AACTTGCCGTGGGTAGAGTC- 3’.

2.9.5 | Statistical analysis

All of the data are shown as mean ± SD. We used GraphPad Prism 7 
(GraphPad Software, La Jolla, CA, USA) for statistical analyses, and 
the Kolmogorov- Smirnov test was used to the normality of the re-
sults. Normally distributed data were analysed by Student's t test 
and one- way analysis of variance (ANOVA). Non- normally distrib-
uted data were analysed by nonparametric Mann- Whitney U test or 
Kruskal- Wallis with Dunn test. Statistical significance was expressed 
as P < .05.

3  | RESULTS

3.1 | Cerebral I/R injury reduces MEF2D expression 
in hippocampal CA1 area

To test the reactivity of MEF2D to stroke, MCAO was performed 
for 90 min, followed by 24 h of reperfusion. Next, MEF2D expres-
sion following stroke was evaluated by co- staining MEF2D with 
PI in the hippocampus. As shown in Figure 1A, immunofluores-
cence showed that the majority of MEF2D was expressed in hip-
pocampal pyramidal neuronals. Compared with Sham group, brain 
I/R injury strongly reduced expression of MEF2D in hippocam-
pus in I/R group (Sham: 1.046 ± 0.04, IR: 0.403 ± 0.04, P < .01, 
Figure 1B, C).

3.2 | Knockdown of MEF2D leads to increased I/R- 
induced cerebral damage and worsened post- stroke 
outcome in rats

In vivo knockdown of MEF2D was performed by stereotactic in-
jection of lentiviral vectors expressing MEF2D- shRNA into the 
ischaemic hippocampus. First, we assessed MEF2D silencing ef-
ficiency by measuring MEF2D protein levels in the hippocampus. 
We found that shMEF2D rats exhibited reduced MEF2D protein 
expression compared with shScr rats at 21 days after shRNA in-
jection (shMEF2D group: 0.31 ± 0.02, shsCR group: 0.98 ± 0.07, 
P < .01; Figure 2A, B). To evaluate the relationship of MEF2D in 
cerebral I/R injury, shMEF2D rats underwent MCAO. Importantly, 
shMEF2D + IR rats exhibited increased stroke size compared with 
shScr + IR rats at 24 hours after I/R as assessed by TTC staining 
(shMEF2D + IR group: 36.97 ± 1.51, shScr + IR group: 25.97 ± 1.17, 
P < .05; Figure 2C, D). Moreover, the survival rate 48 h after 
MCAO was reduced in shMEF2D + IR group as compared with 
the shScr + IR group (40% in the shMEF2D + IR group, 70% in the 
shScr + IR group, P < .01; Figure 2E). Neurological functions were 
quantified by mNSS and adhesive- removal test before and 12, 24 
and 48 h after I/R. We observed no differences in neurological 
functions between the groups at baseline. At 24 and 48 h after 
brain I/R injury, the neurological functions of the shMEF2D + IR 
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group were lower compared with the shScr + IR group (P < .05; 
Figure 2F, G). There were no differences between the I/R group 
and the shScr + IR group.

3.3 | Knockdown of MEF2D leads to 
worsen cognitive impairment after brain  
I/R injury

The passive avoidance test (PAT) is a simple tool that assesses the 
cognition function of rats. It can also effectively eliminate the in-
fluence of motor dysfunction on learning and memory observa-
tion indexes. As shown in figure A and B, after MCAO at 24 h, the 
I/R group displayed a reduced latency to enter into the darkroom 
compared with the Sham group (51.0 ± 2.24 s in the I/R group, 
176.60 ± 4.13 s in Sham group, P < .01) and this was exacerbated 
by knockdown of MEF2D in shMEF2D + IR group compared with 
the shScr + IR group (27.60 ± 2.26 s in the shMEF2D + IR group, 
52.80 ± 2.25 s in the shScr + IR group, P < .01). Furthermore, the 
I/R group made more error trials in entering the darkroom com-
pared with the sham group (2.10 ± 0.18 in I/R group, 0.21 ± 0.13 
in Sham group, P < .01), and this was significantly increased by 
knockdown of MEF2D in shMEF2D + IR group (2.80 ± 0.29 in the 
shMEF2D + IR group, 1.80 ± 0.25 in the shScr + IR group, P < .05). 
No differences between the I/R group and shScr + IR group. The 
results indicate that passive avoidance learning test in rats could 

