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 Background: This study aimed to investigate cognitive function, hippocampal neuronal changes, and the expression of in-
flammatory cytokines in a mouse model of hepatic ischemia-reperfusion injury.

 Material/Methods: Sixty mice were divided into the sham group, which underwent surgery without vascular occlusion; the I/R1 
group, with occlusion of the left hepatic artery and portal vein for 20 min, and reperfusion for 30 min; and the 
I/R2 group, with occlusion of the left hepatic artery and portal vein for 40 min, and reperfusion for 30 min. 
At postoperative day 4 and 11, ten mice from each group underwent the Morris water maze (MWM) task. 
Hippocampal tissues were stained for Nissl bodies. Expression of nuclear factor-kB (NF-kB) and choline acetyl-
transferase (ChAT) were quantified by immunohistochemistry. Serum tumor necrosis factor-a (TNF-a) and in-
terleukin-1b (IL-1b) were measured by enzyme-linked immunosorbent assay (ELISA).

 Results: Groups I/R1 and I/R2 showed a significantly increased latency in the MWM test between days 5–9, compared 
with the sham group (P<0.05), with no difference by day 11; the I/R2 group had an initial lower crossing fre-
quency (P<0.05), with no difference by day 18. The I/R2 group showed reduced numbers of Nissl bodies in hip-
pocampal neurons. The I/R1 and I/R2 groups had increased expression of NF-kB, TNF-a, and IL-1b and decreased 
ChAT. No differences between the groups were found in levels of NF-kB, TNF-a, IL-1b, or ChAT by day 18.

 Conclusions: A mouse model of hepatic ischemia-reperfusion injury showed transient and reversible cognitive dysfunction, 
changes in hippocampal neurons, and expression of inflammatory cytokines.
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Background

Postoperative cognitive dysfunction (POCD) varies in severity 
and includes memory deficit, personality changes, impaired ori-
entation, and social impairment [1]. Although recent progress 
in medical and surgical techniques have improved the safety 
of anesthesia and surgery, POCD is not uncommon and may 
persist for several weeks or months [2]. POCD can have seri-
ous effects on postoperative recovery and long-term quality of 
life, results in an economic burden for the family and society, 
and can increase postoperative mortality [2]. The pathogene-
sis of POCD remains unclear but is associated with dysfunction 
of the central nervous system, endocrine, or immune system. 
Currently, POCD is considered to result from several factors, 
including the effects of anesthesia and surgical trauma [3,4]. 
POCD most commonly occurs following major surgery, such as 
cardiothoracic surgery. Due to its complex pathogenesis and 
its effects on postoperative recovery, POCD has recently be-
come an area of clinical research interest [5].

Hepatic ischemia-reperfusion injury is a frequent complication 
of liver transplantation surgery and general anesthesia [6]. In 
addition to systemic organ damage, hepatic ischemia-reper-
fusion injury may also impair patient cognitive function [6,7]. 
Hepatic ischemia-reperfusion injury is associated with an acute 
inflammatory response induced by cytokines that include tu-
mor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and IL-6, 
which are under the regulation of nuclear factor- kB (NF-kB) [8]. 
Acetylcholine is an important neurotransmitter in the central 
cholinergic system that has important functions in learning 
and memory, and choline acetyltransferase (ChAT) is an en-
zyme that has a role in the synthesis of acetylcholine [9–12].

Therefore, this study aimed to investigate cognitive function, 
hippocampal neuronal changes, and the expression of inflam-
matory cytokines in a mouse model of hepatic ischemia-reperfu-
sion injury. The Morris water maze (MWM) task was chosen as 
the method to evaluate cognitive function. The morphological 
neuronal changes in the mouse hippocampus were studied, 
with the expression of tissue and serum factors that may be 
involved in the pathogenesis of postoperative cognitive im-
pairment, including NF-kB and ChAT.

