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Abstract. Brain injury after cardiac arrest (CA) and cardiopul-
monary resuscitation (CPR) is the main cause of neurological 
dysfunction and death in cardiac arrest. To assess the effect 
of Nogo‑A antibody on brain function in rats following CPR 
and to explore the underlying mechanisms, CA/CPR (ventric-
ular fibrillation) rats were divided into the CPR+Nogo‑A, 
CPR+saline and sham groups. Hippocampal caspase‑3 levels 
were detected by RT‑PCR and immunoblotting. Next, Nogo‑A, 
glucose regulated protein 78 (GRP78), C/EBP homologous 
protein (CHOP), cysteinyl aspartate specific proteinase‑12 
(casapse‑12), Bcl‑2 and Bax protein levels in the hippocampus 
were detected by immunoblotting. Coronal brain sections were 
analyzed by TUNEL assay to detect apoptosis at 72 h, while 
Nissl staining and electron microscopy were performed to 
detect Nissl bodies and microstructure at 24 h, respectively. 
Finally, rats were assessed for neurologic deficits at various 
times. Nissl staining revealed morphological improvement 
after Nogo‑A antibody treatment. Sub‑organelle structure 
was preserved as assessed by electron microscopy in model 
animals post‑antibody treatment; neurological function was 
improved as well (P<0.05), while the apoptosis index was 
decreased (26.2±9.85 vs. 46.6±12.95%; P<0.05). Hippocampal 
caspase‑3 mRNA and protein, Nogo‑A protein levels were 
significantly decreased after antibody treatment (P<0.05). 
Hippocampal Nogo‑A expression was positively correlated 
with caspase‑3 (Pearson's correlation; r=0.790, P=0.000). 
Hippocampal GRP78 and Bcl‑2 protein levels were higher 
after antibody treatment than these levels noted in the model 
animals (P<0.05), while CHOP, caspase‑12 and Bax levels were 
reduced (P<0.05). Nogo‑A antibody ameliorates neurological 
function after restoration of spontaneous circulation (ROSC), 

possibly by suppressing apoptosis induced by endoplasmic 
reticulum stress.

Introduction

Sudden cardiac arrest (CA) is a major public health challenge 
and the leading cause of death worldwide, imposing a heavy 
burden on patients and society (1). Only 17‑49% of CA victims 
are able to regain self‑circulation. Meanwhile, 80% of CA 
survivors present with a certain degree of coma, and very few 
fully recover brain function. Brain damage after continuous 
hypoxia remains the leading cause of death in CA  (2). 
Postresuscitation syndrome is characterized by cerebral injury, 
cardiovascular injury, ischemia/reperfusion (I/R) injury and 
systemic inflammatory reaction after hypoxia (3), which may 
aggravate ischemic encephalopathy (4). Effective intervention 
for brain injury after CA has important clinical significance 
and social benefits. How to reduce brain function damage after 
CA has become a research ‘hot’ topic. Unfortunately, there 
is no specific pharmacological treatment for I/R injury after 
restoration of spontaneous circulation (ROSC) (3,4).

Nogo‑A is widely found in neurons of the central nervous 
system (CNS) and oligodendrocytes, and is considered an 
inhibitor of neurite outgrowth and axon regeneration after 
CNS injury. Nogo‑A expression increases after focal cerebral 
ischemia reperfusion injury  (5) and stroke  (6). Increased 
Nogo‑A can affect the plasticity of the CNS and prevent the 
improvement of neural function. Anti‑Nogo‑A treatment 
promotes axonal sprouting and neuro‑structural plasticity to 
recover neural function after ischemic stroke and injury (7). 
Nogo‑A plays an important role in nerve regeneration in the 
CNS; therefore, regulating Nogo‑A is of great significance 
for nerve function recovery (5). These results were derived 
from a study of focal cerebral ischemia, but there are few 
reports assessing total cerebral ischemia, especially Nogo‑A 
expression in the CA/CPR (cardiac arrest/cardiopulmonary 
resuscitation) model. Meanwhile, there is no report concerning 
the effect of Nogo‑A antibody on brain function after intra-
cerebroventricular injection in rats after CA/CPR. Studies 
found that anti‑Nogo‑A treatment affects neurogenesis after 
stoke. Research assessing Nogo‑A focuses on regeneration 
inhibition in the chronic period  (8), and few studies have 
evaluated Nogo‑A changes in the CA/CPR model in the acute 
phase. In recent years, studies evaluating Nogo‑A have shown 
that intervention with myocardial Nogo‑A could reduce 
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apoptosis in cardiomyocytes (9). We speculated that Nogo‑A 
may be associated with apoptosis in the brain. Ephedrine with 
or without hyperbaric oxygen inhibits caspase‑3 and Nogo‑A 
expression, and reduces the degree of brain damage caused by 
ischemia (10) in the neonatal brain injury model. We specu-
lated that Nogo‑A may be associated with apoptosis after 
CA/CPR. Nogo‑A contains double lysine motifs and is mainly 
found in the endoplasmic reticulum (ER), where it aids in the 
formation of ER tubules (11) and maintenance of normal ER 
shape (12). Based on the above facts, we hypothesized that 
Nogo‑A may be associated with ER stress‑related apoptosis 
in neuron cells during global brain I/R injury in the CA/CPR 
model. It is well‑known that C/EBP homologous protein 
(CHOP) and glucose regulated protein 78 (GRP78) are ER 
stress markers, and cysteinyl aspartate specific proteinase‑12 
(casapse‑12) is a specific marker of ER stress‑related apop-
tosis (13). To investigate the effect of Nogo‑A antibody on 
brain tissue structure and function in rats with CA/CPR and 
to explore the possible mechanism, providing an experimental 
basis for brain protection in the CNS, the effects of Nogo‑A 
antibody on neuron cell morphology and caspase‑3, Nogo‑A, 
GPR78, CHOP, caspase‑12, Bcl‑2 and Bax expression levels 
were assessed in the CA/CPR rat model at different time-
points after ROSC.