be damaged by I/R injury. These effects, nevertheless, were fur-
ther weakened by knockdown of MEF2D.

3.4 | Knockdown of MEF2D increases neuronal 
apoptosis in hippocampal CA1 region

To further elucidate the effect of MEF2D on apoptosis after I/R 
injury, TUNEL staining was used to assess the severity of apopto-
sis in hippocampal CA1 area after I/R. After I/R, neuronal apop-
tosis rate in CA1 region increased significantly when compared to 
Sham group (0.65 ± 0.03 in I/R group; 0.14 ± 0.04 in Sham group, 
P < .01). In comparing knockdown of MEF2D compared with the 
shScr + IR group, we observed that the neuronal apoptosis rate of 
shMEF2D + IR group was greater (0.88 ± 0.02 in shMEF2D + IR 
group; 0.64 ± 0.04 in shScr + IR group, P < .05; Figure 3E, F).

3.5 | Isoflurane post- conditioning reduced cognitive 
impairment after cerebral I/R injury

In PAT, the IR + ISO group revealed a reduced latency to enter into 
the darkroom compared with the I/R group (95.60 ± 4.10 in IR + ISO 
group, 51.00 ± 2.24 in I/R group, P < .01; Figure 3A) and fewer error 
times to enter into the darkroom (0.80 ± 0.20 in IR + ISO group, 
2.10 ± 0.18 in I/R group, P < .01; Figure 3B).

F I G U R E  1   (A) Overall experimental process. MCAO, middle cerebral artery occlusion; PAT, passive avoidance test, ISO, isoflurane. 
(B, C) Cerebral I/R injury reduces MEF2D expression in hippocampal CA1 area. Data are shown as mean ± SD, n = 3. **P < .01. Original 
magnification: 100×. Scale bar was 50 μm
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3.6 | Isoflurane post- conditioning reduced the per 
cent of damaged neuronals and neuronal apoptosis 
after I/R injury in hippocampus

In HE staining, the IR + ISO group revealed a reduced percentage 
of dead neuronals in CA1 region compared with I/R group (31.12% 
±1.81% in IR + ISO group, 50.10% ± 1.87% in I/R group, P < .01). 
neuronal apoptosis rate also showed a significant decrease com-
pared with I/R group (0.35 ± 0.03 in IR + ISO group, 0.65 ± 0.03 in 
I/R group, P < .05; Figure 3C, D).

3.7 | Isoflurane post- conditioning increased the 
expression of protein MEF2D

The expression of protein MEF2D increased significantly through 
ISO post- conditioning. We detected expression of MEF2D by using 
Western blotting and immunofluorescence. As shown in Figure 4, 
the MEF2D mean fluorescence density was increased compared 
with I/R group (0.82 ± 0.04 in IR + ISO group; 0.31 ± 0.04 in I/R 
group, P < .01). In Western blot work, the expression of protein 
MEF2D also increased in IR + ISO group compared with I/R group 
(0.74 ± 0.03 in IR + ISO group; 0.24 ± 0.01 in I/R group, P < .01).

