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Abstract. Lithium has been previously demonstrated to alleviate 
cognitive impairment caused by neurodegenerative diseases and 
acute brain injuries; however, the specific mechanism remains 
elusive. In the present study, the C57BL/6 mouse model of spatial 
cognitive impairment induced by repeated cerebral ischemia‑ 
reperfusion was established. Morris water maze test was 
performed to evaluate the levels of spatial cognitive impairment. 
Nissl staining was used to observe any morphological altera‑
tions, whilst western blotting was performed to measure the 
expression levels of microtubule‑associated protein light chain 3 
(LC3) and Beclin1 in addition to mTOR phosphorylation. LiCl 
was found to significantly improve spatial learning and memory 
impairments according to data from the Morris water maze test. 
Nissl staining indicated that LiCl inhibited neuronal damage 
in the CA1 region of the hippocampus. Additionally, LiCl 
increased mTOR phosphorylation, reduced beclin1 expression 
and reduced the LC3 II/I expression ratio. Taken together, these 
findings suggest that LiCl may alleviate the spatial cognitive 
impairment induced by repeated cerebral ischemia‑reperfusion. 
This observation may be attributed to the inhibition of excessive 
autophagy by LiCl through mTOR signaling activation.

Introduction

Cerebral ischemia‑reperfusion (IR) injury is a complex 
pathophysiological process that primarily occurs during 

transient ischemic attack, cardiac arrest, shock and severe 
head trauma (1). Due to the high metabolic rates, neurons in 
the hippocampal CA1 region are particularly vulnerable to 
the deleterious effects of ischemic insult, resulting in further 
damage to learning and memory  (2). Although the exact 
mechanism of which remains unclear, a number of patholog‑
ical processes, including disturbances in energy metabolism 
and oxidative stress have been reported to be involved in 
neuronal damage, which are mainly caused by excessive levels 
of reactive oxygen species (ROS), excitotoxicity, necrotic and 
apoptotic cell death (3‑6).

Autophagy is a process in which dysfunctional organelles 
and proteins are degraded, in a manner that is dependent 
on the type of lysosome involved. Under physiological 
conditions, autophagy operating at basal levels ensures that 
damaged organelles and abnormally aggregated proteins 
are removed (7). However, aberrant regulation of autophagy 
has been previously associated with neurodegenerative 
disorders, stroke, cancer and heart diseases, where excessive 
activation of autophagy can trigger cell death (8). Cellular 
processes in neurons are highly dynamic, such that cell 
growth, synaptic formation or synaptic plasticity are highly 
dependent on the adequate regulation of protein synthesis 
and degradation  (9). However, excessive autophagy can 
trigger extensive degradation of essential proteins and 
organelles, leading to the collapse of cellular functions. 
Accumulating evidence have suggested that excessive 
autophagy induced by cerebral IR is detrimental to neurons 
that eventually leads to neuronal cell death  (10‑12). 
Additionally, as a consequence of prolonged, elevated cell 
stress, it could be hypothesized that excessive activation of 
autophagy is persistent. Therefore, prevention of excessive 
autophagy in cerebral IR‑induced hippocampal neuronal 
damage may alleviate cognitive impairment.

Lithium, a commonly applied therapeutic agent for depres‑
sion (13), has been demonstrated to exert protective effects on 
neuronal cells both in vitro and in vivo (14). A previous study 
has reported that lithium chloride can ameliorate deficits in 
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spatial learning and memory induced by repeated cerebral 
IR injury by increasing Akt and GSK3β phosphorylation 
in addition to increasing BDNF expression in hippocampal 
neurons (15,16). Therefore, the present study was designed 
to investigate whether LiCl can alleviate cognitive deficits as 
a result of repeated cerebral IR by targeting the autophagy 
signaling pathway in mouse models, where the potential 
mechanism was explored.

Materials and methods

Animals. Male C57BL/6 mice (n=120, weight, 22‑26  g; 
age, 10‑12 weeks) were purchased from Beijing Vital River 
Laboratory Animal Technology Company (license no. SCXK 
2013‑011). All animal usage, humane endpoints and procedures 
complied with the laboratory animal management regulations 
of the Ministry of Science and Technology in China [1988] 
no. 134 (17‑19). Ethics approval was obtained from the Ethics 
Committee of Hebei General Hospital (approval no. 201909).