Material and Methods

Experimental animals and grouping

A total of 60 male Kunming specific pathogen-free (SPF) mice 
aged 2 months with a body weight of 20–25 g were provided 
by the Laboratory Animal Center, Anhui University. Mice were 
provided with food and water ad libitum with normal 12 hr 
light and dark cycles, and were kept at 20–24°C with 50–70% 

relative humidity. Mice were randomly assigned into three 
groups: the sham group (N=20), which underwent surgery 
without vascular occlusion; the I/R1 group (N=20), with oc-
clusion of the left hepatic artery and portal vein for 20 min, 
and reperfusion for 30 min; and the I/R2 group (N=20), with 
occlusion of the left hepatic artery and portal vein for 40 min, 
and reperfusion for 30 min.

Reagents and equipment

Pentobarbital (F20030816) and paraformaldehyde (F2002083) 
were purchased from Shanghai Chemical Reagent Co. Ltd. 
(Shanghai, China). A rabbit polyclonal antibody to choline acet-
yltransferase (ChAT) (JC1653278) was purchased from Merck 
Millipore (Burlington, MA, USA). A rabbit polyclonal antibody to 
nuclear factor-kB (NF-kB) (F20090218) and immunohistochemis-
try (IHC) staining kit (SP-9001) were purchased from Zhoangshan 
Jinqiao Bio (Beijing, China). The Morris water maze (model XR-
XM101) was purchased from the Pharmaceutical Institute, 
Chinese Medical Academy. A high-speed homogenizer (FSH-2A) 
was provided by Rongti Instruments (China). A tissue microtome 
(RM2235) was purchased from Leica (Wetzlar, Germany). The 
CX23 light microscope was purchased from Olympus (Tokyo, 
Japan). A fully automated ultracentrifuge (model H-1600A) was 
purchased from Hunan Instruments, China.

Preparation of the mouse model of hepatic ischemia-
reperfusion injury

Mice were fasted for 12 h before surgery but had access to 
water ad libitum. Mice were anesthetized using an intraperi-
toneal injection of 3% pentobarbital (30 mg/kg), placed on the 
operation table, and the skin was sterilized. A 3 cm midline 
incision was made on the abdominal wall to expose the he-
patic portal system. The sham group mice (N=20) underwent 
dissection of the hepatic artery and hepatic vein without oc-
clusion. The I/R1 and I/R2 groups, which were the hepatic isch-
emia-reperfusion injury groups were prepared according to the 
method previously described [8]. Briefly, an artery clamp was 
used to occlude left hepatic artery and portal vein for 20 min 
or 40 min. The clamp was then removed for 30 min of reper-
fusion, followed by abdominal wall closure. Liver tissues were 
collected to confirm the model preparation. Tail artery blood 
pressure was monitored during surgery and the rectal tem-
perature was also continuously maintained within 37–38.5°C 
using a heating light. After surgery, the mice were kept in a 
warm chamber and received penicillin for 3 days.

Liver tissue histopathology and transmission electron 
microscopy

Mouse liver tissue samples were collected from the middle 
lobe and were fixed in 4% paraformaldehyde, dehydrated and 
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embedded in paraffin wax. Serial tissue sections were cut onto 
glass slides at 5 μm, stained with hematoxylin and eosin (H&E) 
and imaged under light microscopy. Also, liver tissue samples 
were immediately fixed in 2.5% glutaraldehyde followed by 
1% osmic acid. After dehydration and resin embedding, 2 μm 
ultra-thin tissue sections were prepared for staining with ura-
nyl acetate and lead citrate. Images were captured by trans-
mission electron microscopy.

Morris water maze (MWM) task

The Morris water maze (MWM) apparatus consisted of a cir-
cular water tank measuring 120 cm in diameter, and 30 cm 
in height, with a non-reflective inner wall. The tank was filled 
with water to a level at 10 cm below the top. Four equidis-
tant points were used to divide the tank into four quadrants. 
A transparent platform, 10 cm in diameter, was fixed in quad-
rant III, one cm below the water surface, with the central point 
of the platform 30 cm from the tank wall.