F I G U R E  2   Impact of MEF2D deletion on brain survival and neurological defect after I/R injury in rats. (A, B) Western blot analysis shows 
down- regulation in MEF2D expression in the hippocampus within 21 days after MEF2D- shRNA injection, n = 3. (C) Brain ischaemia staining 
by TTC (red, non- infarct part; white, infarct part). (D) Brain infarct volume shown as a percentage of the ischaemia volumes, n = 3. (E) After 
cerebral I/R injury, shMEF2D reduced survival at 48 h compared with the shScr + IR group, n = 10. (F, G) The mNSS and adhesive- removal 
tests were executed 3 d before and 12, 24 and 48 h after brain I/R injury, n = 5- 10. Data are shown as mean ± SD, *P < .05, #P < .05
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3.8 | Isoflurane post- conditioning increases the 
transcriptional activity of MEF2D by activating ERK5

We investigated the changes in ERK5, MEF2D and its downstream 
target genes in ISO post- conditioning through Western blot and 
qRT- PCR. To evaluate the extent of neuronal defects caused by 

loss of ERK5- MEF2D signalling in the context of no I/R injury, 
we found that the shMEF2D and XMD8- 92 treatment of sham- 
treated had no effect on apoptosis of SD rats (Figure S1). As shown 
in Figure 5, we observed that ISO post- conditioning increased p- 
ERK5 and promoted the activation of ERK5, compared with the 
I/R group (0.74 ± 0.03 in IR + ISO group; 0.31 ± 0.05 in I/R group, 

F I G U R E  3   (A, B) Effects of MEF2D on cognition function of rats in PAT, n = 6- 10. (C) Effects of MEF2D on the morphological changes 
of CA1 area by HE staining, n = 6. (D) Percentage of damaged neuronals in each group. (E, F) Effects of MEF2D on apoptosis after brain I/R 
injury by TUNEL staining, n = 3. Data are presented as mean ± SD. **P < .01, compared to Sham group; &&P < .01, &P < .05, compared to 
shScr + IR group; ##P < .01, #P < .05, compared to I/R group. Original magnification: 200×. Scale bar is 100 μm
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P < .05), while MEF2D expression was significantly up- regulated 
(0.72 ± 0.03 in IR + ISO group; 0.41 ± 0.02 in I/R group, P < .05), 
and the transcription of two target genes related to synaptic plas-
ticity regulated by MEF2D was enhanced (synGAP: 2.20 ± 0.19 in 

IR + ISO group; 0.63 ± 0.05 in I/R group, P < .05; arc: 1.34 ± 0.14 
in IR + ISO group; 0.60 ± 0.02 in I/R group, P < .05). However, this 
effect can be significantly inhibited by XMD8- 92, as XMD8- 92 is 
a specific and highly selective inhibitor of ERK5. After XMD8- 92 

F I G U R E  4   Expression of protein 
MEF2D shows significant increases 
through isoflurane post- conditioning, 
n = 3. (A, B) Effects of ISO post- treatment 
on MEF2D expression in CA1 region after 
I/R injury by immunofluorescence. (C, D) 
Effects of ISO post- treatment on MEF2D 
expression after brain I/R injury by 
western blotting, n = 3. Data are shown 
as mean ± SD. ##P < .01, compared to 
I/R group. Original magnification: 200×. 
Scale bar is 100 μm

F I G U R E  5   ISO post- conditioning effect on ERK5, MEF2D and its target genes in hippocampus after brain I/R injury, n = 3. (A) Western 
blot staining of p- ERK5, ERK5 and MEF2D. (B) Expression of synGAP mRNA, n = 3. (C) Expression of arc mRNA, n = 3. (D) The p- ERK5/ERK5 
expression level. (E) MEF2D expression level. Data are shown as mean ± SD. ##P < .01, #P < .05, compared to IR + ISO group; **P < .01, 
*P < .05, compared to I/R group
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was injected in the lateral ventricle of the model, ERK5 activation 
was more inhibited after brain I/R injury compared with ISO group 
(0.41 ± 0.01 in X + IR+ISO group; 0.74 ± 0.03 in IR + ISO group; 
P < .01). Moreover, the activation effect of isoflurane on MEF2D 
disappeared (0.29 ± 0.03 in X + IR+ISO group; 0.72 ± 0.03 in 
IR + ISO group, P < .01). The transcriptional activity of MEF2D 
decreased (synGAP: 0.60 ± 0.12 in X + IR+ISO group; 2.20 ± 0.18 
in IR + ISO group, P < .05; arc: 0.62 ± 0.05 in X + IR+ISO group; 
1.34 ± 0.14 in IR + ISO group, P < .05). After down- regulating 
the expression of MEF2D, ERK5 activation was not affected by 
isoflurane compared with the IR + ISO group (0.81 ± 0.04 in 
shMEF2D + IR+ISO group; 0.74 ± 0.03 in IR + ISO group, P = .26).