Materials and methods

Animal preparation. A total of 115 Wistar rats (male, age 
3‑months old, weight 300‑400 g) were purchased from the 
Sichuan University Laboratory Animal Center. They were 
housed in standard rodent housing with soft wood bedding, 
maintained at room temperature (23 ± 2˚C, humidity 50±5%), 
on a 12:12‑h light:dark cycle with ad libitum access to water 
and food. The West China Hospital's Experimental Animal 
Ethics Committee approved the study protocol. Rats were 
anesthetized by intraperitoneal injection of 45 mg/kg 1.5% 
sodium pentobarbital. Animal tracheas were intubated (14G 
artery puncture needle cannula; BD Bioscience) and mechani-
cally ventilated (HX‑100E Ventilator, Chengdu Taimeng 
Technology Co., Ltd.; 60 breaths per min). A 22G artery 
puncture needle cannula was inserted into the right femoral 
artery and vein. A pressure transducer (PT‑100 blood pressure 
transducer; Chengdu Taimeng Technology Co. Ltd.) was used 
to monitor arterial blood pressure online. All catheters were 
blushed intermittently with saline containing 2.5 IU/ml crys-
talline bovine heparin. Subcutaneous needle electrodes were 
used to monitor electrocardiographic recordings continuously. 
Data were recorded using a BL‑420F biological signal acqui-
sition and procession system (BL‑420F; Chengdu Taimeng 
Technology Co. Ltd.).

Modeling cardiac arrest. Experimental procedures in the 
rat studies were executed based on Utstein‑Style Guideline 
for Uniform Reporting of Laboratory CPR Research  (14). 
A 5F pacing catheter with ring electrodes (Medtronic, Inc.) 
was placed in the esophagus for transesophageal induction of 
ventricular fibrillation (15). The distance between the elec-
trode and incisor was 7 cm. A heating plate and light were 
used to maintain the temperature between 36.5 and 37.5˚C. 
The ECG and hemodynamic data were monitored for 15 min. 

Ventricular fibrillation was induced using 20 V/30 Hz with a 
10 msec wave width alternating current via an esophageal elec-
trode (Medtronic Inc.). CA criteria: i) ECG showed ventricular 
fibrillation, pulseless electricity activity, or asystole. ii) mean 
arterial pressure (MAP) below 25 mmHg. Artificial ventilation 
was stopped when inducing CA. After 5 min of CA, CPR was 
started by artificial ventilation (80 breaths/min, tidal volume 
of 6  ml/kg, with pure oxygen) and thoracic compression 
with 2  fingers over the sternum at a rate of 200 compres-
sions/min paced by a metronome with the depth of 1/3 of 
anteroposterior diameter of chest and adjusting according to 
maintain aortic diastolic pressure over 20 mmHg. Advanced 
cardiac life support, including epinephrine (Shanghai 
Hefeng Pharmaceutical Co., Ltd.; 20 µg/kg body weight, i.v.) 
administration, external defibrillation (5J, HeartSmart XL 
defibrillator; Philips Medical Systems B.V.), was initiated. If 
first defibrillation did not result in ROSC, CPR was sustained 
and defibrillation was attempted every 2 min. Resuscitation 
procedures were sustained until restoration of spontaneous 
circulation (ROSC). ROSC criteria: i) ECG showed supra-
ventricular rhythm (sinus, atrial, borderline rhythm); ii) mean 
arterial pressure (MAP) over 60 mmHg maintained for more 
than 10 min. If ROSC did not occur within 10 min of CPR, 
resuscitation was terminated (Fig. 1).

Intracerebroventricular administration of Nogo‑A antibody. 
The rats were randomized into three groups after ROSC. 
The Treatment group received Nogo‑A antibody (n=50) 
while the Model group (n=50) received saline. In addition, 
the Sham‑operated rats without CA served as non‑ischemic 
controls (n=15). Ten minutes after ROSC, rats were placed into 
a stereotaxic apparatus (RWD Desktop digital brain stereo-
taxic instrument 68025; Shenzhen Reward Life Technology 
Co. Ltd.). A stainless cannula was inserted into the right 
lateral ventricle (bregma coordinates: 1.5  mm lateral and 
0.8 mm posterior to the bregma, at a depth of 3.5 mm) (16) 
and connected to an osmotic minipump (Microsyringe pump 
ALC_IP 600Gb; Shanghai Alcott Biotechnology Co., Ltd.). 
Continuous intracerebroventricular application of Nogo‑A 
antibody (17) (200 µg/ml, 1.0 µl/min pump rate, 20 µl) or 
placebo saline (1.0 µl/min pump rate, 20 µl) was carried out for 
20 min (18). After 1, 2, 4, 6, 24, 48 and 72 h, respectively, rats 
were anesthetized and decapitated. The brains were removed 
and cryo‑fixed overnight before embedding and sectioning. At 
the hippocampal level (approximately at the bregma ‑3.5 mm), 
coronal brain sections (10‑µm) were cut and placed on glass 
slides. Then, hippocampal samples were collected for western 
blot and RT‑PCR analysis.

Assessment of neurological deficit score (NDS). NDSs were 
measured to evaluate the neurologic state in the Sham, Model 
and Treatment groups at 1, 2 and 3 days, respectively, after 
CA/CPR as described previously  (19). NDS assessment 
included seven variables such as general behavior, brain-
stem function, exercise assessment, sensory function, motor 
behavior, behaviors and convulsions. An NDS of 80 was 
assigned to reflect normal brain function, whereas an NDS 
of 0 indicated brain death. All assessments were examined 
and confirmed by two separate investigators blinded to the 
treatment (20).
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Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was obtained from dissected hippocampal samples using 
TRIzol reagent as directed by the manufacturer (Invitrogen; 
Thermo Fisher Scientific, Inc.). First‑strand cDNA was synthe-
sized with Revert Aid™ First Strand cDNA Synthesis Kit from 
Fermentas (Thermo Fisher Scientific, Inc.). Amplification was 
performed on an FTC2000 real‑time fluorescent quantita-
tive gene amplification instrument (Funglyn). Each reaction 
contained 1 µl of TaqMan probe, 15.34 µl of PCR water, 
5 µl of cDNA and 1 µl of each primer (final concentration 
10 µM). Thermal cycling included an amplification cycle of 
denaturation at 94˚C for 2 min, followed by 40 cycles of 94˚C 
for 20 sec and 54˚C for 20 sec (β‑actin) and 52˚C for 20 sec 
(caspase‑3) (21). Primers included: β‑actin (111 bp), forward 
5'‑GAA​GAT​CAA​GAT​CAT​TGC​TCC​T‑3' and reverse 5'‑TAC​
TCC​TGC​TTG​CTG​ATC​CAC​A‑3'; caspase‑3 (156 bp), forward 
5'‑CCG​AAA​CTC​TTC​ATC​ATT​CA‑3' and reverse 5'‑CCA​
GGA​ATA​GTA​ACC​GGG​T‑3'.