The MWM navigation session evaluated the learning function 
of the mice. The water temperature was maintained at 20–
22°C during the experiment. Mice were separately placed in 
each of four quadrants, with their heads facing towards the 
wall. An automatic system monitored the swimming path of 
the mice, which was less than 90 s for each trial. The time that 
the mice needed to locate the fixed platform was recorded as 
the latency period. Mice that could not locate the fixed plat-
form were manually guided to the platform and stayed for 10 s, 
and were recorded as having 90 s latency. For each daily ses-
sion, the average latency from four trials was recorded, and 
the test was performed for 7 days.

The spatial memory of the mice was tested on day 8 of train-
ing. Following removal of the platform, the mice were re-test-
ed. The number of crossings of the original platform location, 
the averaged velocity, and the central region locomotor du-
ration and movement distance were measured during 90 s.

Hippocampal sample preparation

Following the MWM assay, the mice were anesthetized by in-
traperitoneal injection of 3% pentobarbital (30 mg/kg), and 
underwent perfusion with fixative on the operation table. The 
heart was exposed after opening the thoracic cavity. The per-
fusion needle was inserted into the left ventricle for saline in-
fusion. The right auricle was removed to drain out the blood.

The fixation buffer consisted of 4% paraformaldehyde in 0.01M 
PBS buffer (pH 7.4). Fixation buffer was added when the liver be-
came pale. Brain tissues were extracted after the disappearance 
of limb twitching and hardening of the body organs and were 
kept in fixation buffer. Based on the use of a mouse brain atlas, 

hippocampal tissues were localized for preparing 3 mm coronal 
sections, which were embedded in paraffin wax for further use.

Nissl body staining of hippocampal neurons

From the tissue blocks of the mouse brain, 10 μm tissue sec-
tions were de-waxed and immersed in staining buffer for 
30 min. After rinsing in water, tissue sections were dehydrated 
in 95% and absolute ethanol, permeabilized in xylene, and 
stained with Nissl’s stain for Nissl bodies, or rough endoplas-
mic reticulum (RER), seen as violet staining. The sections were 
mounted in neutral resin. IPP version 6.0 software was used 
to calculate the number of Nissl bodies.

Expression levels of NF-kB and ChAT in the hippocampal 
CA3 region

Immunohistochemical staining was performed using a three-
stage streptavidin-peroxidase method following the instruc-
tions of the test kit. Briefly, 5 μm tissue sections were heated 
at 60°C followed by de-waxing treatment and permeabilization. 
Antigen retrieval was performed using citrate salt buffer for 
25 min, followed by incubation with 3% H2O2 for 10 min at room 
temperature. After washing three times with PBS, goat serum 
was added for 20 min to block nonspecific antigen binding.

The rabbit anti-NF-kB and rabbit anti-ChAT primary antibodies 
were added and incubated overnight at 4°C. After washing in 
PBS, the tissue sections were incubated for 30 min in horse-
radish peroxidase (HRP)-conjugated rabbit anti-mouse IgG sec-
ondary antibody. Tissue sections were washed three times in 
PBS, for 5 min each time, and the chromogenic substrate was 
added, followed by rinsing with tap water. Hematoxylin coun-
terstaining was followed by rinsing with 0.1% HCl-ethanol, 
followed by dehydration in graded ethanols and mounting in 
resin. Counting of positive cells was performed by light mi-
croscopy under ×100 objective. Four separate fields were se-
lected within the hippocampal CA3 region followed by anal-
ysis of the integrated optical density (IOD) by IPP version 6.0 
software. The average value was calculated for the number 
of positive cells.

Serum levels of inflammatory cytokines

Blood was drawn from mice in each group in the day 11 and 
day 18 following surgery, followed by isolation of serum for 
analysis of the levels of TNF-a and IL-1b using an enzyme-
linked immunosorbent assay (ELISA), according to the manu-
facturer’s instructions.
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Statistical analysis

Data analysis was performed using SPSS version 18.0 software. 
Measurement data were presented as the mean ± standard de-
viation (SD). One-way analysis of variance (ANOVA) was used 
to compare the difference between the three study groups, fol-
lowed by the Student-Newman-Keuls (SNK) method for paired 
comparisons. Statistical significance was represented by P<0.05.