3.9 | Isoflurane post- treatment increased the 
number of viable vertebral neuronals in hippocampus 
after I/R injury through the ERK5/MEF2D signalling 
pathway in rats

After I/R injury at 24 h, Nissl's staining method was used to evalu-
ate the relationship between the morphologic changes in verte-
bral neuronals in hippocampus after ISO post- conditioning and the 
ERK5/MEF2D signalling pathway. As shown in Figure 6, cells in CA1 
are characterized by the hyperchromatic nucleus, with pyknosis 
and shaped into triangle and diamond. Compared to Sham group, 
the surviving nerve cell count in I/R group was decreased observ-
ably (87.67 ± 3.84 in I/R group; 190 ± 6.43 in Sham group, P < .01). 
After isoflurane post- conditioning however, surviving neuronals in-
creased significantly (133 ± 2.08 in IR + ISO group; 87.67 ± 3.84 in 
I/R group, P < .01). However, the influences of ISO post- conditioning 
on surviving neuronals were attenuated by shMEF2D and XMD8- 92 

(43.67 ± 6.69 in shMEF2D + IR+ISO group; 47 ± 4.93 in X + IR+ISO 
group; P < .01).

3.9.1 | Isoflurane post- conditioning reduced the 
expression of astrocytes in hippocampal after I/R 
injury through the ERK5/MEF2D signalling pathway 
in rats

To elucidate the relationship between the ERK5/MEF2D signalling 
pathway and astrocyte activation in I/R injury treated with ISO 
post- conditioning, we used GFAP to assess immunofluorescent 
staining for reactive astrocyte marker. As shown in Figure 7A and 
B, green fluorescence indicates the GFAP, and red fluorescence in-
dicates the cell nucleus. 24 h after brain I/R injury, GFAP- positive 
cells increased significantly in the hippocampus compared with 
Sham group (2.27 ± 0.05 in I/R group; 1.37 ± 0.07 in Sham group, 
P < .01). When treated with isoflurane post- conditioning, GFAP- 
positive cells decreased significantly (1.33 ± 0.04 in IR + ISO 
group; 2.27 ± 0.05 in I/R group, P < .01). However, both MEF2D 
and ERK5 silencing significantly blocked the action of ISO post- 
conditioning (2.82 ± 0.04 in shMEF2D + IR+ISO group; 2.63 ± 0.18 
in X + IR+ISO group; P < .01), compared with the IR + ISO group.

3.9.2 | Anti- apoptotic effect of ERK5/MEF2D 
signalling pathway on post- conditioning of isoflurane 
after brain I/R injury in rats

To determine whether ERK5/MEF2D signalling pathway inhibition 
attenuates the protective influence on ISO post- conditioning after 