Animal health and behavior were monitored twice daily, 
once in the morning and once in the evening. The animals 
were kept in the Animal Center of Hebei People's Hospital 
(Shijiazhuang, China) under 12‑h  light: Dark cycle at an 
ambient temperature of  22‑25˚C and humidity range of 
30‑70%. Anesthesia (50 mg/kg pentobarbital sodium, intra‑
peritoneal) was applied prior to model establishment and 
before the animals were sacrificed for specimen collection.

Repeated cerebral IR model. Repeated cerebral IR was 
induced according to the protocols described previously with 
some modifications (15), GCI was achieved by isolation of the 
common carotid arteries through a ventral midline incision in 
the neck, followed by bilateral occlusion of the arteries using 
cotton thread for 5 min. Tension on the cotton thread was 
removed for 10 min and then initiated again for another 5 min. 
At the end of the occlusion, the cotton thread was completely 
removed, the arteries were visually inspected for reflow and 
the midline incision was sutured. Sham‑operated animals 
underwent a similar procedure, with the exception of arterial 
occlusion. The mice were anesthetized by an intraperitoneal 
injection with 50  mg/kg pentobarbital sodium, following 
which they were subjected to cerebral ischemia for 20 min by 
bilateral common carotid artery occlusion, with this treatment 
repeated three more times at 10-min intervals. Sham‑operated 
mice underwent identical surgical procedures but their bilat‑
eral common carotids were exposed and not occluded. Body 
temperature was maintained at 37.0±0.5˚C throughout the 
operation. All moribund animals were provided with pain 
relief and none were found dead following surgery.

Experimental design. The present study was divided into two 
parts.

Time‑course expression of mTOR, p‑mTOR, microtu‑
bule‑associated protein light chain 3(LC3) II/I and Beclin1 in 
the hippocampus following repeated cerebral IR. In total, 72 
mice were randomly assigned into six groups after repeated 
cerebral IR: i) Sham‑control; ii) day 1; iii) day 3; iv) day 7; 
v) day 14; and vi) day 28 (n=8 in each group). The mice were 
euthanized 1, 3, 7, 14 and 28 days following model establish‑
ment, where the number of mice that survived surgery in each 

group was 12, 11, 12, 10 and 11, respectively. In total, 6 mice 
were randomly selected from each group for experimentation, 
the remaining mice were used for subsequent analyses.

LiCl treatment and Morris water maze test. LiCl 
(Sigma‑Aldrich; Merck KGaA) was dissolved in normal saline 
(NS) and was injected intraperitoneally. A total of 48 mice 
were divided into 4 groups, with n=12 for each group that 
underwent the following treatment: i) Sham group, where the 
mice received an equal volume of NS for 14 days; ii) vehicle 
group, where the mice received an equal volume of NS for 
14 days following repeated cerebral IR; iii) Pre‑Li group, 
where the mice received 84 mg/kg LiCl for 7 days before 
repeated cerebral IR and then were treated with NS for 14 d 
after cerebral IR; and iv) Li group, where the mice received 
2 mmol/kg LiCl for 14 days after repeated cerebral IR. The 
optimal concentration of LiCl was determined as previously 
described (16). The number of mice that survived surgery was 
12 in the sham operation group, 11 in the model group, 11 in 
the Pre‑Li group and 10 in the Li group, where intolerance 
to surgery was the cause of death. Mice in each group were 
euthanized following the completion of the water maze test. 
The duration of the entire experiment was 20 days, consisting 
of 14 days after model establishment followed by 6 days of 
Morris water maze testing.

Morris water maze test. The Morris water maze test is a 
widely applied procedure for assessing cognitive impair‑
ment associated with the hippocampal region (20). The maze 
consisted of a large circular pool that was 120 cm in diam‑
eter, 60 cm in height and 45 cm in depth. The temperature 
of the water was maintained at 23±1˚C. Within the maze, a 
platform was located at the center of the north‑east quadrant 
of the water tank, positioned ~1 cm below the water surface. 
To start each experiment, the mouse was gently placed in the 
water at the edge of a randomly selected quadrant but not the 
north‑east quadrant, with its nose pointing toward the wall. 
The time taken for the mouse to navigate to the platform was 
automatically recorded using the DigBehv Animal Behavior 
Video‑tracking System (JLBehv‑MWMG‑1; Shanghai 
Jiliang Software Technology Co., Ltd.). Each experiment 
was considered as complete when the mouse mounts the 
platform or at 60 sec regardless. If the mice failed to reach 
the platform within 60 sec, they were guided manually to 
the platform and allowed to stay on it for 30 sec. Its escape 
latency, the time taken to reach the platform, was accepted as 
60 sec. The experiments were conducted six times daily for 
five consecutive days.