Results

Histology of liver hepatocytes in the mouse model of 
hepatic ischemia-reperfusion injury

Liver histology from liver samples in the sham group showed 
widely distributed rough endoplasmic reticulum (RER) in the 
hepatocytes, which was regularly arranged, with normal lyso-
somes (Figure 1A). Mitochondria were normally distributed 
with a round or oval shape, without swelling (Figure 1B). 
Liver tissue histology from liver tissue samples from mice in 
the I/R1 group had hepatocytes with abundant RER with mi-
tochondrial swelling but with few breakages. Liver tissue his-
tology from liver tissue samples from mice in the I/R2 group 

showed prominent mitochondrial swelling with disruption of 
mitochondrial membranes, vacuoles, and relatively fewer RER, 
lysosomes, or ribosomes.

Spatial navigation findings from the Morris water maze 
(MWM) task

Mice in the I/R1 group showed significantly increased latency in 
navigation at 5–9 days following surgery, when compared with 
the sham group (P<0.05). The I/R2 group also showed s sig-
nificantly increased latency period at 5–10 days following sur-
gery, when compared with the sham group (P<0.05). However, 
at 11 days following surgery, no significant difference in la-
tency in navigation was found between all groups (P>0.05) 
(Figure 2A). At day 6 and day 7 following surgery, the naviga-
tion latency period was increased with increasing duration of 
ischemia duration, representing a time-dependent effect. With 
repeated training sessions, all three study groups showed a 
reduced latency period (Figure 2B).

Spatial evaluation from the MWM task

At 11 days following surgery, mice in the I/R2 group showed 
significantly reduced crossing times, a lower average speed, 

Figure 1.  Cell morphology of the mouse hepatocytes in the mouse model groups with hepatic ischemia-reperfusion injury and the 
sham group. (A) Electron microscopy shows the subcellular morphology of the mouse hepatocytes. Magnification ×10,000. 
(B) Photomicrographs of the light microscopy of the liver tissues in the three mouse study groups. Hematoxylin and eosin 
(H&E). Magnification ×100. (a1, a2) The sham group, consisting of mice that underwent anesthesia, surgery, and separation 
of the hepatic artery and vein, but without occlusion. (b1, b2) The I/R1 group, in which the left hepatic artery and portal 
vein were clamped for 20 min, followed by reperfusion for 30 min. (c1, c2) The I/R2 group, in which the left hepatic artery 
and portal vein were clamped for 40 min followed by reperfusion for 30 min. M – mitochondria; RER – rough endoplasmic 
reticulum.
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and reduced central zone distance and duration compared 
with the Sham group and the I/R1 group (P<0.05) (Table 1). At 
18 days following surgery, a second evaluation found no sig-
nificant difference between all the indices studied (Table 2).

Staining for Nissl bodies in hippocampal neurons

At 11 days after surgery, mice in the I/R2 group showed a sig-
nificant reduction in the number of Nissl bodies in the hip-
pocampal neurons identified by light microscopy compared 

4 d 5 d 6 d 7 d 8 d 9 d 10 d

Sham group
I/R1 group
I/R2 group

*
* *

*

*

*# *#
*# *#

*#

*#

100
90
80
70
60
50
40
30
20
10

0

Es
ca

pe
 la

te
nc

y (
s)

11 d 12 d 13 d 14 d 15 d 16 d 17 d

100
90
80
70
60
50
40
30
20
10

0

Es
ca

pe
 la

te
nc

y (
s)

A B

Figure 2.  (A, B) Latency in navigation assay of in the mouse model groups with hepatic ischemia-reperfusion injury and the sham 
group. The three mouse study groups included: the sham group, consisting of mice that underwent anesthesia, surgery, 
and separation of the hepatic artery and vein, but without occlusion; the I/R1 group, in which the left hepatic artery and 
portal vein were clamped for 20 min, followed by reperfusion for 30 min; and the I/R2 group, in which the left hepatic artery 
and portal vein were clamped for 40 min followed by reperfusion for 30 min. Comparison with the sham group (* P<0.05). 

Comparison with the I/R1 group (# P<0.05).