Relative mRNA expression was assessed by the compara-
tive Cq (2‑ΔΔCq) method (22,23). Transcript levels of caspase‑3 
were determined by RT‑PCR and normalized to β‑actin as an 
endogenous control.

Western blot analysis. Hippocampal tissue samples were 
homogenized in ice‑cold suspension buffer (Bioteke Corp.), 
and centrifuged (20  min, 4˚C, 12000  x  g), and superna-
tants were transferred into a 20‑µl tube. After protein 
quantitation using the BCA protein concentration kit (Beyotime 
Biotechnology), protein extracts (30 µg each) were separated 
by 10% SDS‑PAGE (sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis) and transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore Corp.). The membranes 
were then blocked with 5% non‑fat dried milk in PBS. After 
electroblotting, the membranes were incubated overnight with 
anti‑Nogo‑A (cat. no. SC25660; dilution 1:500; Santa Cruz 
Biotechnology, Inc.), anti‑caspase‑3 (cat. no. 9662S; dilution 
1:1,000; Cell Signaling Technology, Inc.), anti‑β‑actin (cat. 
no. bsm‑33036M; dilution 1:1,000; BIOSS), anti‑GRP78 BiP 
(cat. no.  ab108613; dilution 1:1,000 Abcam), anti‑DDIT3 
(cat. no. ab179823; dilution 1:1,000; Abcam), anti‑caspase‑12 
(cat. no. ab62484; dilution 1:1,000; Abcam), anti‑Bcl‑2 (cat. 
no.  ab59348; dilution 1:1,000; Abcam) and anti‑Bax (cat. 
no. ab32503; dilution 1:1,000; Abcam) primary antibodies, 
respectively, followed by a 1‑h incubation with horseradish 
peroxidase‑conjugated goat‑anti‑rabbit antibody (dilution 
1:1,000; ZB‑2301; OriGene Technologies, Inc.). The film 
was photographed and scanned, and Quantity One Analysis 
Software 4.6 (Bio‑Rad Laboratories, Inc.) was used for quan-
tifying protein gray values. Relative expression of the target 

protein was assessed as its gray‑scale value divided by that of 
the internal control β‑actin.

Nissl staining. The animals were anesthetized by 1.5% sodium 
pentobarbital and sacrificed at various time-points. Rats were 
transcardially perfused with 250 ml saline at 4˚C (24). Brains 
were removed and fixed for one week at 4˚C. A series of 70, 
80, 90 and 95% alcohol solutions and xylene were used to 
dehydrate the brain samples. The prepared paraffin‑embedded 
blocks were cut coronally and mounted onto slides. Five fields 
in each slide were randomly assessed under an Olympus BX41 
optical microscope (Olympus Corporation) with a magnifica-
tion of x400, photographed by an attached camera (Olympus 
DP71, Olympus Corporation) and quantified with Image Pro 
Plus software version 6.0 (Media Cybernetics, Inc.). Average 
optical density (AOD) values were analyzed according to a 
previous report (25).

Electron microscopy. Rats were deeply anesthetized with 1.5% 
sodium pentobarbital and transcardially perfused with 200 ml 
4% paraformaldehyde at 4˚C. The brain tissue was quickly 
removed, placed on ice, cut at 0.5x0.5x0.5 cm with a sharp 
blade, and placed in a pre‑cooled 2.5% glutaraldehyde solution 
for at least 2 h at 4˚C. The, the tissues were rinsed 3 times with 
a 0.2 M phosphate buffer saline solution (pH=7.4) for 15 min. 
Next, they were placed in 1% osmium solution for at least 1 h 
and rinsed again as described previously (16). The samples 
were soaked in gradient ethanol series for 15 min, respectively, 
for dehydration. The samples were embedded in epoxy resin, 
and 70‑nm‑thick sections were prepared. The slices were 
stained with saturated acetate 30 min and treated with lead for 
5‑8 min (24). After staining, slices were rinsed with distilled 
water and assessed under a transmission electron microscope 
(Hitachi H‑7500 transmission electron microscopy; Hitachi 
Corp., Japan). The changes in neurons, mitochondria and ER 
were observed.

Terminal deoxynucleotidyl transferase (TdT)‑mediated dUTP 
nick‑end labelling (TUNEL) assay. Histological analysis 
by TUNEL assay is characterized by the incorporation of 
deoxyuridine triphosphate fluorescein‑12 (12‑d‑UTP) at the 
DNA 30‑OH ends, whose signal is amplified by the reaction 
involving the enzyme terminal deoxynucleotidyl transferase 
(rTdT); the fragmented DNA labeled with 12‑dUTP fluorescein 
becomes visible under a fluorescence microscope. TUNEL 
staining was applied at 72 h after ROSC for the detection of 
neuronal apoptosis. For in situ staining of DNA fragmentation 
and apoptotic bodies, the TUNEL assay was used as described 
previously  (21). An in  situ cell death detection kit, the 