On the sixth day of the test, a probe trial was conducted 
without the platform. At the start of the experiment, the mice 
were placed in a quadrant which did not contain the platform. 
The mice were allowed to swim freely for 60 sec in the pool. 
The time spent in the target quadrant where the platform had 
been located was recorded.

Histopathology. Immediately after the behavioral tests, mice 
were anesthetized with pentobarbital sodium followed by 
transcardial perfusion with 4% paraformaldehyde. Following 
perfusion, the brain tissues were immediately removed and 
immersed in 4% paraformaldehyde at 4˚C, for 48 h before 
being embedded in paraffin. Coronal brain sections were 
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subsequently cut into 5‑µm thick sections and underwent 
Nissl staining with 1% toluidine blue at 37˚C for 10 min, 
according to manufacturer's protocols (cat.  no.  C0117; 
Beyotime Institute of Biotechnology). Two slides that were 
selected from the same site of each mouse were observed 
under light microscopy (Nikon 50i; Nikon).

Western blot analysis. Anesthetized mice (n=6 at each time 
point in each group) were first sacrificed by cervical disloca‑
tion. The hippocampal tissues were then removed, frozen in 
liquid nitrogen and stored at ‑80˚C until protein extraction 
for western blot analysis. Tissues were first homogenized in 
ice‑cold RIPA buffer (Beijing Solarbio Science & Technology 
Co., Ltd.) and incubated on ice for 30 min, which were then 
centrifuged at 4˚C at a speed of 12,000 x g for 10 min. The 
dialyzed supernatants were obtained after centrifugation. 
Protein concentration was determined using the Bicinchoninic 
acid method (Pierce; Thermo Fisher Scientific, Inc.). A 
total of 40 µg of protein were electrophoresed on a 7‑12% 
SDS‑polyacrylamide gel at 80 V for 2 h and then transferred 
2 h onto PVDF membranes (EMD Millipore). Membranes 
were blocked with 5%  skimmed milk for 2‑4  h at room 
temperature and then incubated overnight with the following 
primary antibodies at 4˚C: mTOR (1:2,000 dilution; Signalway 
Antibody LLC; cat. no. 41187), p‑mTOR (1:1,000 dilution; 
Anbo Biotechnology Co., Ltd.; cat.  no.  ab109268), LC3B 
(1:200 dilution; Abgent, Inc.; cat. no. AP1806a) and Beclin1 
(1:200 dilution; Abgent, Inc.; cat. no. AP52755). The next day, 
following three rounds of washing with TBS supplemented 
with 10% Tween‑20 (TBST), the membranes were incubated 
with the anti‑rabbit horseradish peroxidase‑conjugated 
secondary antibody (1:10,000 dilution; Proteintech Group Inc., 
cat. no. HRP‑60008) for 2 h at room temperature. Following a 
further three rounds of washing with TBST and one round of 
TBS wash, the protein on the membranes were detected using 
the ECL method (High sensitive ECL luminescence reagent; 
Sangon Biotech Co., Ltd.; cat. no. C500044), where β‑actin 
(Proteintech Group, Inc.; cat. no. HRP‑60008) was served 
as a loading control. The bands were scanned and analyzed 
using the ImageJ analysis software (version 1.30v; National 
Institutes of Health).

