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Abbreviations: Npas4, neuronal per-arnt–sim (pas) domain 
protein 4; MCAO, middle cerebral artery occlusion

Introduction
Ischemic stroke is a worldwide public health issue.1 Diversification 

therapy shows partial effectiveness based on the experimental and 
clinical data, such as thrombolytic therapy, antiplatelet therapy, 
anticoagulation therapy and neuroprotection. However, non-
renewability of neurons and complexity of the nervous system 
render stroke morbidity and mortality rates high. Based on the 
current view, multiple factors are involved in the pathophysiological 
process of ischemia stroke, such as excitotoxicity, oxidative stress, 
inflammation, and apoptosis.2 These findings motivate researchers 
to into and ischemic neuronal damage.3‒5 Previous reports show that 
the first 24h following the ischemic insult is the critical course for 
the rapid neuronal death, and the multidimensional gene expression 
changes can be observed following experimental stroke.6 We focused 
on neuronal Per– Arnt–Sim (PAS) domain protein 4, which is referred 
to as Npas4, also known as neuronal transcription factor (NXF). 
Npas4 has been shown to be associated with transcriptional regulatory 
factors, which are important for many physiological, developmental 
and pathological events.7 A recent study suggests that the effects 
of Npas4 on the inhibition of excitatory synaptic activity are 
associated with neurological disorders, such as autism, schizophrenia 
and epilepsy.8 Here we examined the correlation between Npas4 
expression and neuronal injury induced by ischemic stroke based on a 
middle cerebral artery occlusion model in rats. This may provide new 
insights into the molecular basis of ischemic stroke.

Materials and methods 
Animals

Adult male Sprague-Dawley rats, purchased from Hebei Medical 
University Experimental Animal Center, weighting between 250 and 
280g were used. All rats were maintained on a 12h-light/12h-dark 
conditioned environment, with humidity of 55±5%, and all rats were 

free access to food and water. Rats were randomly divided into eight 
groups as control (normal control) group, sham (sham operated) group, 
MCAO 3h group, MCAO 6h group, MCAO 12h group, MCAO24h 
group, MCAO 48h group, MCAO 72h group. Behavior measurements 
were carried out at 3h, 6h, 12h, 24h, 48h and 72h after MCAO surgery 
by neural deficit scores, and then the brain samples were collected 
from the rats after decapitation. 

Permanent middle cerebral artery occlusion

As previously described, rats were performed with permanent 
middle cerebral artery occlusion.9,10 Briefly speaking, rats were 
anesthetized by intraperitoneal injection with 10% chloral hydrate 
(250mg/kg). A 2 to 2.5 cm incision was made in the center of neck. 
After CCA and ECA were ligatured, a nylon filament (diameter 
0.265mm) was inserted intraluminally into the ICA about 18 to 20mm 
deep. Gentamicin was used to protect against infection of the incision 
site. Sham group rats received the same surgery except for nylon 
filament insertion. During the surgery body temperatures of rats were 
maintained at 37±1°C by an electric blanket.

Neurological deficit score

The same examiner administered the neurological test, and 
was blinded to the experimental groups. When rats recovered 
consciousness from MCAO surgery, we test the neurological deficit 
score according to a modified scoring system that was developed by 
Longa et al.9 as follows: 

i.	 No deficits

ii.	 Unable to fully extend the contralateral forelimb

iii.	 Completely cannot to extend the contralateral forelimb

iv.	 Gentle circling to the contralateral side

v.	 Serious circling

vi.	 Falling to the contralateral side. Higher neurological deficit 
score indicates more serious impairment of behavior injury. 
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Abstract

The expression levels of neuronal Per-Arnt-Sim domain protein 4 (Npas4) in response to 
ischemic stroke at different points in time were investigated in this study. Adult male SD 
Rats were randomly divided into eight groups as control (normal control) group, sham 
(sham operated) group, Middle Cerebral Artery Occlusion (MCAO) 3h group, MCAO 6h 
group, MCAO 12h group, MCAO 24h group, MCAO 48h group and MCAO 72h group. 
We examined the mRNA and protein expression levels of Npas4 in the brain subjected to 
ischemic injury at different points in time by using western blotting, immuno histochemistry 
and Real time-qPCR. The expression level of Npas4 was up-regulated in the brain subjected 
to ischemic stroke. The up-regulation of Npas4 in response to cerebral ischemia in acute 
phase indicates that Npas4 may be involved in the pathophysiological mechanism of post-
infarction.
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Western blot