Figure 1. Experimental procedure. CA, cardiac arrest; VF, ventricular fibrillation; CPR, cardiopulmonary resuscitation; ROSC, restoration of spontaneous 
circulation.
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DeadEnd™ Fluorometric TUNEL system (Promega, USA), 
was used for coronal sections mounted on 12‑µm slides (n=3 
per group). The slides were washed with 0.05 M PBS and incu-
bated for 2 min in 1% sodium citrate solution in 0.05 M PBS at 
4˚C. After additional washes in 0.1 M PBS, 50 µl of TUNEL 
reaction mixture was pipetted onto each slide. The slides were 
incubated for 60 min at 37˚C in the dark and washed again 
with 0. M PBS three times. Then, slides were incubated in 
DAPI solution (1:65,000) for 5 min in the dark, washed with 
0.1 M PBS three times, allowed to dry and mounted with 
glycerol (26). The images were acquired under a DM4000B‑M 
fluorescence microscope (magnification, x400) equipped with 
a color digital camera and diagnostic instruments (Leica Co., 
Germany). Image analysis adopted the double‑blind method. 
Five film sections were randomly selected from each group 
of rats for analysis. TUNEL fluorescent signals located in the 
nucleus appeared as bright green dots, representing apoptotic 
cells; DAPI was used for nuclear staining. Apoptosis index 
(AI)=green‑stained cells/blue‑stained cells.

Statistical analysis. The IBM‑SPSS19 statistical software 
(SPSS Inc., Chicago, IL, USA) was used for statistical 
analysis. All western blot and PCR data are represented as 
relative expression based on the sham group. Continuous 
variables with normal distribution were presented as 
mean ±  standard deviation (mean ± SD). Multiple group 
comparisons were performed by one way analysis of variance 
(ANOVA), with the least‑significant difference (LSD) test for 
group pair comparisons. Pearson correlation analysis was 
used to examine the association of Nogo‑A with caspase‑3 
in the hippocampus. P<0.05 was considered as indicative of 
statistical significance.

Results

Rats after ROSC were randomized to a Model group and a 
Treatment group with n=6 for 1, 2, 4, 6, 48 and 72 h time-points 
and n=9 for 24 h time-point. Five rats were dead within 72 h in 
each group. There were no significant differences in weights, 
heart rates, mean arterial pressures among groups at baseline. 
There were no significant differences in the number of defi-
brillations required and CPR duration between the Model and 
Treatment group. The survival rates at 72 h after ROSC in the 
Model group was 6 of 7 rats (85.7%); the survival rates in the 
Treatment group was 6 of 7 rats (85.7%). The survival rates in 
the Sham group was 6 of 6 rats (100%).

Nissl staining. The cells in the Sham operation group (Fig. 2A) 
under light microscope were large, with Nissl bodies clearly 
visible. Reduced amounts of cells were observed in the 
Model group (Fig. 2B) compared with the Sham group. In 
the Treatment group (Fig. 2C), there were more cells in an 
arranged order; some Nissl bodies were clearly visible.

Average optical density (AOD) values in the Model and 
Treatment groups were significantly decreased compared with 
that of the Sham group. Meanwhile, AOD in the Treatment 
group was significantly higher than that of the Model group 
(Fig. 2D). There were significant differences in AOD among 
the three groups (P<0.001). These results indicated that 
Nogo‑A antibody could preserve the Nissl bodies.

Ultrastructure of the brain samples. As shown in Fig. 3A, 
neuronal structure was clearly visible in the Sham group, with 
abundant cytoplasm; the rough ER was large and linear. The 
mitochondria were elliptical, rich and complete; the mito-
chondrial membrane was smooth, with visible double‑layer 
structure. The mitochondrial ridge was clear and orderly. 
Ribosomes and glycogen granules were abundant. The nuclear 
membrane was clear and the chromatin dispersed uniformly in 
the nucleus. As shown in Fig. 3B, the rough ER was expanded 
obviously in the Model group; the mitochondria were swollen, 
and the mitochondrial crest decreased and disappeared. 
There was cell edema and vacuolar degeneration. Perinuclear 
plasmids, ribosomes and glycogen granules were sparse. As 
shown in Fig. 3C, ER expansion was less pronounced in the 
Treatment group than that in the Model group. The mito-
chondrial structure was well preserved, and the mitochondria 
were mildly swollen. The membrane was slightly fuzzy. The 
mitochondrial ridge was partially visible, and cavitation was 
reduced. Sub‑organelle structure was preserved as assessed by 
electron microscopy in the Treatment group.

Apoptosis quantitated by TUNEL staining. Only a few cells 
in the Sham group underwent apoptosis, with an apoptotic 
index of 3±1.58%; apoptotic index values were 46.6±12.95 
and 26.2±9.85% in the CPR Model and Treatment groups at 
72 h, respectively. Differences among the three groups were 
statistically significant (F=26.686, P<0.001). The apoptosis 
index of the Treatment group was significantly lower than that 
of the Model group (P<0.05) (Fig. 4). These results revealed 
that the Nogo‑A antibody overtly reduced the number of 
TUNEL‑positive cells.

Changes in neurological function. In the Sham group, the 
neurological deficit scores (NDSs) showed no significant 
differences at the three time-points (F=0.830, P=0.447). NDSs 
in both the Model and Treatment groups increased with time. 
Indeed, NDSs varied at different time-points in the Model 
(F=31.249, P<0.001) and Treatment (F=33.924, P<0.001) 
groups. The difference between the 48 and 72 h time-points 
was not significant in the Treatment group (P=0.055). NDSs 
in the Treatment and Model groups were lower than those of 
the Sham group, and differences were statistically significant 
(P<0.05). NDSs at all time-points in the Treatment group 
were higher than those of the Model group, and differences 
were statistically significant (P<0.05) (Fig. 5). These find-
ings demonstrated that Nogo‑A antibody could improve 
neurological function in rats after ROSC.