Group Crossing times Average speed (cm/sec) Central distance (cm) Central duration (sec)

Sham  5.80±1.22  11.56±3.78  185.63±20.17  13.93±1.77

I/R1  5.80±1.13  12.21±0.90  195.50±16.62  14.21±1.47

I/R2  5.80±.12  12.27±1.00  191.25±16.51  13.83±1.53

Table 2.  Comparison of spatial probe assay indices at 18 days postoperatively in the mouse model groups with hepatic ischemia-
reperfusion injury and the sham group (mean ±SD) (n=10).

The sham group consisted of mice that underwent anesthesia, surgery, and separation of the hepatic artery and vein, but without 
occlusion. The I/R1 group consisted of mice in which the left hepatic artery and portal vein were clamped for 20 min, followed by 
reperfusion for 30 min. The I/R2 group consisted of mice in which the left hepatic artery and portal vein were clamped for 40 min, 
followed by reperfusion for 30 min.

Group Crossing times Average speed (cm/sec) Central distance (cm) Central duration (sec)

Sham  6.20±1.13  11.36±1.51  176.84±30.82  13.15±1.92

I/R1  5.90±0.96#  11.41±1.07#  188.20±20.46#  13.16±1.36#

I/R2  3.20±1.91*  9.60±1.48*  124.13±38.51*  8.80±3.29*

Table 1.  Comparison of the spatial assay indices at 11 days postoperatively in the mouse model groups with hepatic ischemia-
reperfusion injury and the sham group (mean ±SD) (n=10).

The sham group consisted of mice that underwent anesthesia, surgery, and separation of the hepatic artery and vein, but without 
occlusion. The I/R1 group consisted of mice in which the left hepatic artery and portal vein were clamped for 20 min, followed by 
reperfusion for 30 min. The I/R2 group consisted of mice in which the left hepatic artery and portal vein were clamped for 40 min, 
followed by reperfusion for 30 min. * P<0.05 compared with the sham group; # P<0.05 compared with the I/R2 group.
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with the other groups, plus mild cytoplasmic edema (P<0.05) 
(Figure 3A, 3C). The sham group and the I/R1 group showed a 
regular arrangement of hippocampal neurons, with clear Nissl 
bodies, transparent cytoplasm, round or oval-shaped nuclei 
without major abnormality (Figure 3A). At 18 days following 
surgery, the number of Nissl bodies in the I/R2 group was sig-
nificantly increased compared with that at day 11 following sur-
gery (P<0.05) (Figure 3C). However, no significant abnormality 

was found in hippocampal neurons among all groups at day 
18 following surgery (P>0.05) (Figure 3B, 3C).

Choline acetyltransferase (ChAT) expression in the 
hippocampal CA3 region in all groups

When compared with the sham group at day 11 following sur-
gery, the I/R1 group and the I/R2 group showed significantly 
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Figure 3.  Photomicrographs of the Nissl histochemical stain for Nissl bodies (blue/violet), or rough endoplasmic reticulum (RER), in 
the motor neurons of the hippocampus in the mouse model groups with hepatic ischemia-reperfusion injury and the sham 
group. (A) Photomicrograph of the light microscopy shows hippocampal Nissl bodies at 11 days postoperatively. Nissl stain. 
Magnification ×100. (B) Photomicrograph of the light microscopy shows hippocampal Nissl bodies at 18 days postoperatively. 
Nissl stain. Magnification ×100. (a1, a2) The sham group, consisting of mice that underwent anesthesia, surgery, and 
separation of the hepatic artery and vein, but without occlusion. (b1, b2) The I/R1 group, in which the left hepatic artery 
and portal vein were clamped for 20 min, followed by reperfusion for 30 min. (c1, c2) The I/R2 group, in which the left 
hepatic artery and portal vein were clamped for 40 min followed by reperfusion for 30 min. Data are presented as the mean 
±SD (n=10). (C) Comparison between the sham group at day 11 after surgery, and the I/R2 group at day 18 after surgery 
(* P<0.05). Arrows show the Nissl bodies.
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reduced levels of choline acetyltransferase (ChAT) protein 
expression (P<0.05), with lower expression in I/R2 group 
(Figure 4A, 4C). At day 18 following surgery, ChAT protein ex-
pression was significantly increased compared with that at 
day 11 following surgery (P<0.05) (Figure 4C). However, no 
significant difference was found in ChAT expression by day 
18 following surgery (P>0.05) (Figure 4B, 4C).

