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Abstract: Background: Long-term cognitive dysfunction is a common long-term sequel in septic survivors. However, 
the underlying mechanism is poorly understood. In this study, we tested the long-term change in cognitive dys-
function in a mice model of Lipopolysaccharide (LPS)-induced sepsis, as well as the change in expression of High 
Mobility Group Box-1 (HMGB-1) and autophagy. Method: Sepsis was induced by intraperitoneal injection of LPS at 
the dose of 0.5 mg/kg while the naïve control animals received normal saline only. Fear-potentiated startle and wa-
ter maze was test in day 9, 11 and 15 after LPS injection, to evaluate the cognitive function. Meanwhile, expression 
of HMGB-1 and the marker of autophagy (Light Chain 3 LC3-I and LC3-II) were evaluated by immunofluorescence 
staining and western blotting, respectively. Results: Compared with naïve controls, sepsis-survivor animals devel-
oped a significant cognitive dysfunction, as evidenced by decrease in testing startle response and latency in water 
maze test, which last for at least for 15 days after LPS injection. Meanwhile, increased expression of HMGB-1 and 
inhibition of autophagy were found in the hippocampus of survived mice. Conclusions: Sepsis causes long-term 
dysfunction in mice, which is very likely associated with persist activation HMGB-1 and inhibition of autophagy.
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Introduction

Sepsis patients could develop delirium [1] or 
other brain dysfunction [2], although there is  
no evidence indicating CNS infection in most  
of these patients. Some researchers named it 
as septic encephalopathy, which has been 
identified as an independent risk factor for 
increased mortality [3]. Recent studies further 
demonstrated that the brain dysfunction may 
persist, and more than one third of sepsis  
survivors would have mild to moderate cogni-
tive dysfunction even 12 months after sepsis 
[4]. Considering the huge number of sepsis 
patients worldwide [5], the mechanisms under-
lying brain dysfunction, especially the patho-
genesis of long-last cognitive dysfunction, re- 
quires intensive investigation.

Sepsis is characterised by uncontrolled sys-
tematic inflammation, which is also regarded 
as the trigger for sepsis-related brain dysfunc-
tion [3]. However, as indicated above, the brain 

dysfunction last much longer than the system-
atic inflammation and conventional acute in- 
flammation markers, such as TNF-α, may not 
reflect its progression appropriately [6]. Re- 
cently, it has been showed that High Mobi- 
lity Group Box-1 (HMGB-1), as a late inflam- 
mation modulator [7], is involved in sepsis-
induced brain dysfunction [8]. However, the 
connection between activated HMGB-1 and 
impaired neuron function remains obscure. 
Autophagy, as an endogenous protective mech-
anism, has been well-explored neurological dis-
eases, such as Alzheimer’s disease [9], which 
has quite similar clinical manifestations to the 
long-term cognitive dysfunction observed in 
sepsis survivors. On the other hand, impair- 
ed autophagy has been related with the liver 
[10], kidney [11] and lung [12] injuries in se- 
psis patients. It is therefore rational for us to 
expect that the autophagy could be involved  
in the development of sepsis-induced brain 
dysfunction.
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In this study, we examined the long-term change 
in cognitive function in mice survived sepsis 
and observed the change of HMGB-1 and 
autophagy markers in hippocampus.

Materials and methods

Animals and treatment 

This study was reviewed and approved by  
the committee of animal welfare of Sichuan 
University (Chengdu, China). The C57BL/6 (wei- 
ghing 18-25 g) mice were housed in standard 
cages in a twelve-hrs light/dark cycle, with free 
access to water and standard rodent chow.

Sepsis was induced by intraperitoneal injection 
of LPS (Sigma, USA) at 0.5 mg/kg in 100 μL 
diluted with normal saline. Controlled animals 
received the same volume of normal saline. 
After injection, the animals were retuned to 
cages for recovery. A probing cohort animals 
were tested first (n=10 per group), to estimate 
the survival rate of animals following our proto-
col, which was used to determine the sample 
sizes for further tests. 