Statistical analysis. Data were expressed as the mean ± stan‑
dard error of the mean and processed using the GraphPad 
Prism 8.0 (GraphPad Software, Inc.) software. For the Morris 
water maze test, latencies to find the platform were analyzed 
using repeated‑measures ANOVA followed by Tukey's test 
for multiple comparisons among different groups. All the 
other data were analyzed using one‑way analysis of variance 
(ANOVA) followed by Tukey's test for intergroup comparisons. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

LiCl treatment attenuates learning and memory impairment 
in repeated cerebral ischemia‑reperfusion mouse models. 
Following the final LiCl injection, all mice were trained in 
the Morris water maze for 5 days consecutively to assess their 
learning capabilities, followed by memory examination on the 

final day prior to sacrifice. Mice in the vehicle group required 
significantly more time to find the platform (P<0.01) compared 
with those in the sham‑operated group. Mice in the Pre‑Li 
and Li groups demonstrated shorter mean latencies compared 
with those in the vehicle group (P<0.05, Pre‑Li vs. Li groups; 
P<0.01, Pre‑Li or Li group vs. the vehicle group) on day 3. Over 
the next two days, mice in the Pre‑Li and Li groups exhibited 
significantly shorter escape latencies compared with those in 
the vehicle group (both P<0.01).

During the probe trial without the platform, the vehicle 
group spent significantly less time in the target quadrant 
compared with those in the sham‑operated group (P<0.01). 
Compared with the vehicle group, mice in the Pre‑Li group 
spent significantly more time in the target quadrant (P<0.01). 
Although mice in the Li group also spent more time in the 
target quadrant compared with mice in vehicle group, no 
significant difference was observed between the two groups 
(Fig. 1B).

LiCl treatment reverses morphologic alterations in the 
repeated cerebral IR mice. Nissl staining results demonstrated 
that the pyramidal neurons in the hippocampus CA1 region in 
the sham group were tightly ranked in order, where the neurons 
were clear and moderate in size, synonymous with normal 
microstructure (Fig. 2A‑a). Compared with the sham group, 
hippocampal samples from the vehicle group exhibited fewer 

Figure 1. Morris water maze experiment data, showing the effect of LiCl 
treatment on spatial cognitive impairment in mice following repeated cere‑
bral ischemia. (A) Escape latency, showing the time taken for the mice to 
find the hidden platform. For repeated‑measures ANOVA, all mice exhibited 
progressive declines in the escape latency, where the main factors of day 
[F(4,160)=72.736; P<0.01] and group [F(3,40)=46.731; P<0.01] were found to 
be statistically significant. (B) Time spent in the target quadrant in the probe 
trail. n=12 for sham group, n=11 for vehicle and Pre‑Li groups, and n=10 for 
Li group, F(3,40)=22.636. *P<0.01 vs. Sham and #P<0.01 vs. Vehicle. Li, LiCl.
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pyramidal neurons that are loosely arranged with neuronal 
shrinkage (Fig. 2A‑b). Administration of LiCl reversed the 
morphologic changes and increased the number of normal 
neurons (Fig. 2).

Expression of LC3II/I, Beclin1 and mTOR phosphorylation 
after repeated cerebral IR in mice. Western blotting was used 
to measure the expression levels of LC3II/I and Beclin1 in 
addition to mTOR phosphorylation after repeated cerebral 
ischemia. There was no marked difference in total mTOR 
expression between the six groups (Fig.  3). mTOR phos‑
phorylation was significantly increased in both pre‑Li and 
Li treatment groups compared with that in the sham group 
(P<0.01). The gradual increase in LC3II/I and Beclin1 expres‑
sion suggested that autophagy was in progress, which rose to 
the highest level on day 14 but was reduced on day 28 (Fig. 3). 
The reductions in LC3II/I and Beclin1 expression 28 days 
after model establishment compared with those on day 14 
suggested the occurrence of hippocampal repair, but the level 
of autophagy remained higher compared with that in the sham 
group (Fig. 3).

LiCl regulates p‑mTOR phosphorylation, Beclin1 expression 
and the LC3II/I ratio in the mouse hippocampus. The LC3II/I 
ratio, Beclin1 expression and p‑mTOR phosphorylation were 
examined using western blot analysis 14 days after repeated 
cerebral IR. p‑mTOR phosphorylation was significantly 
increased in the Pre‑Li and Li groups compared with that 
in the vehicle group (both P<0.01; Fig. 4). The LC3II/I ratio 

and Beclin1 expression were significantly reduced in the 
Pre‑Li and Li groups compared with that in the vehicle group 
(both P<0.01; Fig. 4).