Nuclear factor-kB (NF-kB) protein expression in the 
hippocampal CA3 region of all groups of mice

When compared with the sham group at day 11 following sur-
gery, the I/R1 and the I/R2 group had significantly increased 
expression levels of nuclear factor-kB (NF-kB) (P<0.05). Mice in 
the I/R21 group showed a greater increase in NF-kB expression 
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Figure 4.  Photomicrographs of the immunohistochemical staining for the expression of choline acetyltransferase (ChAT) in the 
mouse hippocampal CA3 region in the mouse model groups with hepatic ischemia-reperfusion injury and the sham 
group. (A) Light microscopy of the immunohistochemical staining for choline acetyltransferase (ChAT) in tissue sections 
of the mouse hippocampal CA3 region at 11 days postoperatively. Magnification ×100. (B) Light microscopy of the 
immunohistochemical staining for ChAT in tissue sections of the mouse hippocampal CA3 region at 18 days postoperatively. 
Magnification ×100. (a1, a2) The sham group, consisting of mice that underwent anesthesia, surgery, and separation of 
the hepatic artery and vein, but without occlusion. (b1, b2) The I/R1 group, in which the left hepatic artery and portal vein 
were clamped for 20 min, followed by reperfusion for 30 min. (c1, c2) The I/R2 group, in which the left hepatic artery and 
portal vein were clamped for 40 min followed by reperfusion for 30 min. Data are presented as the mean ±SD (n=10). 
(C) Comparison between with sham group at day 11 with day 18 after surgery (* P<0.05). Comparison between the I/R1 
group at day 11 after surgery with day 18 after surgery (# P<0.05). Arrows indicate the positively stained cells.
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than the mice in the I/R1 group (Figure 5A, 5C). At day 18 fol-
lowing surgery, NF-kB protein expression was significantly re-
duced compared with that at day 11 following surgery (P<0.05) 
(Figure 5C). However, no significant difference was found in 
NF-kB expression of the hippocampal CA3 region between all 
groups at 18 days after surgery (P>0.05) (Figure 5B, 5C).

Serum levels of the inflammatory cytokines, tumor 
necrosis factor-a (TNF-a) and interleukin-1b (IL-1b), in the 
three groups of mice

Compared with the sham group at day 11 following surgery, the 
I/R1 group and the I/R2 group had significantly increased serum 
levels of tumor necrosis factor-a (TNF-a) and interleukin-1b 
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Figure 5.  Photomicrographs of the immunohistochemical staining for the expression of nuclear factor-kB (NF-kB) in the mouse 
hippocampal CA3 region in the mouse model groups with hepatic ischemia-reperfusion injury and the sham group. (A) Light 
microscopy of the immunohistochemical staining for nuclear factor-kB (NF-kB) in tissue sections of the mouse hippocampal 
CA3 region at 11 days postoperatively. Magnification ×100. (B) Light microscopy of the immunohistochemical staining for 
NF-kB in tissue sections of the mouse hippocampal CA3 region at 18 days postoperatively. Magnification ×100. (a1, a2) 
The sham group, consisting of mice that underwent anesthesia, surgery, and separation of the hepatic artery and vein, but 
without occlusion. (b1, b2) The I/R1 group, in which the left hepatic artery and portal vein were clamped for 20 min, followed 
by reperfusion for 30 min. (c1, c2) The I/R2 group, in which the left hepatic artery and portal vein were clamped for 40 min 
followed by reperfusion for 30 min. Data are presented as the mean ±SD (n=10). (C) Comparison between with sham group 
at day 11 with day 18 after surgery (* P<0.05). Comparison between the I/R1 group at day 11 after surgery with day 18 after 
surgery (# P<0.05). Arrows indicate the positive cells.
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(IL-1b) (P<0.05), with more increased serum levels in the I/R21 
group (Figure 6). At day 18 following surgery, TNF-a and IL-1b 
levels were significantly decreased compared with day 11 fol-
lowing surgery (P<0.05) (Figure 5C). However, no significant 
difference was found between all three groups at 18 days af-
ter surgery (P>0.05) (Figure 6).