The Total Protein Extraction Kit (Applygen Technologies 
Inc., Beijing, China) was used to obtain the protein of brain tissue 
following the manufacturer’s protocols. Then we used BCA Protein 
Assay Reagent Kit (Applygen Technologies Inc., Beijing, China) to 
measure the protein concentration. Equivalent to 30μg total protein 
samples was applied to electrophoresis on 10% SDS/PAGE and then 
transferred onto PVDF membranes (Millipore Corporation, USA).11 
After blocked with 1% BSA/TPBS for 1h at room temperature, the 
membranes were incubated overnight at 4°C with anti-Npas4 (1:500, 
Santa Cruz Biotechnology) diluted in 1% BSA/TPBS. Polyclonal 
mouse anti-beta actin antibody (1:3000, Bioworld Technology) was 
used as an internal control. Next day membranes were incubated 
by fluorescent labeling second antibodies (IRDye 800-conjugate 
rabbit anti-goat IgG or rabbit anti-mouse 1:5000 dilution; Rockland, 
Gilbertsville, PA, USA) for 1h at room temperature. We analyzed 
the relative density of bands on Odyssey infrared scanner (LICOR 
Bioscience, Lincoln, NE, USA). The loading and transfer differences 
among samples were normalized with beta actin densitometric values.

Immunohistochemical staining 

As previously described, we use paraffin-embedded sections to 
evaluate the expression of Npas4 at 6h and 12h after MCAO.12 In Brief, 
brains of rats were fixed in 4% paraformaldehyde over 24h at 4°C, 
and then embedded in paraffin after dehydrated in different gradients 
of alcohols. Then we used Leica RM1850 Rotary Microtome (Leica 
Microsystem, Hesja, Germany) to cut the brain into 5μm per slice. 
Brain sections were blocked in 3% normal donkey serum and then 
incubated with Npas4 goat polyclonal antibody (1:100, Santa Cruz 
Biotechnology) overnight at 4°C. The secondary antibodies were 
used on the second day (Zhongshan Biology Technology Company, 
Beijing, China). Five visual fields of the ischemic cortex region and 
basal ganglia around the infarct core were selected to count mean 
density value under a 400x microscope.

Real-time quantitative polymerase chain reaction 

According to the manufacturer’s instructions, rat’s brain 
from Bregma 1 to -1mm was rapidly dissected and total RNA 
was extracted by using Trizol Reagent (Invitrogen, Carlsbad, 
CA, USA). RNA (2μg) of each sample was used to reverse 
transcribed for synthesized cDNA. Primers were synthesized by 
Shanghai Biological Engineering Technology Company Limited. 
Forward and were 5’-AGCATTCCAGGCTCATCTGAA-3’ 

and 5’-GGCGAAGTAAGTCTTGGTAGGATT-3’ for 
Npas4 and 5’-CCCATCTATGAGGGTTACGC-3’ and 
5’-TTTAATGTCACGCACGATTTC-3’ for β-actin. Each sample 
was tested in triplicate and all samples were normalized by β-actin. 
Relative gene expression was measured with the 2-ΔΔCT method and 
then analyzed using logarithmic transformation.

Data and statistical analysis

All results are shown as mean±standard error. One-way ANOVA 
followed by Student-Newman-Keuls and LSD tests were used for 
multiple comparisons. Mann-Whitney U test was used for neurological 
deficit score. Differences with P<0.05 were considered statistically 
significant.

Results
Expression of Npas4 protein level was significantly 
increased after ischemic insult

