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Abstract. Postoperative cognitive dysfunction (POCD), 
commonly observed in elderly patients, is characterized by 
impaired concentration, memory and learning following 
surgery, and may persist for a long duration or progress into 
serious central nervous system diseases. It has been demon-
strated neuroinflammation caused by surgery is involved in 
the development of POCD. However, the detailed molecular 
mechanism remains to be fully elucidated. The present study 
aimed to reveal the role of tumor necrosis factor (TNF)-α 
in the development of POCD in aged rats. Laparotomy was 
performed to mimic human abdominal surgery in the aged 
rats. Following surgery, the memory and learning functions 
were impaired, with significant upregulation of pro‑inflam-
matory cytokines, including TNF-α, interleukin (IL)-1β, IL-4 
and IL-6 in the hippocampal tissues. However, intracisternal 
administration of the TNF-α receptor antagonist, R-7050, 
during surgery attenuated these defects in cognitive func-
tion and inhibited the production of the pro-inflammatory 
cytokines in the hippocampal tissues. Furthermore, intra-
cisternal administration of R-7050 inhibited the activation 
of the downstream nuclear factor-κB and mitogen-activated 
protein kinase signaling pathway in the hippocampal tissues. 
Therefore, the results of the present study suggested a key role 
of the TNF-α-mediated signaling pathway in the development 
of POCD.

Introduction

Postoperative cognitive dysfunction (POCD) is characterized 
by impaired concentration, memory and learning following 
surgery. As POCD can persist for a prolonged period of time, 
it is detrimental to the health of millions of elderly patients 
worldwide, in addition to presenting a significant economic 
burden on society (1). As a result, the development of effec-
tive preventive or therapeutic targets for POCD is urgently 
required.

It has been suggested that neuroinflammation resulting 
from surgery is involved in the development of POCD (2,3). 
It is well-established that, shortly following surgery, the 
neuroinflammatory response‑associated signaling pathways 
are activated, including nuclear factor (NF)-κB. This can lead 
to the production and release of pro‑inflammatory cytokines, 
including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, 
IL‑4, IL‑6 and IL‑8, and further neuroinflammatory responses 
in the brain (4-7). Therefore, effectively suppressing the acti-
vation of neuroinflammatory response‑associated signaling 
pathways may offer potential for the prevention and treatment 
of POCD.

TNF-α is a multifunctional pro‑inflammatory cytokine, 
predominantly secreted by macrophages (8). TNF-α is involved 
in the regulation of various biological processes, including 
cell proliferation, differentiation, apoptosis, lipid metabolism 
and coagulation, through binding to its receptors (9). In addi-
tion, TNF-α is able to activate neuroinflammatory‑associated 
signaling pathways, including the NF-κB and mitogen-acti-
vated protein kinase (MAPK) signaling pathways (4,5,7). 
Accordingly, TNF-α may be a potential preventive and 
therapeutic target in the treatment of POCD. However, the 
detailed role of TNF-α in surgery-induced POCD remains to 
be elucidated.

In the present study, in order to elucidate the role of TNF-α 
in surgery-induced POCD in aged patients, a rat model was 
used, in which laparotomy was performed to the aged rats 
in order to mimic human abdominal surgery. Subsequently, 
a Morris water maze (MWM) assay was performed to 
evaluate the cognitive functions of the rats following surgery, 
with or without the administration of the R-7050 TNF-α 
receptor antagonist. In addition, the expression levels of 
several key pro‑inflammatory cytokines, and the activity of 
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neuroinflammation‑associated NF‑κB signaling were exam-
ined in the hippocampal tissues of the aged rats.

Materials and methods

Animals and groups. The present study was approved by the 
Ethics Committee of Dezhou People's Hospital (Dezhou, 
China). Male Sprague-Dawley rats (n=60; 24 months old) were 
purchased from the Laboratory Animal Centre of Life Science 
Institute (Shanghai, China). The rats were housed separately 
under conditions of controlled temperature (22±1˚C) in a 12 h 
light/dark cycle, and were allowed free access to standard rat 
chow and sterile water. Each group contained 10 rats.