Discussion

Although a number of studies have previously demonstrated 
that cerebral  IR may induce excessive autophagy in the 
early stages  (21‑23), whether mechanisms associated with 
autophagy serve a persistent role in cognitive impairment as 
a result of repeated cerebral IR remains unknown. Therefore, 
in the present study, a repeated cerebral IR mouse model 
was used to monitor the long‑term dynamic changes in the 
expression of autophagy markers. In a previous study (15), 

Figure 2. Effects of LiCl on morphological changes induced by repeated 
cerebral ischemia in the hippocampal CA1 area. (A) Representative images of 
the morphological changes in the hippocampal CA1 region. (a) Sham group. 
(b) The vehicle groups. (c) The Pre‑Li group and (d) the Li group. Scale bar, 
50 µm. (B) Quantification of the number of normal neurons over the total 
number of cells in each group. Data are presented as the ratio of normal 
neurons/total cells. *P<0.01 vs. Sham and #P<0.01 vs. vehicle. Li, LiCl. 

Figure 3. Effects of repeated cerebral ischemia on the expression of proteins 
associated with autophagy in mouse hippocampal tissues. (A) Representative 
western blotting images and (B) quantitative analysis of LC3II/I ratios, 
Beclin1 expression and (C) mTOR phosphorylation in hippocampal tissues 
from mice in the Sham group and 1, 3, 7, 14 and 28 days after repeated isch‑
emia. β‑actin was used as internal control. *P<0.01 vs. Sham.
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2 mmol/kg LiCl has been demonstrated to exert protective 
effects against spatial cognitive impairment in mouse repeated 
cerebral  IR injury models by increasing Akt and GSK3β 
phosphorylation in the hippocampus. A subsequent study 
demonstrated that pre‑ and post‑treatment with LiCl can 
alleviate spatial learning and memory impairment (16). In 
the present study, pre‑administration with LiCl at a dose of 
2 mmol/kg significantly protected against impaired learning 
and memory impairment as indicated by markedly shorter 
escape latencies and longer time spent in the target quadrant. 
However, post‑treatment with 2 mmol/kg LiCl partially allevi‑
ated spatial cognitive impairment with slightly shorter escape 
latencies, whilst both LiCl pre‑ and post‑treatment effectively 
increased mTOR phosphorylation and inhibited autophagy.

Although repeated cerebral ischemia attack followed 
by reperfusion injury does not result in limb movement 
disorder, damage to the neurons in the hippocampus can 
occur (24). The hippocampus is known as the predominant 
location for the regulation of learning and memory, where 
neuronal damage is closely associated with cognitive impair‑
ment (25). The C57Bl/6 mouse model used for the present 
study are particularly vulnerable to brain ischemia due to 
poorly‑developed posterior communicating arteries (26‑28). 
In previous studies (15,16,29), 20‑min cerebral ischemia for 
three times at 10‑min intervals induced neuronal injury in the 
hippocampus, resulting in impaired learning and memory. 
For the present study, identical models were established, in 
which mice in the repeated cerebral IR group exhibited longer 
escape latencies and spent significantly less time in the target 
quadrant in the Morris water maze test compared with those 
in the sham group, suggesting that the successful model can 
be applied to evaluate the effects of LiCl on spatial cognition 
following repeated cerebral IR.

Although the mood stabilizing effects of lithium is well 
documented, a number of studies have suggested that the 
benefits of lithium can also be extended to increased protection 
against cognitive impairment induced by acute cerebrovascular 
disease (30‑34). Additional studies have also demonstrated 
that treatment or pre‑treatment with lithium improved impair‑
ments in spatial learning and memory as a result of global 
cerebral IR  (35,36). In the present study, pre‑Li treatment 
significantly improved the impaired learning and memory 

deficits which were consistent with the aforementioned studies, 
but Li treatment only partially alleviated the cognitive deficits. 
This difference could be due to the treatment time (16). In a 
previous study (15), it was demonstrated that repeated cerebral 
IR mice treated with 2 mmol/kg LiCl for 28 days significantly 
reduced escape latency and increased time spent in the target 
quadrant in Morris water maze experiments. Coupling this 
previous observation with data from the present study, LiCl 
treatment may be an effective protective agent against cogni‑
tive impairment in a time‑dependent manner.