Permanent middle cerebral artery occlusion model was used 
to simulate ischemic insult, which lead to a significant cortical and 
subcortical infarction (Figure 1A). Neurological deficit score was 
used to measure the brain function of the animal model. As shown in 
Figure 1B, there were significant differences among MCAO groups 
and control, sham group (P<0.05), which indicates that MCAO caused 
impairment on neural function. There was no significant difference 
among the model groups at the different points in time, suggesting 
that the preparation of the animal model was successful and reliable. 
Next, the levels of Npas4 protein were measurement by western 
blot with whole tissue lysates collected from Bregma 1 to -1mm in 
rats. Our study suggested that the expression of Npas4 protein was 
enhanced significantly at 6h, and this enhancement persisted until 24h 
after ischemic insult (Figure 2). As our results show in Figure 2A, 
although there was no statistical difference, the tendency of increased 
Npas4 expression was observed at 3h following MCAO. This data 
indicated that Npas4 protein expression is regulated in response to the 
early stage of cerebral ischemia. We further verified the expression of 
Npas4 by immuno histochemistry in the neurons located in ischemic 
penumbra of brains subject to MCAO. Therefore, 6h and 12h of 
ischemic insult were selected as sampling time points to study Npas4 
protein expression by immuno histochemistry according to our results 
of western blot. As expected, significantly increased Npas4 protein 
were found in cortex and basal ganglia at both 6h and12h (Figure 3A) 
(Figure 3B), which was consistent with the results of western blot. 

Figure 1 A coronal rat brain section of an animal subjected to MCAO. 

A.	 This ischemic insult led to a significant cortical and sub cortical infarction (white) as seen with triphenyltetrazolium chloride staining. 

B.	 Apparent neurological deficit can be observed in rats after MCAO.
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Figure 2 Western blot analysis of Npas4 at different time points after 
infarction. The starred group indicates Npas4 protein expression increased 
at 6-24hours after infraction compared with normal control group and other 
time points, in which the most significant increase at 6-12hours.

Figure 3 Immunohistochemical staining for Npas4 at 6h and 12h after 
infarction.

A.	 Immunohistochemical staining shows the positive cells of Npas4 were 
significantly increased both in cortex and basal ganglia at 6-12h after 
MCAO. 

B.	 The starred group suggests compared with control and sham group, 
the amount of positive cells of Npas4 was significantly increased in 
both 6h and 12h after MCAO. (Scale bar=100μm).

 Expression of Npas4 mRNA level was significantly 
increased after ischemic insult

Real-time quantitative PCR (qPCR) was used to detect the 
changes of Npas4 mRNA expression at different time periods 
following MCAO in rats as previously described. Four animal brains 
were studied at each time point. The results shown that Npas4 mRNA 
expression gradually increased, and the significant increase was 
detected at 6h-24h following MCAO, then rapidly declined to normal 
levels after 48h of MCAO (Figure 4). This result is consistent with 
our previous western blot experiments in the time period of Npas4 
expression enhancement, which indicated that Npas4 expression was 
enhanced in the transcription level in response to cerebral ischemia in 
the early stage. 

Figure 4 Real-time Quantitative PCR analysis of Npas4 at different time 
points after infarction. The starred group notes Npas4 Mrna expression 
increased at 6-24hours after MCAO compared with normal control group 
and other time points.

Discussion
In this study, we have described how the expression levels of Npas4 

in mRNA and protein is regulated in response to ischemic insult with 
western blot, immuno histochemistry and Real time-qPCR technology. 
Our results indicated that Npas4 expression was up-regulated in 
brain subjected to ischemic stroke. Furthermore, this regulation was 
observed in the early stage of ischemic insult and the time window 
possibly was the first 24h post-infarction. Previous studies have 
indicated that the Npas4 gene is regulated after ischemia during the 
reperfusion period when the tissue is becoming reoxygenated and 
ATP production is recovering.13 They also pointed out that Npas4 
expression significantly increased in brain during ischemia when 
the tissue is extremely deprived of oxygen and ATP.13,14 Our results 
suggest that Npas4 mRNA expression is significantly induced in 
the affected tissue of permanent occlusion, and that the significant 
expression initiated from first 6h following MCAO remains at a 
high level until 24h. According to previous research, this prolonged 
expression correlates with the development of rapid neuronal damage 
observed in the ischemic core.15 Our data also show that expression of 
Npas4 protein significantly increased in the brain tissue of permanent 
occlusion during the time period 6-24h after MCAO. In addition, the 
up-regulated Npas4 protein expression was detected in both cortex 
and basal ganglia in rat brain exposed to ischemic insult, consistent 
with previous studies, which show that Npas4 expression in global 
cerebral ischemia.16 Our research indicates Npas4 up-regulates in 
response to cerebral ischemia in acute phase. This early regulation 
suggests that Npas4 may be involved in the pathophysiological 
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mechanism of post-infarction. This result provides a novel target for 
further research of the pathological process and molecular mechanism 
of cerebral ischemic 
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