Surgery. Laparotomy was performed under anesthesia 
(Pelltobarbitalum Natricum; 5 mg/100 g; Sigma-Aldrich, Santa 
Clara, CA, USA). In the rats subjected to laparotomy, a 3 cm 
vertical incision was made at ~0.5 cm below the lower right rib, 
and the incision penetrated the peritoneal cavity. The surgeon 
inserted an index finger into the opening and vigorously manip-
ulated the viscera and musculature for 1 min. Subsequently, 
sterile chromic gut sutures (Henan Songhe Medicines & 
Health Products, Zhengzhou, China) were used to suture the 
peritoneal lining and muscle. In the sham-operated rats, the 
abdominal area was shaved and cleaned using 70% ethanol 
(Sigma-Aldrich) and the animals remained under anesthesia for 
the same duration as the rats in the laparotomy group

Intracisternal administration of the R‑7050 TNF‑α receptor 
antagonist. To investigate the role of TNF-α in the development 
of POCD following surgery in aged rats, a seperate group of the 
rats were administered with R-7050, a TNF-α receptor antago-
nist (EMD Biosciences, Inc., San Diego, CA, USA) during 
surgery under anesthesia. In brief, the dorsal aspect of the skull 
was shaved and cleaned using 70% ethanol. A 27-gauge needle 
(Sigma-Aldrich), attached via PE50 tubing (Smiths Medical, 
Ashford, UK) to a 25 µl Hamilton syringe (Sigma-Aldrich), 
was inserted into the cisterna magna. To confirm entry into 
the cisterna magna, 2 µl clear cerebral spinal fluid was drawn 
and released, following which 3 µl R-7050 was administered. 
In addition, a separate group of rats were shaved and cleaned, 
as above, and administered with 3 µl sterile saline as a vehicle 
control.

MWM assay. All the rats were trained in the MWM five 
times each day for six consecutive days. Each rat was placed 
on a platform in the center of the MWM for 30 sec and was 
then released into the water from an assigned release point. The 
rat was allowed to swim for 60 sec to reach the platform. If 
unsuccessful, the rat was picked up and placed on the platform 
for another 30 sec. The swimming distance and the time taken 
to reach the platform were recorded using video tracking. The 
swimming distance and time taken to reach the platform were 
used to caculate the speed and then analyzed using MWM 
software (XR-XM101; Xinruan Information Technology, 
Shanghai, China). On postoperative days 1, 3 and 5, the MWM 
assay was repeated three times.

Western blotting. The proteins were extracted using a Nuclear 
and Cytoplasmic Protein Extraction kit (Thermo Fisher 

Scientific, Waltham, MA, USA). The protein concentrations 
were determined using a Bradford DC Protein assay (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA). Subsequently, the 
proteins were separated using 10% SDS-PAGE (Sigma-
Aldrich) and transferred onto a polyvinylidene difluoride 
(PVDF; Life Technologies, Carlsbad, CA, USA) membrane, 
which was then incubated with phosphate-buffered saline 
(PBS; Life Technologies) containing 50 g/l skimmed milk at 
room temperature for 4 h. Following this, the PVDF membrane 
was incubated with the following antibodies: Rabbit anti-TNF 
alpha (polyclonal; 1:100; cat. no. ab6671), rabbit anti‑IL‑1β 
(monoclonal; 1:50; cat. no. ab200478), rabbit anti-IL-4 (poly-
clonal; 1:50; cat. no. ab9622), rabbit anti-IL-6 (polyclonal; 
1:50, cat. no. ab6672), mouse anti-c-JNK (monoclonal; 1:100; 
cat. no. ab46821), chicken anti-p-c-JNK (polyclonal; 1:100; 
cat. no. ab46821), rabbit anti-p38 (polyclonal; 1:50; cat. no. 
ab7952), rabbit anti-p-p38 (polyclonal; 1:50; cat. no. ab47363), 
rabbit anti-p65 (polyclonal; 1:50; ab16502) and mouse anti-
GAPDH (monoclonal; 1:100; cat. no. ab8245), respectively, 
at 37˚C for 1 h. Following washing with PBS three times, 
the PVDF membrane was incubated with HRP-conjugated 
goat anti mouse IgG (1:10,000; cat. no. ab186694), goat anti-
rabbit IgG (1:5,000; cat. no. ab175773) or goat anti-chicken 
IgY (1:5,000; cat. no. ab175754). at room temperature for 1 h. 
All antibodies were purchased from Abcam (Cambridge, 
UK). Chemiluminent detection was then performed using 
an Enhanced Chemiluminescence kit (Pierce Biotechnology, 
Inc., Rockford, IL, USA).