Caspase‑3 mRNA levels in the cerebral hippocampus. 
Hippocampal caspase‑3 mRNA levels in the Model group 
were increased after CPR and decreased at 4 h, and then 
increased at 6 h. The Treatment group showed decreased levels 
until 4 h, followed by an increase. Hippocampal caspase‑3 
mRNA amounts in the treatment group were lower than 
those of the Model group, and the difference was statistically 
significant (P<0.05). Hippocampal caspase‑3 mRNA amounts 
in the Treatment group and in the Model group were higher 
than those of the Sham group, and the difference was statisti-
cally significant (P<0.05; Fig. 6). Nogo‑A antibody injection 
reduced caspase‑3 mRNA expression (P<0.05).
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Nogo‑A and caspase‑3 protein levels in the hippocampus. In 
the Model group, hippocampal Nogo‑A protein levels increased 
gradually reaching a peak at 24 h, and then decreased. The 
Treatment group showed decreased amounts at 4 h, followed 
by an increase. Hippocampal Nogo‑A protein amounts in the 
Model group were higher than those of the Sham group at 
all time-points (P<0.05), and hippocampal Nogo‑A protein 
amounts in the Treatment group were lower than those of 
the Model group within 24 h (P<0.05), and the decrease was 
most obvious at 4  h (Fig.  7A‑C). Hippocampal caspase‑3 
protein levels in the Model group increased over time. In the 
Treatment group, hippocampal caspase‑3 protein increased 
over time as well. But hippocampal caspase‑3 protein levels 
in the Treatment group were significantly lower than those of 

the Model group (P<0.05), but higher than those of the Sham 
group (P<0.05). (Fig. 7A, B and D).

Pearson's correlation showed that Nogo‑A protein in 
the hippocampus was significantly positively correlated 
with caspase‑3 (r=0.790, P<0.001). These findings indicated 
that Nogo‑A antibody injection could reduce Nogo‑A 
and caspase‑3 protein amounts (P<0.05).

GRP78, CHOP, caspase‑12, Bcl‑ and Bax protein levels 
in the hippocampus. The expression of GRP78 gradually 
increased in the hippocampus and decreased after peaking at 
2 h in the Model group. However, GRP78 expression gradu-
ally increased and peaked at 4 h, then increased again at 24 h 
in the Treatment group. GRP78 protein levels were higher in 

Figure 3. The hippocampal endoplasmic reticulum (ER) and mitochondrial ultrastructure examined by transmission electron microscope (TEM) (magnifica-
tion, x30,000) (n=3). (A) the membranes of normal ER were continuous and integrated. Many ribosomes attached to the ER. (B) In the Model group, the 
structure of the ER was irregular, faulted and expanded irregularly. (C) In the Treatment group, the ER had a more complete structure. M, mitochondria; 
ER, endoplasmic reticulum. Arrows indicate ribosomes; arrowheads indicate nuclear membrane; asterisk indicates chromatin. Groups: Treatment, received 
Nogo‑A antibody (n=50); Model, received saline (n=50); Sham, Sham‑operated rats without cardiac arrest (CA) serving as non‑ischemic controls (n=15).

Figure 2. Nissl staining of neuronal cells in the hippocampus. (A) The Sham operation group; (B) the Model group; (C) the Treatment group (Nissl staining; 
magnification, x400). (D) Quantitative analysis (n=3) revealed that the AOD was significantly higher in the treatment groups than that in the model group. Data 
are presented as mean ± SD. ***P<0.001, one way ANOVA followed by LSD test. AOD, average optical density. Groups: Treatment, received Nogo‑A antibody 
(n=50); Model, received saline (n=50); Sham, Sham‑operated rats without cardiac arrest (CA) serving as non‑ischemic controls (n=15).
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the Treatment group compared with the Model group at 4, 6 
and 24 h (P<0.01). Hippocampal GRP78 protein levels in the 
Treatment and Model group were higher than those of the 
Sham group (P<0.05) (Fig. 8A).

CHOP protein expression varied significantly at different 
time-points. CHOP protein amounts in the Model group 
increased with time and peaked at 6 h. The Treatment group 
had a similar profile. CHOP protein levels were lower in 
the Treatment group than levels in the Model group at 2, 4, 
6 and 24 h (P<0.01). Hippocampal CHOP protein levels in 
the Model group were higher than those of the Sham group 
(P<0.05). Hippocampal CHOP protein levels in the Model 
group were higher compared with the Sham group at 4, 6 and 
24 h (P<0.05) (Fig. 8B).

Caspase‑12 expression increased at 2 h, and peaked at 24 h 
in the Model group. Hippocampal caspase‑12 levels in the 
Treatment group showed a trend of decrease with time, and no 
significant peak was observed. Caspase‑12 protein levels were 
lower in the Treatment group compared with the Model group 
at 2, 6 and 24 h (P<0.05). Hippocampal caspase‑12 protein 
levels in the Model group were significantly higher than those 
of the Sham group at 4, 6 and 24 h (P<0.05). Hippocampal 
caspase‑12 protein levels in the Treatment group were lower 
than those of the Sham group at 2, 6 and 24  h (P<0.05) 
(Fig. 8C).

Bcl‑2 protein levels were decreased at 2 h, and increased 
to a peak at 6 h, then decreased in the Model group. Bcl‑2 
protein amounts in the Treatment group peaked at 2 h and 

Figure 4. Nogo‑A antibody reduces the number of TUNEL‑positive cells. (A) DNA fragmentation was evaluated by TUNEL staining. (B) Quantitative 
comparison (n=3) of the apoptosis index among the Sham (white), Model (black) and Treatment group (gray). Data are presented as mean ± SD. **P<0.01 and 
***P<0.001, one way ANOVA followed by LSD test. Groups: Treatment, received Nogo‑A antibody (n=50); Model, received saline (n=50); Sham, Sham‑operated 
rats without cardiac arrest (CA) serving as non‑ischemic controls (n=15).
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decreased with time. Bcl‑2 protein levels were significantly 
higher in the Treatment group than the Model group at 2 h 
(P<0.001). Hippocampal Bcl‑2 protein levels in the Model 
group were significantly higher than those of the Sham 
group at 6 h and significantly lower than those of the Sham 

group at 2 and 24 h (P<0.05). Hippocampal Bcl‑2 protein 
levels in the Treatment group were significantly higher 
than those of the Sham group at 2 and 6  h and signifi-
cantly lower than those of the Sham group at 24 h (P<0.05; 
Fig. 8D).