Cognitive tests

Cognitive function was tested by Fear-po- 
tentiated startle (FPS) and water maze tests. 
Separate cohorts of animals were used for 
each of the two tests, which suggest that  
each animal was assigned to only one of  
the cognitive tests only. For each test, mini- 
mal number of survived animals was 6 at  
each time point.

FPS test

The trace-fear conditioning was used to evalu-
ate the hippocampus-dependent learning/me- 
mory. In brief, the animals were allowed to 
move freely in the system (Med Associates, 
Inc., VT, USA) for 5 min to acclimate to the  
testing environment with a background white 
noise of 65 dB. Then a loud startling stimu- 
lus noise of 105 dB was given for 40 mSec  
and the animal’s startle response is recorded 
as the baseline. 

After determining the baseline startle response, 
another 75 dB noise was given for 60 mSec fol-
lowed by a foot electrical shock at 0.4 mA for 2 
sec. The interval between the 75 dB noise and 
electrical shock was randomized between 15 
to 30 sec, so called the trace fear conditioning. 
And this 75 dB noise-electrical shock coupling 

was repeated for 10 times, as the acquisition of 
fear conditioning. 24 hrs after the acquisition, 
the expression of fear conditioning was tested. 
The animals were placed in the same testing 
system and the 105 dB startling noise was 
given again. The startle response was recorded 
as testing startle response. The ratio of testing 
to baseline response was named as fear-condi-
tioning potentials. The acquisition was per-
formed on 8, 10 and 14 days after LPS injec-
tion; therefore the expression was tested on 9, 
11 and 15 days after LPS injection. Animals 
would be sacrificed for further analysis (de- 
scribed below) after each test; Therefore re- 
peated learning should not be a concern.

Water maze test

Another set of animals were used for water 
maze test (Pb Panlab, Barcelona, Spain). Mice 
were trained for hidden-platform test for 7 tri-
als on 8, 10 and 14 days after LPS injection, 
respectively. And on 9, 11 and 15 days after 
LPS injection, probe trials were conducted with 
cut-off time set at 75 sec. Again, animals would 
be sacrificed for further analysis (described 
below) after each test.

Immunofluorescence staining

After completing cognitive test at each time 
point, half of the tested mice were scarified 
with overdose pentobarbital injection and per-
fused transcardially with 4% paraformaldehyde 
(PFA) in 0.1 M PBS at pH 7.4. Then brains were 
harvested and fixed in 4% PFA at 4°C. The 
25-μm coronal cryostat brain sections were col-
lected and incubated with antibody for HMGB-1 
(1:200, Abcam, Cambridge, MA, USA) overnight 
at 4°C. After washing with PBS with Triton, the 
slides were incubated with fluorochrome-conju-
gated secondary antibodies (Millipore, United 
Kingdom). Finally, the slides were stained and 
mounted with VECTASHIELD Mounting Medium 
(Vector Lab, USA) to visualize the nuclei. The 
immunofluorescence images were taken using 
an Olympus microscope at the same exposure 
time and were quantified using ImageJ (NIH, 
USA). Data of fluorescence intensity are nor-
malized against basal value of naive control 
and are expressed as a percentage of that in 
naive control. The numbers of total cells with 
positive staining for HMGB-1 and cells with only 
cytoplasm staining of HMGB-1 were counted in 
10 randomly selected vision field for each 
slides, respectively. The ratio of cells with posi-
tive cytoplasm staining was calculated and 
analysed. 
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Western blotting

For the rest half of animals, fresh hippocam- 
pus tissues were collected and were frozen in 
liquid nitrogen until analysis. In brief, hippo-
campus was mechanically homogenized in ly- 
sis buffer and the protein concentration of its 
supernatant was determined by the BCA meth-
od (Pierce, Rockford, IL, USA). The supernatant 
containing 40 μg of protein was separated by 
SDS-PAGE and transferred to a nitrocellulose 
membrane. Primary antibodies included LC3 
(Cell signalling technology, USA), and β-actin 
(Abcam, Cambridge, MA, USA). The membrane 
was then incubated with an HRP-conjugated 
anti-rabbit secondary antibody (1:20,000; Cell 
signalling technology, USA) for 1 h and the  
blot was developed with a Supersignal chemi- 
luminescence detection kit (Pierce, Illinois, 
USA). The immune blotting was visualized with 

a Kodak X-ray Processor 102 (Eastman Kodak, 
Rochester, NY, USA) and analyzed with ImageJ 
(NIH, USA).