F I G U R E  6   (A) Effects of the ERK5/
MEF2D signalling pathway on neuronal 
survival in ISO post- treatment after brain 
I/R injury by Nissl's staining, n = 5. (B, C) 
The results are a quantitative presentation 
of the evaluation with histological grade 
and neuronal density. Data are presented 
as mean ± SD. **P < .01, compared to 
Sham group, ##P < .01, compared to I/R 
group, &&P < .01, compared to IR + ISO 
group. Scale bar is 100 μm
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F I G U R E  7   (A, B) Expression of GFAP in hippocampus after ISO post- conditioning I/R injury. (C, D) Effects of ERK5/MEF2D signalling 
pathway on caspase- 3 expression in ISO post- conditioning after brain I/R injury by immunofluorescence. (E, F) Effects of ERK5/MEF2D 
signalling pathway on apoptosis in ISO post- conditioning after I/R injury by TUNEL staining, n = 3. Data are presented as mean ± SD. 
**P < .01, *P < .05, compared to Sham group, ##P < .01, #P < .05, compared to I/R group, &&P < .01, &P < .05, compared to IR + ISO group. 
Original magnification: 200×. Scale bar is 100 μm
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brain I/R injury, we used immunofluorescence double- labelling to 
detect the expression of caspase- 3 and TUNEL- positive signals in 
hippocampal CA1 to evaluate the severity of apoptosis. As shown in 
figure C and E, compared to Sham group, caspase- 3 and TUNEL ex-
pression increased markedly in I/R group (caspase- 3:0.87 ± 0.02 in 
I/R group; 0.55 ± 0.07 in Sham group, P < .05; TUNEL: 0.64 ± 0.03 
in I/R group; 0.11 ± 0.06 in Sham group, P < .05; Figure 7D, F). 
After ISO post- conditioning, caspase- 3 and TUNEL expression 
decreased in IR + ISO group (both P < .05). However, the anti- 
apoptotic effects of ISO post- conditioning were attenuated by 
MEF2D- shRNA (caspase- 3:1.08 ± 0.07 in shMEF2D + IR+ISO 
group, P < .05; TUNEL: 0.88 ± 0.02 in shMEF2D + IR+ISO group, 
P < .01) and XMD8- 92 (caspase- 3:1.04 ± 0.04 in X + IR+ISO 
group, P < .05; TUNEL: 0.84 ± 0.04 in X + IR+ISO group, P < .01), 
compared to IR + ISO group.

4  | DISCUSSION

Ischaemic cerebral stroke is the first cause of death worldwide, and 
its prevalence may increase due to the changing epidemiology of 
diabetes, coronary heart disease (CHD) and hypertension.26 In order 
to deepen our understanding of molecular networks in ischaemic 
stroke and identify new therapeutic targets, we have previously in-
vestigated the role of different drug interventions in activating the 
corresponding signalling pathways in the occurrence of stroke.27- 29 
Recently, MEF2D has been reported as a target in promoting cell 
proliferation in humans30 and appears to play a crucial role in sys-
temic neuroprotection31 and normal sleep and circadian behaviour 
in mice.32 In view of the key role of MEF2D in neuroprotection and 
the correlation between nerve injury and prognosis in patients with 
ischaemic stroke, we studied the specific function of MEF2D in is-
chaemic cerebral stroke in rat model of I/R injury.

We have demonstrated that MEF2D improves prognosis after I/R 
injury and may be an interesting new therapeutic target. This con-
clusion is supported by the results showing that: (i) the expression 
of MEF2D prominently decreased in the hippocampus of rats after 
brain I/R injury; (ii) MEF2D silencing increased the infarct volume 
of ischaemic stroke rats and decreased the neurological impairment 
and short- term survival rate of rats after stroke by exacerbating 
apoptosis; and (iii) MEF2D silencing increased cognitive dysfunction 
in ischaemic stroke rats.

There is abundant evidence that promoting the expression of 
MEF2D is considered to have a neuroprotective effect in vivo and 
in vitro,33 and the down- regulation of MEF2D shows negative ef-
fects, such as PC12 cell death,34 subarachnoid haemorrhage35 and 
Parkinson's disease.36 Given the key role of hippocampal tissue dam-
age in the prognosis of stroke, we focused in this study on MEF2D 
and found that its level significantly reduced in hippocampal tissue 
in the CA1 area of the brain exposed to I/R. Furthermore, we found 
that the inhibition of MEF2D aggravated the cognitive dysfunction 
of rats after 24 h of ischaemic reperfusion injury. These findings 

suggest that MEF2D may be involved in I/R- mediated brain dam-
age and add new information to the hippocampal hypoxia response. 
Although this is in keeping with previous studies on other animal 
models,37,38 the exact mechanisms that mediate MEF2D reduction 
in ischaemic and hypoxic conditions are not fully understood. One 
explanation is that this may be related to the MEF2s’ family, which 
contains crucial regulators of cellular remodelling.