Figure 6. Expression of caspase‑3 mRNA in the cerebral hippocampus (n=3). Graph shows mean ± SD values at each time point. Sham group (white), Model 
group (black), Treatment group (gray). *P<0.05, **P<0.01 and ***P<0.001, comparison between Model and Treatment group; #P<0.05, comparison with the Sham 
group; one‑way ANOVA followed by LSD test. Groups: Treatment, received Nogo‑A antibody (n=50); Model, received saline (n=50); Sham, Sham‑operated 
rats without cardiac arrest (CA) serving as non‑ischemic controls (n=15).

Figure 5. Nogo‑A antibody improved the neurological function of the rats after CA/CPR (n=6). The graph shows mean ± SD values at each time point. Sham 
group (white), Model group (black), Treatment group (gray). Data are presented as mean ± SD. **P<0.01 and ***P<0.001, one way ANOVA followed by LSD 
test. Groups: Treatment, received Nogo‑A antibody (n=50); Model, received saline (n=50); Sham, Sham‑operated rats without cardiac arrest (CA) serving as 
non‑ischemic controls (n=15). NDS, neurological deficit score; CA, cardiac arrest; CPR, cardiopulmonary resuscitation.
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Hippocampal Bax protein levels increased gradually 
with time in the Model group, and decreased after peaking 
at 6 h. In the Treatment group, they were slightly increased 
at 2 h, significantly decreased at 4 h, and further increased 
after 6 h. Hippocampal Bax protein amounts in the Treatment 
group were significantly lower than those of the Model group 
at all time-points (P<0.05). There were differences in Bax 
protein levels between the Sham group and the Model and 
Treatment groups (P<0.05). Hippocampal Bax protein levels 
in the Model group were significantly higher than those of the 
Sham group at 2, 4, 6 and 24 h (P<0.05). Hippocampal Bax 
protein levels in the Treatment group were higher than those 
of the Sham group at 2, 6 and 24 h and lower than those of the 
Sham group at 4 h (P<0.05; Fig. 8E).

These findings demonstrated that Nogo‑A antibody injec-
tion could upregulate GRP78 and Bcl‑2 at the protein level, 
and reduce CHOP, caspase‑12 and Bax protein amounts within 
24 h (P<0.05).

Discussion

The present study assessed the expression changes in Nogo‑A 
after cardiac arrest/cardiopulmonary resuscitation (CA/CPR) 
in rats. The results showed that Nogo‑A protein levels increased 

over time in the hippocampus of rats after CA/CPR, consis-
tent with findings by Zhao et al  (27) for brain injury and 
similar with rat studies of ischemia and hypoxia (5,6,28,29). 
The present study showed that Nogo‑A protein levels in 
the hippocampus were lower in the Treatment group than 
the Model group, corroborating Weinmann et al  (30) and 
Zhou et al (17). Zhou (17) found that Nogo‑A protein levels 
in brain tissue were significantly reduced by injection with 
the Nogo‑A antibody into the cerebral ventricle of newborn 
rats with hypoxic ischemic brain injury. He believed that the 
reason for the decrease in Nogo‑A protein was the formation 
of antigen‑antibody complex of Nogo‑A. Weinmann et al (30) 
also found that the total Nogo‑A protein amounts in tissues 
were significantly reduced after Nogo‑A antibody injection 
into the lateral ventricle or subdural cavity of adult rats and 
rhesus monkeys. Moreover, his study discovered that the 
internalized Nogo‑A and endogenous Nogo‑A co‑localized in 
organelles similar to lysosomes or lysosomal progenitors. He 
also found that antibodies bound to the cell surface and were 
internalized as antibody ligand complexes. Weinmann et al 
speculated that the decrease in Nogo‑A was due to the reduc-
tion of intracellular storage caused by the degradation induced 
by enhanced antibodies, but whether the synthesis of Nogo‑A 
is also affected still needs to be further studied.

Figure 7. Expression of Nogo‑A and caspase‑3 protein in the hippocampus (n=3). (A and B) Western blotting for Nogo‑A and caspase‑3 expression in the 
hippocampus. (C) Relative levels of Nogo‑A. (D) Relative levels of caspase‑3, Data are presented as mean ± SD. Sham group (white), Model group (black), 
Treatment group (gray). 1, 2, 4, 6, 24, 48 and 72 h: Model group at 1, 2, 4, 6, 24, 48 and 72 h. T1, T2, T4, T6, T24, T48 and T72 h: Treatment group at 1, 2, 4, 6, 
24, 48 and 72 h. *P<0.05, **P<0.01 and ***P<0.001, comparison between the Model and Treatment group; #P<0.05, comparison with the Sham group; one‑way 
ANOVA followed by LSD test. Groups: Treatment, received Nogo‑A antibody (n=50); Model, received saline (n=50); Sham, Sham‑operated rats without 
cardiac arrest (CA) serving as non‑ischemic controls (n=15).



Molecular Medicine REPORTS  21:  77-88,  2020 85

The present study demonstrated that Nogo‑A protein levels 
were significantly positively correlated with caspase‑3 expres-
sion in the rat hippocampus (r=0.79, P<0.001). Previous studies 
on ischemic hypoxic brain damage in a newborn SD rat model 
found that caspase‑3 expression was significantly increased 
along with Nogo‑A expression. Application of ephedrine 
and hyperbaric oxygen treatment could inhibit Nogo‑A and 
caspase‑3 expression, alleviating the degree of brain injury 
caused by ischemia hypoxia (10). Another study assessing 
the optic nerve also showed increased Nogo‑A and caspase‑3 
amounts after acute injury (31), and found that glucocorticoids 
reduce Nogo‑A and caspase‑3 levels. However, the above study 
failed to assess whether Nogo‑A and caspase‑3 are concomi-
tant or causal. The present research revealed that inhibition 
of Nogo‑A expression could reduce caspase‑3 expression, 
suppressing apoptosis. As shown above, caspase‑3 mRNA and 
protein expression levels, and Nogo‑A protein amounts were 
increased after restoration of spontaneous circulation (ROSC), 
but decreased after intraventricular injection of the Nogo‑A 
antibody in rats. The expression trend of the Nogo‑A protein 
after intraventricular injection was consistent with that of 

caspase‑3. Specific intervention of Nogo‑A expression could 
reduce caspase‑3 expression. Inhibition of Nogo‑A expres-
sion could downregulate caspase‑3 and inhibit apoptosis. It 
was also demonstrated that caspase‑3 was associated with 
Nogo‑A, indicating that Nogo‑A is involved in the process 
of apoptosis, which can be reduced by intraventricular injec-
tion of Nogo‑A antibody. In cultured cardiomyocytes, a study 
found that knockdown of Nogo‑A reduced caspase‑3 cleavage 
and apoptosis in hypoxia/reoxygenation cardiomyocytes (9), 
corroborating the present findings. Therefore, downregulation 
of Nogo‑A reduces caspase‑3 expression, decreases apoptosis 
and protects neural function.