Statistical analysis

All data were expressed as mean ± SD unless 
otherwise specified. Difference in survival rate 
was analysed with Kaplan survival analysis. 
Mann-Whitney T test was used for cognitive 
test. Immunofluorescence and band intensity 
from western blotting was analysed with ANOVA 
analysis followed by post hoc analysis when 
indicated. The ratio of cells with positive cyto-
plasm staining for HMGB-1 was analysed by 
chi-square test. All the statistical analysis was 
performed with GraphPad Prism Software (Ver 
6.0, USA). A p value of less than 0.05 was con-
sidered to be statistically significant.

Figure 1. Cognitive change in survived mice. A. LPS injection caused a 40% mortality (n=10, P<0.01); B. Fear-condi-
tioning potential was significantly decreased in survived mice, as compared with naïve controls at all the tested time 
points (n=10 in naïve; n=7 in group LPS at 11 days after LPS injection while n=6 in group LPS at 9 and 15 days after 
LPS injection); C. The latency for finding the platform in the water maze was significantly delayed in animals receiv-
ing LPS injection, as compared with naïve controls (n=10 in naïve; n=6 in group LPS at all the tested time points); 
D. There was no difference in swimming speed between group LPS and naïve control (n=10 in naïve; n=6 in group 
LPS at all the tested time points) (P<0.05 vs. LPS; **P<0.001 vs. LPS).
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Results

LPS injection caused a 40% mortality in mice 
(Figure 1A) and all the death occurred within 5 
days after LPS insult. At 7th day after LPS injec-
tion, all the survived animals regained normal 
motor function, with no evidence of poor groom-
ing, huddling, or abnormal activity.

Compared with the naïve animals, the sepsis 
survivors showed a more-than-50% decrease 
in fear-conditioning potentials in expression of 
trace-fear conditioning (Figure 1B), which sug-
gest a defect in hippocampus-dependent learn-
ing/memory process. Similar defect was also 
observed in water maze test, evidenced as a 
more-than-2-fold increase in the latency for 
finding the platform (Figure 1C). However, the 
swimming speeds, automatically measured by 
the software, were similar between the two 
groups (Figure 1D), which excluded the possi-

bility that the difference in cognitive tests 
resulted from the impaired locomotors fun- 
ction. 

At each test time point, the expression  
of HMGB-1 in hippocampus was observed  
with immunofluorescence staining. Concomi- 
tant with the development of cognitive dys- 
function, the expression of HMGB-1 increased 
more than two folds compared with naïve con-
trol (Figure 2). It was further notified that 
HMGB-1 was actively translocated from cyto-
plasm into nuclei (as indicated by the inserts  
in Figure 2, where it would work as a transcrip-
tion factor to initiate downstream cellular sig-
nalling. The percentage of cells with cytoplasm 
staining for HMGB-1 was significantly higher in 
animal received LPS injection (37.8%, 32.6% 
and 29.7% for 9,11 and 15 days after LPS injec-
tion), compared with naïve animals (7.68%, 
P<0.01).

Figure 2. Sepsis induced a persistent activation of HMGB-1 in the hippocampus of survived mice. The expression 
of HMGB-1 was significantly increased in the hippocampus of survived mice (magnification ×40). It is further found 
that HMGB-1 was translocated into nuclei after LPS insult as showed in the merged imaging on the lower left corner 
(magnification ×400) (N=10 in naïve and n=6 in group LPS at each test time point; P<0.05 vs. LPS; **P<0.001 vs. 
LPS).

Figure 3. Sepsis caused a persist inhibition of autophagy in the hippocampus of survived mice. The ratio of Light 
Chain II (LC II) to Light Chain I (LC I) was significantly decreased in mice receiving LPS insult, for at least 15 days 
(N=10 in naïve and n=6 in group LPS at each test time point; P<0.05 vs. LPS; **P<0.001 vs. LPS).
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The activity of autophagy was also tested. As 
showed in Figure 3, the ratio of LC3 II-to-LC3 I, 
the marker of autophagy level, was increased 
more than 30% compared with naïve control, at 
each time point.