When blood recanalization occurs after cerebral ischaemia, the 
reperfusion brain injury caused by intracellular Ca2 + overload,39 
damage of free radicals and inflammatory cytokines,40 neurotoxic 
effects of excitatory amino acids,41 disorder of water electrolyte and 
other factors.42 These factors interact and eventually lead to severe 
oedema, necrosis and apoptosis of vertebral neuronal cells. In our 
previous work, we demonstrated that the concentration of 1.5% iso-
flurane post- processing immediately after reperfusion significantly 
improved brain damage in rats after I/R injury.21 In this study, isoflu-
rane post- conditioning was also observed to improve neurological 
deficits and outcomes after I/R injury using neurodeficit scores, dark 
avoidance tests, and HE and TUNEL staining. However, the exact 
mechanism of isoflurane post- conditioning related to activation of 
a variety of signalling pathways is unclear and merits further study.

Apoptosis is a process associated with cytokine release,43 and 
although MEF2D is an important regulator of nerve cell survival, the 
relationship between MEF2D and apoptosis is not well studied. It 
has been reported that MEF2D is a specific substrate of ERK5,19 and 
the synergistic activation of ERK5 and MEF2D plays a crucial role in 
the survival of myocardial cells.44 In our experiments, we found that 
ISO post- conditioning activated ERK5 by inducing phosphorylation, 
phosphorylation of ERK5 promoted the transcriptional activity of 
MEF2D, and the use of XMD8- 92 or MEF2D- shRNA eliminated the 
neuroprotective effect of ISO.

There is growing evidence that astrocytes play a crucial role 
in neuroinflammation caused by stroke, Alzheimer's disease, and 
postoperative cognitive dysfunction.45 Studies have shown that in 
the acute ischaemic phase, astrocytes are immediately activated, 
enabling the synthesis and release of chemokines and cytokines, 
triggering an inflammatory cascade that may exacerbate secondary 
brain injury.46 Reactive astrocytes, however, limit inflammatory cas-
cades and secondary brain damage by forming glial scarring around 
infarction after cerebral ischaemia.47 Here, we found that ISO post- 
conditioning inhibited the activation of astrocytes through the 
ERK5/MEF2D signalling pathway. Current studies on new glial cells 
have advantages and disadvantages in different stages of the dis-
ease. Regarding the dual role of reactive astrocytes in neurotoxicity 
and neuroprotection, we should cautiously and optimistically view 
glial cell therapy and further study the role of astrocytes in neuro-
logical diseases.

There are some limitations to the studies presented here. First, 
ISO is not a specific agonist of ERK5. As mentioned above, ISO can 
play a neuroprotective role through different processes, while the anti- 
apoptotic effect of ISO may not be related to the direct activation of 
ERK5. However, the ERK5 /MEF2D pathway may contribute to the 
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anti- apoptotic effects of ISO partially. Second, MEF2D mainly plays a 
role in the nucleus. Due to the constraints of experimental equipment, 
we were only able to detect the total level of MEF2D, but not the nu-
clear level of MEF2D after ISO treatment. Finally, cognitive tests and 
neurodeficit scores were performed within two days, and long- term 
observational studies were not possible. Follow- up work in our labora-
tory will address these outstanding issues.

In conclusion, our experiments explored the role of MEF2D in 
the neuroprotection of brain I/R injury in rats, finding that the neu-
roprotective effects of ISO were related to the activation of ERK5/
MEF2D signalling pathway to promote the transcriptional activity 
of MEF2D.
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