The present study found that after ROSC, GRP78 levels in 
the hippocampal tissue were increased compared with those of 
the Model group, and rapidly increased at 2 h. This is consistent 
with the GRP78 results for focal ischemic rat brain tissue (32). 
GRP78, a member of the heat shock protein family, is a classic 
marker of endoplasmic reticulum (ER) stress and promotes 
the correct assembly, folding and modification of proteins. 
Increased expression of GRP78 plays a protective role in cells 
under stress. After CA/CPR, the brain tissue experiences total 

Figure 8. Expression of GRP78, CHOP, caspase‑12, Bcl‑2 and Bax protein in the hippocampus (n=3). Relative levels of (A) GRP78 expression, (B) CHOP 
expression, (C) caspase‑12 expression, (D) Bcl‑2 expression and (E) Bax expression in the hippocampus. (F) Western blotting for GRP78, CHOP, caspase‑12, 
Bcl‑2, Bax expression in the hippocampus, GRP78, glucose regulated protein 78; CHOP, C/EBP homologous protein; caspase‑12, cysteinyl aspartate specific 
proteinase‑12. Data are presented as mean ± SD, Sham group (white), Model group (black), Treatment group (gray). 2, 4, 6 and 24 h: Model group at 2, 4, 6 
and 24 h. T2, T4, T6 and T24 h: Treatment group at 2, 4, 6 and 24 h. *P<0.05, **P<0.01 and ***P<0.001, comparison between the Model and Treatment group; 
#P<0.05, comparison with the Sham group; one‑way ANOVA followed by LSD test. Groups: Treatment, received Nogo‑A antibody (n=50); Model, received 
saline (n=50); Sham, Sham‑operated rats without cardiac arrest (CA) serving as non‑ischemic controls (n=15).
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cerebral ischemia and reperfusion, which causes ER stress 
and activates the unfolded protein response (UPR) process. 
When unfolded proteins accumulate in the ER, GRP78 binds 
to them, dissociating with inositol‑requiring enzyme1 (IRE1), 
activating transcription factor 6 (ATF6) and double‑stranded 
RNA dependent protein kinase‑like ER kinase (PERK), and 
causing their activation  (33). GRP78 activates these three 
pathways, which regulate GRP78 after activation, and GRP78 
subtly modulates the activation of the pathways. Through these 
mechanisms, GRP78 expression is increased, and the protein 
binds to misfolded and unfolded proteins in the ER lumen 
to reduce the ER burden and restore ER function. However, 
when ER stress is extremely strong, this self‑stabilizing effect 
is weakened, resulting in dysfunctional ER and decreased 
GRP78 expression (34). This is why GRP78 protein amounts 
were significantly increased at 4, 6 and 24 h in the Treatment 
group compared with the Model group, with a delayed peak 
(P<0.01) in this study. The peak time of the GRP78 protein in 
the Treatment group was 4 h, which was consistent with the 
low ebb time for the Nogo‑A protein, and subsequent Nogo‑A 
decrease was consistent with subsequent elevation of GRP78, 
indicating that reduced Nogo‑A protein results in increased 
expression of the GRP78 protein, alleviates ER stress, and 
exerts a protective effect on cell survival.

CHOP, also known as growth arrest and DNA‑damage-
inducible gene 153 (GADD153), is also a classical marker 
of ER stress. Increased expression of CHOP initiates the 
apoptotic pathway (35). The present study found that CHOP 
in the hippocampal tissue gradually increased to peak at 6 h 
after CA/CPR, and then decreased. CHOP levels were lower 
in the Treatment group compared with the Model group, and 
differences between the Model and Treatment groups and 
Sham group were statistically significant at 2, 4, 6 and 24 h. 
CHOP is normally widely expressed at a very low level, but 
highly expressed in cells under stress. After ER stress, the UPR 
occurs and three pathways are activated. Since CHOP expres-
sion (at the gene and protein levels) occurs upon activation of 
the three pathways of unfolded reactions by GRP78, CHOP can 
be induced by the above three pathways simultaneously, and 
its protein expression gradually increases. At the early stage 
of ER stress, GRP78 is highly expressed and inhibits CHOP 
expression through the three pathways in order to restore 
homeostasis. At the later stage, GRP78 expression decreases 
and CHOP expression is rapidly upregulated. Therefore, the 
peak of CHOP occurs later than that of GRP78. CHOP is a tran-
scription factor that regulates genes involved in cell survival or 
death. When cell adaptation through the UPR is unsuccessful 
due to prolonged or unresolved ER stress, new signals trans-
mitted from the ER induce cell death. UPR's PERK pathway 
initially mediates the pro‑survival response and promotes 
GRP78 expression; however, in case of severe or prolonged ER 
stress, a pro‑apoptotic response takes place instead (36). CHOP 
can induce apoptosis in many ways, possibly through inhibi-
tion of Bcl‑2 transcription. Overexpression of CHOP leads to 
decreased Bcl‑2 protein levels. In the present study, Bcl‑2 levels 
increased at 2 h in the Treatment group, which may be related 
to decreased CHOP protein expression at this time-point. We 
found that CHOP protein expression levels in the Treatment 
group were lower at 2, 4, 6 and 24 h compared with those of 
the Model group. The CHOP protein decrease in the Treatment 