Statistical analysis. The data are expressed as the 
mean ± standard deviation. Differences between two groups 
were determined using Student's t-test with SPSS software, 
version 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Aged rats exhibit defects in cognitive function following 
surgery. Prior to surgery, all the aged rats were trained in the 
MWM for 6 days. The swimming distances, time taken to reach 
the platform and speed in the MWM were used to evaluate the 
spatial memory function of the rats. As shown in Fig. 1, the 
swimming distance and time taken to reach the platform were 
significantly reduced during the six training days, indicating 
that their spatial memory gradually increased.

Subsequently, an MWM assay was performed on postopera-
tive days 1, 3 and 5. As shown in Fig. 2, the swimming distance 
and time taken to reach the platform were significantly increased 
on postoperative days 1 and 3, compared with the measurements 
obtained prior to surgery, suggesting that their spatial memory 
function was impaired shortly following surgery. However, on 
postoperative day 5, the swimming distance and time taken to 
reach the platform were not significantly different, compared 
with those in the sham-operated control group, suggesting that 
their cognitive function had recovered.

Intracisternal administration of TNF‑α receptor antagonist 
attenuates the defects in cognitive function in aged rats 
following surgery. To examine the role of TNF-α in POCD in 
aged rats, the rats in the present study received an intracisternal 
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administration of the R-7050 TNF-α receptor antagonist during 
surgery. As shown in Fig. 3, following administration of the 
R-7050 TNF-α receptor antagonist, the swimming distance and 
time taken for the aged rats to reach the platform were notably 
reduced on postoperative days 1 and 3, compared with the rats 
in the saline-treated group. However, the swimming distance 
and time taken to reach the platform in the aged rats treated 
with the R-7050 TNF-α receptor antagonist remained higher 
than those in the sham-operated control group on postopera-
tive day 1. These observations indicated that the intracisternal 
administration of the R-7050 TNF-α receptor antagonist 
notably attenuated the defects in spatial memory function 
observed in the aged rats shortly following surgery.

Intracisternal administration of the TNF‑α receptor antagonist 
R‑7050 inhibits the upregulation of pro‑inflammatory cytokines 
in aged rats following surgery. The present study subsequently 
investigated the molecular mechanism underlying the effects 
of TNF-α further. Western blotting was used to determine 
the protein expression levels of pro‑inflammatory cytokines, 
including TNF-α, IL-1β, IL-4 and IL-6, in the hippocampal 
tissues of aged rats on postoperative day 1, with or without 
administration of the R-7050 TNF-α receptor antagonist. The 
rats in the shamoperated group were used as the controls. As 
shown in Fig. 4, the protein expression levels of TNF-α, IL-1β, 
IL‑4 and IL‑6 were significantly upregulated on postoperative 
day 1, compared with the sham-operated group. However, the 
intracisternal administration of the TNF-α receptor antagonist 
significantly attenuated the surgery-induced upregulation 
of these pro‑inflammatory cytokines. These data suggested 
that inhibiting TNF-α‑mediated pro‑inflammatory signaling 
may effectively inhibit surgery‑induced neuroinflammatory 
responses in aged rats.

Intracisternal administration of TNF‑α receptor antagonist 
R‑7050 suppresses the activation of the NF‑κB signaling 

Figure 1. Prior to surgery, the aged rats were trained in the Morris water 
maze for 6 days. The swimming distance, time taken to reach the platform 
and the speed to the platform in the Morris water maze were calculated to 
evaluate the spatial memory function of the rats. The data are expressed as 
the mean ± standard deviation. **P<0.01 vs. day 1.