Discussion

In a mouse model of hepatic ischemia-reperfusion injury, the 
left hepatic artery and portal vein can be clamped to gener-
ate ischemia in 70% of the liver tissue, making it a popular 
animal model for studying liver ischemia and reperfusion in-
jury [13]. In this study, adult mice, aged between 2~3 months, 
were studied in three groups. The three groups of rats stud-
ied included the sham group, which underwent surgery with-
out vascular occlusion; the I/R1 group, with occlusion of the 
left hepatic artery and portal vein for 20 minutes, and reper-
fusion for 30 minutes; and the I/R2 group, with occlusion of 
the left hepatic artery and portal vein for 40 minutes, and re-
perfusion for 30 minutes.

The mouse model of hepatic ischemia-reperfusion injury was 
used with histology and electron microscopy used to evaluate 

the cell and tissue changes in the liver. The findings of the 
present study showed that the sham group had large amounts 
of mitochondria with round or oval-shaped nuclei, without 
swelling, and prominent rough endoplasmic reticulum (RER) 
(Nissl bodies) with a regular arrangement, and an increased 
number of lysosomes. The mice in the I/R1 group showed mild 
swelling of mitochondria in the hepatocytes with few defects 
and large amounts of RER. The mice in the I/R2 group showed 
mitochondrial swelling, defects, vacuoles, reduced numbers of 
RER and lysosomes indicating the successful preparation of 
the hepatic ischemia-reperfusion model.

In the Morris water maze (MWM) task, mice were tested for 
the presence of a certain type of reference memory [12,14,15] 
that belongs to declarative or explicit memory [16,17], which 
is similar to deficits of declarative or explicit memory in clin-
ical patients with cognitive dysfunction [18]. This study used 
the MWM task in mice to represent the evaluation of cogni-
tive function. The findings of this study showed a significant 
increase in the latency period in the navigation sessions of the 
MWM task of mice in the I/R1 and I/R2 groups between days 
5–9 following surgery, compared with the sham group (P<0.05). 
The I/R2 group also had longer latency at 5–10 days after sur-
gery compared with the sham group (P<0.05). No significant 
difference between the three groups was found at day 11 fol-
lowing surgery (P>0.05). At day 11 following surgery, mice in 
the I/R2 group had significantly lower crossing times, aver-
age speed, central duration, and central time during the as-
say when compared with the sham group (P<0.05). No signifi-
cant difference was found in all indices at day 18 after surgery 
in the assay (P>0.05). These data suggest that hepatic isch-
emia-reperfusion injury can lead to short-term cognitive dys-
function, which can recover with time, as there was no deficit 
found in terms of long-term memory in the mice in this study.

The hippocampus is closely associated with neurophysiological 
functions, including learning and memory. Structural changes in 
the hippocampus can reflect cognitive functional status in pa-
tients, including in postoperative cognitive dysfunction (POCD). 
A previously published study found that stress-induced inflam-
mation could induce neuroinflammation resulting in cognitive 
dysfunction associated with abnormal hippocampal long-term 
potentiation (LTP) and abnormal electrophysiological activities 
associated with learning and memory [19,20]. Previous stud-
ies have shown a close relationship between abnormalities 
in the hippocampus and the occurrence of cognitive dysfunc-
tion [21]. In this study, the morphology of hippocampal neu-
rons was studied in the mouse model of hepatic ischemia-re-
perfusion injury. Light microscopy showed that mice in the I/R2 
group showed decreased numbers of Nissl bodies in the hippo-
campal neurons at 11 days after surgery, and both the sham 
and I/R1 groups showed a regular and dense distribution of 
hippocampal neurons, with clear and sharp Nissl bodies, clear 