group was highest at 4 h, which was consistent with the most 
obvious decrease in Nogo‑A protein levels, indicating that a 
decrease in Nogo‑A protein downregulates CHOP at the protein 
level, reduces ER stress, alleviates CHOP protein‑induced 
apoptosis, and has a protective effect on cell survival (37). The 
present study demonstrated that during CPR, CHOP, GRP78, 
caspase‑12 and Bax in hippocampal tissues were all increased 
compared with the values of the Sham operation group, Bcl‑2 
expression was decreased, and the differences were statisti-
cally significant. GRP78 peaked at 2 h and CHOP at 6 h. The 
variation pattern of CHOP in our model was similar to previous 
findings (38). GRP78 and CHOP are both classical markers of 
ER stress. Increased expression of GRP78 plays a protective 
role in cells under stress, and increased expression of CHOP 
is a pathway that initiates apoptosis. Both of them reflect ER 
stress occurrence.

Caspase‑12 is located at the cytoplasmic side of the ER, 
which hosts caspases. It represents a specific molecule that 
mediates ER stress and induces apoptosis, and is not activated 
in the death receptor and mitochondrial pathways, the other 
two axes of apoptosis (39). Caspase‑12 mediates the apoptosis 
pathway specific to the ER. It directly enters the cytoplasm and 
activates caspase‑9 (3) without relying on the mitochondrial 
cytochrome C/Apaf‑1 pathway, and activates caspase‑3 to 
induce apoptosis (40).

The present study showed that caspase‑12 in the hippo-
campal tissue was gradually increased after CA/CPR compared 
with the Sham group, and significantly increased at 6 h, peaking 
at 24 h, and differences were statistically significant. This 
is consistent with findings by Osada et al (37). In the latter 
study, the hippocampal tissue of mice with transient anterior 
cerebral ischemia was assessed, and caspase‑12 was shown to 
be increased significantly at 24 h. Caspase‑12 also increased in 
the ischemic core 24 h after ischemia in the permanent middle 
cerebral artery occlusion (MCAO) model (41). GRP78, ATF4 
and CHOP levels were also shown to be significantly increased 
in the ischemia reperfusion model of MCAO (38). The increase 
of ER stress markers was consistent with caspase‑12 upregula-
tion in the core area of ischemia at 24 h. In the mouse MCAO 
model, caspase‑12 after 1‑h ischemia/reperfusion was found 
to be associated with GRP78 upregulation and cell apoptosis. 
CHOP and caspase‑12 levels were shown to be increased in 
the same model at 6‑12 h after reperfusion (42). Meanwhile, 
caspase‑12 expression was increased in the hippocampus of rats 
with traumatic brain injury, which was found to be associated 
with neuronal injury. In the present study, the caspase‑12 level 
increased after CA/CPR indicating apoptotic induction by ER 
stress. As shown above, CHOP peaked at 6 h after CA/CPR, and 
caspase‑12 also increased significantly at that time-point. While 
CHOP levels decreased in the Treatment group, caspase‑12 
amounts did not increase significantly, and no significant peak 
was observed. Meanwhile, caspase‑12 protein expression in the 
Treatment group was lower than that of the Model group at 2, 6 
and 24 h, respectively, with the most significant reductions at 6 
and 24 h, and no significant peak formation. We also found that a 
decrease in Nogo‑A protein could inhibit the specific caspase‑12 
apoptosis pathway induced by ER stress and eventually lead to 
caspase‑3 downregulation, thereby reducing apoptosis.

In addition to its role in the mitochondrial apoptotic 
pathway, the Bcl‑2 protein is also located in the ER and 
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reduces the level of calcium ions in a stable state through 
IP3Rs. The apoptotic protein Bax is also located in the ER 
and antagonizes the activity of Bcl‑2 in regulating the concen-
tration of calcium ions (43). Meanwhile, Bax binds to IRE1α 
after ER stress, leading to pathological activation (44), which 
in turn neutralizes the anti‑apoptotic activity of Bcl‑2. Bax 
may play an executor role in ER stress‑induced apoptosis. The 
present study found that there were no significant differences 
in hippocampal Bcl‑2 protein levels between the Treatment 
and Model groups except at 2 h, which may be associated with 
the insignificant increase in CHOP protein levels observed at 
this time-point, as overexpression of CHOP leads to decreased 
Bcl‑2 protein expression. Hippocampal Bax protein levels in 
the Treatment group were lower than those of the Model group 
at 2, 4, 6 and 24 h, respectively, since CHOP overexpression 
leads to increased Bax expression. The expression of CHOP 
was inhibited in the Treatment group, thus Bax expression was 
decreased.

The limitations of this research should be mentioned. Firstly, 
the observation time after ROSC was relatively short (72 h), 
and further studies should prolong the observation period to at 
least 1 to 3 months after ROSC to observe long‑term effects. 
Secondly, a single drug dose was assessed; optimal timing and 
dosage should be comprehensively tested in further investiga-
tion. Thirdly, only hippocampal injury was evaluated after 
ROSC, and it remains unclear whether other parts of the brain 
such as the corpus striatum were equally affected. Fourthly, 
this study adopted a bolus injection for 20 min. We found that 
the effects would not exceed 24 h, thus further studies should 
deliver antibodies over several days or weeks to maintain the 
drug effects for a longer time. Meanwhile, further studies are 
required in posttreatment settings.

In conclusion, the present study found that after intracere-
broventricular injection of Nogo‑A antibody to rats after ROSC, 
cell apoptosis was reduced, the morphological structure and 
ultrastructure were preserved, and neurological function was 
improved. These results suggest that the Nogo‑A antibody has 
certain protective effects on brain structure and function in 
rats after ROSC. The protective mechanism possibly includes 
GRP78 and Bcl‑2 upregulation, and CHOP, Bax and caspase‑12 
downregulation, ER stress inhibition, and finally suppression 
of caspase‑3‑associated apoptosis. The anti‑Nogo‑A antibody 
could protect brain structure and function in rats after ROSC 
by reducing ER stress‑induced apoptosis.
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