Figure 3. A Morris water maze assay was used on postoperative (post) 
days 1 and 3 in rats, treated with intracisternal administration of R-7050 or 
saline during surgery. The control rats underwent sham surgery. The data 
are expressed as the mean ± standard deviation. *P<0.05 and **P<0.01. ns, 
not significant.

Figure 2. Assessment using a Morris water maze test was performed prior to 
surgery (before) and on postoperative (post) days 1, 3 and 5. The swimming 
distance, time taken to reach the platform and speed in the Morris water 
maze were calculated to evaluate the spatial memory function of the rats. 
The data are expressed as the mean ± standard deviation **P<0.01 vs. before.



MA et al:  INHIBITING TNF-α ATTENUATES POSTOPERATIVE COGNITIVE DYSFUNCTION IN AGED RATS3098

pathway in aged rats following surgery. As NF-κB is a down-
stream signaling factor of TNF-α (10), western blotting was 
performed to determine the activity of NF-κB signaling in the 
hippocampal tissues of the aged rats in each group. As shown 
in Fig. 5, compared with the control group, the protein levels 
of NF-κB P65 in the nucleus were significantly upregulated 
on postoperative day 1, and this upregulation was inhibited 
following intracisternal administration of the R-7050 TNF-α 
receptor antagonist. These observations suggested that the 
R-7050 TNF-α receptor antagonist effectively inhibited the 

surgery-induced activation of NF-κB signaling in the hippo-
campal tissues of the aged rats.

Intracisternal administration of the TNF‑α receptor antago‑
nist R‑7050 suppresses the activation of the MAPK signaling 
pathway in aged rats following surgery. As MAPK signaling is 
also involved in TNF-α‑mediated inflammatory responses (11), 
western blotting was performed to examine the activity of 
c-Jun N-terminal kinases (c-JNK) and p38 MAPK signaling 
in the hippocampal tissues of the aged rats in each group. As 
shown in Fig. 6, the protein levels of phosphorylated c-JNK 
and phosphorylated p38 MAPK were significantly upregulated 
on postoperative day 1, compared with the levels in the control 
group. However, following intracisternal administration of the 
R-7050 TNF-α receptor antagonist, notable attenuation of the 
upregulation of these proteins was observed. Therefore, these 
data indicated that the inhibition of TNF-α effectively inhib-
ited the surgery-induced activation of MAPK signaling in the 
hippocampal tissues of the aged rats.

Discussion

There is accumulating evidence to suggest that neuroinflam-
mation may be involved in the development of POCD, as it is 
involved in cognitive defects in diseases of the central nervous 
system (12,13). However, the detailed molecular mechanism 
remains to be elucidated. With the exception of advanced age as 
the most significant risk factor, surgical trauma is another risk 
factor for the development of POCD (1,14-16). In the present 
study, laparotomy was performed to mimic human abdominal 
surgery in aged rats. The data obtained demonstrated that that 
the laparotomy resulted in impaired cognitive function, while 
inhibiting TNF-α, using the R-7050 TNF-α receptor antago-
nist significantly attenuated the laparotomy‑induced defects 

Figure 5. Western blotting was performed to determine the protein levels of 
nuclear P65 and total P65 in the hippocampal tissues of aged rats on post-
operative day 1 following intracisternal administration of R-7050 or saline. 
The control rats underwent sham surgery. The data are expressed as the 
mean ± standard deviation.**P<0.01.

Figure 6. Western blotting was performed to determine the protein levels 
of p-c-JNK, p-p38 MAPK, total c-JNK and total p38 MAPK in the hippo-
campal tissue of aged rats on postoperative day 1 following intracisternal 
administration of R-7050 or saline. The control rats underwent sham surgery. 
The data are expressed as the mean ± standard deviation. **P<0.01. c-JNK, 
c-Jun N-terminal kinases; MAPK, mitogen-activated protein kinase; p-, 
phosphorylated.

Figure 4. Western blotting was performed to determine the protein expres-
sion levels in the hippocampal tissues of aged rats on postoperative day 1, 
following intracisternal administration of R-7050 or saline. The control rats 
underwent sham surgery. The data are expressed as the mean ± standard 
deviation.**P<0.01. TNF, tumor necrosis factor; IL, interleukin.