Figure 6.  Serum levels of the inflammatory cytokines, tumor 
necrosis factor-a (TNF-a) and interleukin-1b 
(IL-1b), were determined using an enzyme-linked 
immunosorbent assay (ELISA) in the mouse model 
groups with hepatic ischemia-reperfusion injury and 
the sham group. Serum was isolated from mice in 
each of the three study groups, followed by measuring 
the levels of tumor necrosis factor-a (TNF-a) and 
interleukin-1b (IL-1b) using an enzyme-linked 
immunosorbent assay (ELISA) kit. Data are presented 
as the mean ±SD (n=10). Comparison of the cytokine 
levels in the sham group at day 11 after surgery with 
day 18 after surgery (* P<0.05). Comparison between 
the I/R1 group at day 11 after surgery with day 18 
after surgery (# P<0.05).
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cytoplasm, oval or round nuclei, evenly distributed chromatin, 
and no significant structural abnormalities. No significant mor-
phological abnormalities were found in hippocampal neurons 
at day 18 following surgery. These results showed that hepatic 
ischemia-reperfusion injury induced short-term cognitive dys-
function that might be associated with structural injury of the 
hippocampus, and that these changes might be reversible.

Acetylcholine (Ach) is a regulatory neurotransmitter that is 
closely associated with memory and learning. Choline acetyl-
transferase (ChAT) is the rate-limiting enzyme of Ach biosyn-
thesis and its activity represents the level of Ach synthesis. 
Lu et al. found relatively higher ChAT activity and choline in-
take in rats during the MWM task [22]. Zhang et al. performed 
anesthesia and surgery on rats and found that memory defi-
cit was associated with defects in the central cholinergic sys-
tem [23]. Therefore, in this study, the expression of ChAT in 
the mouse hippocampus was studied to determine whether 
its expression could reflect the effect of hepatic ischemia-re-
perfusion injury on cognitive function.

Nuclear factor-kB (NF-kB) plays crucial roles in hepatic isch-
emia-reperfusion injury [24]. Matsui et al. showed that NF-kB 
activation in rat hepatic ischemia-reperfusion injury was closely 
associated with reperfusion injury [25]. The findings of this 
study showed that NF-kB inhibition effectively alleviated he-
patic ischemia-reperfusion injury. NF-kB has previously been 
shown to induce the expression of inflammatory cytokines, 
including tumor necrosis factor-a (TNF-a) and interleukin-1b 
(IL-1b), and can directly damage hepatocytes, and participates 
in neurodevelopment and brain injury repair, which affect 
cognitive function [26]. Therefore, as this study showed, it is 
possible that hepatic ischemia-reperfusion injury can induce 
short-term cognitive dysfunction, associated with expression 
of inflammatory factors induced by NF-kB in the brain tissue. 

In this study, mice presented significant cognitive impairment 
at 11 days after surgery for partial hepatic ischemia-reperfu-
sion injury, and both NF-kB and ChAT showed delayed expres-
sion at day 11 following surgery in the hippocampal CA3 re-
gion, consistent with the behavioral phenotypes of mice at day 
6 and day 7 following surgery. These findings were most likely 
related to the delayed expression of NF-kB and ChAT in mouse 
hippocampal tissues. Currently, few studies have been under-
taken on cognitive dysfunction caused by hepatic ischemia-
reperfusion injury. The findings of this study showed that the 
upregulation of NF-kB in hepatic ischemia-reperfusion injury 
induced short-term cognitive dysfunction. However, the key 
inflammatory mediators downstream of NF-kB activation that 
are involved in inducing cognitive dysfunction following sur-
gery remain unclear and require further investigation.

Conclusions

The findings of this study showed that in a mouse model of he-
patic ischemia-reperfusion injury, short-term cognitive dysfunc-
tion occurred in a time-dependent manner, which also recov-
ered in a time-dependent manner. The study findings showed 
that the mechanism for postoperative cognitive dysfunction 
(POCD) in this model might be associated with the effects of 
nuclear factor-kB (NF-kB) on the induction of expression of 
the inflammatory cytokines, tumor necrosis factor-a (TNF-a) 
and interleukin-1b (IL-1b), in the hippocampal region of the 
brain. Further studies are required to determine the long-term 
effects of hepatic ischemia-reperfusion injury on learning or 
memory deficit using this animal model.
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