In spite of controversies regarding the role of autophagy in 
neuronal cell death, accumulating evidence have reported that 
autophagy is activated in focal or global cerebral ischemia or 
hypoxia‑ischemia models in rats and mice (10,37,38). Beclin1 
knockdown has been demonstrated to reduce infarct volume, 
histological injury and neurological deficits induced by focal 
cerebral ischemia in adult rats (39). These findings support 
the notion that autophagy serves a detrimental role in acute 
cerebral ischemia (40). Yang et al (41) found that inhibition 
of autophagy by 3‑methyladenine  (3‑MA) could markedly 
reduce infarct size, edema formation and neurological deficits 
after permanent middle cerebral artery occlusion. However, 
the extent to which autophagy is involved in repeated cerebral 
IR‑induced cognitive impairment has not been elucidated in 
those previous studies. In the present study, a time course 
experiment was performed by repeating cerebral ischemia for 
20 min, with 10 min reperfusions three times. The animals were 
then euthanized as various time points (1, 3, 7, 14 and 28 days) 
after the treatment and hippocampal tissue samples were 
collected to measure the expression of proteins associated 
with autophagy. The expression of Beclin1 and LC3‑II in the 
hippocampus increased significantly from day 1 to day 28 
after cerebral IR, with maximal induction observed on day 14. 
This observation suggest that increased autophagy is linked 
with neuron damage in the hippocampus and subsequent 
impairments in spatial cognitive function following cerebral 
IR. Following LiCl administration, autophagy was reduced to 
a certain extent along with a reduction in the population of 
dying neurons; however, it remains unclear whether the reduc‑
tion of autophagy was the sole cause of this effect.

The mTOR signaling pathway is a central regulator of 
protein synthesis and is considered to be a key controller of 

Figure 4. Effects of LiCl on the expression of proteins associated with autophagy in mouse hippocampal tissues following repeated cerebral ischemia. 
(A) Representative western blot images and (B) quantitative analysis of LC3II/I ratios, Beclin1 expression and (C) mTOR phosphorylation 14 days after 
repeated cerebral IR in the hippocampus, in the presence or absence of LiCl treatment. β‑actin was used as an internal control. *P<0.01 vs. Sham and #P<0.01 
vs. vehicle. Li, LiCl.
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cell growth, cell survival and autophagy (42‑44). In mamma‑
lian cells, mTOR assembles into two functionally distinct 
protein complexes‑mTORC1 and mTORC2. mTORC1 can 
serve as a regulator of autophagy and is highly sensitive to 
rapamycin  (45). Although the role of mTOR in ischemic 
injury is unclear, mTOR has been previous demonstrated to 
exhibit neuroprotective properties (46,47). In focal cerebral 
IR models of neonatal rats, 3‑MA exerted neuroprotective 
effects even after 4 h ischemia (48). The present study revealed 
that mTOR phosphorylation in the hippocampus increased 
from days 1 to 28 following cerebral IR. Additionally, LiCl 
treatment significantly increased mTOR phosphorylation 
whilst reducing the ratio of LC3II/I and Beclin1 expression, 
suggesting that mTOR may serve as a therapeutic target in cases 
of repeated cerebral IR injury. However, by contrast, induction 
of autophagy by upregulating mTOR phosphorylation has been 
previously reported to promote neuronal survival (49). It could 
be hypothesized that the discrepancy between these findings 
may be associated with distinct cell types and models across 
different studies. In animal experiments, the mice were treated 
with LiCl prior to the establishment of IR model with the aim 
of minimizing the off‑target effects of model establishment 
whilst maximizing the potential effects of LiCl (16). However, 
application of this methodology in clinical practice remains to 
be explored and requires further validation.

For future studies, supplementing a group of positive 
controls treated with autophagic inhibitors, to detect the 
mechanism of autophagy in repeated IR‑induced injury, could 
be used to further assist in elucidating the potential mecha‑
nism of lithium chloride on autophagy.

In summary, the present study suggests that excessive 
autophagy can contribute to neuronal injury in a repeated 
cerebral IR mouse model. Additionally, LiCl inhibits excessive 
autophagy by activating mTOR signaling and ameliorating 
repeated IR‑induced the neuronal injury in the hippocampus. 
LiCl may serve as a promising therapeutic agent for the treat‑
ment of cognitive impairment caused by cerebral IR injury.
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