MOLECULAR MEDICINE REPORTS  12:  3095-3100,  2015 3099

in the cognitive functions of the aged rats. Inhibiting TNF-α 
inhibited the activation of NF-κB signaling and stimulated 
the production of key pro‑inflammatory cytokines, including 
TNF-α, IL-1β, IL-4 and IL-6 in the hippocampal tissues of 
the aged rats.

Previous studies have demonstrated that the development 
of POCD is associated with non‑infectious neuroinflammatory 
responses (3,17). As peripheral surgery has been observed to 
induce neuroinflammatory responses (16,18), laparotomy was 
performed in the present study to mimic human abdominal 
surgery in aged rats. Peripheral surgery, including laparotomy 
cause sensitization, leading to enhanced neuroinflamma-
tion (19) and the release of peripheral pro-inflammatory 
cytokines, including TNF-α, IL-1β, IL-4 and IL-6 (20). These 
pro‑inflammatory cytokines are able to enter the brain and 
further activate microglial cells, which causes further neuro-
inflammatory responses and brain injury, as described by 
Kannan et al (21). In the present study, the findings demon-
strated that laparotomy resulted in a significant upregulation 
of pro‑inflammatory cytokines in the hippocampal tissues of 
the aged rats. These observations were consistent with those of 
previous studies. Barrientos et al (22) also observed that sple-
nectomy led to hippocampal-dependent memory impairment 
and upregulation in the levels of pro‑inflammatory cytokines 
in the hippocampal tissues of aged rats on postoperative 
days 1 and 4.

TNF-α has been observed to act on several signaling 
pathways through binding to its two receptors, TNF receptor 1 
(TNFR1) and TNFR2. TNF-mediated signaling pathways 
are involved in NF-κB- and MAPK-mediated activation 
of inflammation (10,11). Binding of TNF-α to TNFR1 or 
TNF receptor-associated factor 2 can lead to activation of 
NF-κB signaling, which subsequently leads to production 
of pro-inflammatory cytokines, including TNF-α, IL-1β, 
IL-4 and IL-6 (10,23,24). In the present study, it was demon-
strated that intracisternal administration of a TNF-α receptor 
antagonist suppressed the activation of the NF-κB signaling 
pathway, with a resulting decrease in the production of TNF-α, 
IL-1β, IL-4 and IL-6 in the hippocampal tissues of the aged 
rats following surgery. These observations suggested that 
inhibiting TNF-α inhibited the surgery‑induced neuroinflam-
mation in the brain through downregulation of the NF-κB 
signaling‑induced release of pro‑inflammatory cytokines, and 
therefore, attenuated the defects in cognitive function in the 
aged rats.

MAPK signaling is also involved in TNF-α-mediated 
inflammatory responses (11). c‑JNK is a member of the MAPK 
family (25), and activation of TNF-α-mediated signaling 
leads to transcriptional regulation, including c-JNK phos-
phorylation, to stimulate transcriptional activation by activator 
protein 1 (AP-1) (26). In addition, activation of the p38 MAPK 
signaling pathway also contributes to AP-1 activation, leading 
to the transcriptional activation of several genes involved in 
inflammation, including TNF‑α, IL-1β, IL-4 and IL-6 (27-29). 
Accordingly, the activities of the MAPK signaling pathways, 
including c-JNK and p38 MAPK, were investigated in the 
present study following the inhibition of TNF-α in the hippo-
campal tissue of aged rats following peripheral surgery. The 
results of this investigation suggested that inhibiting TNF-α 
inhibited the surgery-induced activation of the c-JNK and p38 

MAPK signaling pathway-induced release of TNF-α, IL-1β, 
IL-4 and IL-6 in the hippocampal tissues of the aged rats.

In conclusion, the results of the present study suggested 
that, in aged rats, upregulated TNF-α resulting from peripheral 
surgery, further activated the downstream NF-κB signaling 
pathway, leading to increased release of pro‑inflammatory 
cytokines, further extensive neuroinflammatory responses 
and, ultimately, to defects in cognitive function. Accordingly, 
targeting TNF-α may be a promising strategy for the preven-
tion and treatment of POCD.
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