Discussion

In this study, we successfully demonstrated 
that 1. Sepsis causes long-term activation of 
HMGB-1 within hippocampus which was syn-
chronised with the development of cognitive 
dysfunction in sepsis-survivor animals; 2. Ac- 
companying the cognitive dysfunction, de- 
creased autophagy level was also observed  
in hippocampus. 

Previous study has showed that blood HMGB-1 
concentration peaked much later than com-
monly-used inflammatory markers, such as 
TNF-α and IL-1β, which therefore was identified 
as a modulator for delayed or late inflammation 
[13]. Our results showed that activation of 
HMGB-1 in CNS last even longer than previous-
ly reported serum HMGB-1 level [6]. And trans-
location of HMGB-1 into nuclei was also 
observed in our study. Taking together, our 
results showed that HMGB-1 was persistently 
activated in hippocampus after sepsis. At the 
same time, cognitive dysfunction developed 
although the acute inflammation had resolved 
and the animals regained full recovery physi-
cally and no impairment in motor skills was 
observed, which was very similar to the long-
term cognitive deficient observed in otherwise 
normal human sepsis survivors. Previous study 
had indicated that HMGB-1 played an impor-
tant role in sepsis-related brain dysfunction. By 
utilizing neutralizing antibody again HMGB-1, 
sepsis-induced brain dysfunction could be pre-
vented [14]. But clinical use of HMGB-1 neutral-
izing antibody may not be feasible in a short 
future. Therefore, it is important for us to find 
out how did the activated HMGB-1 lead to brain 
dysfunction before clinically-applicable inter-
vention could be identified.

Toll-Like Receptor 4 (TLR-4) [15] and Receptor 
for Advanced Glycan Endproduct (RAGE) [16] 
have been identified as two major receptors for 
HMGB-1, and the activation of both TLR-4 and 
RAGE has been linked to modulation of autoph-
agy. Autophagy, from the Latin of “eating itself”, 
plays a vital role for survival in life-threatening 

challenges, such as stress, trauma or infection, 
by preserving energy substrate for vital biologi-
cal activities [17]. As mentioned before, the 
decreased level of autophagy has been found 
in spetic lungs, liver and kidneys, which was 
associated with the injured pulmonary, hepatic 
and renal functions, respectively [10-12]. On 
the other hand, decreased autophagy has also 
been found in Alzheimer’s disease [18], which 
is characterized by cognitive dysfunction, simi-
lar to the observed brain dysfunction in septic 
survivors. Therefore, it is rational for us to 
expect that autophagy could contribute to the 
sepsis-induced brain dysfunction. In fact, our 
data clearly demonstrated that there is a sus-
tained inhibition of autophagy in septic brain, 
which is accompanied by the cognitive dysfunc-
tion. Therefore, the activated HMGB-1 could 
bind to TLR-4 and/or RAGE to induce long-term 
inhibition of autophagy, which in turn may 
account for the impaired brain function in sep-
sis survivors. Therefore, modulation of autoph-
agy could be a potential therapeutic target for 
sepsis induced brain dysfunction. 

The limitation of this study is, to more accurate-
ly evaluate the autophagy, “autophagic flux” 
should be assessed, which would answer 
whether the decrease in autophagy markers 
(as the case in our study) was due to decreased 
formation of autophagosomes or, contrarily, an 
accelerated autophagic flux downstream of the 
“autophagosome” stage (leading to increased 
clearance autophagosomes. To validate this, 
blockers of the autophagic flux (such as bafilo-
mycin) were often used in in vitro study [19], 
which was seldom given in in vivo model (the 
animal model we used in our study) because it 
is very difficult to maintain a stable drug con-
centration with single or repeated i.p injection. 
Of note, using markers (such as LC3) for 
autophagy assessment is general acceptable 
[10-12]. At the same time, future studies should 
focus on the testing the effect of autophagy 
enhancer on reserving or preventing sepsis-
induced long-term brain dysfunction.

In conclusion, we demonstrated that long-term 
cognitive dysfunction might develop in a mice 
model of LPS-induced sepsis, as observed in 
human septic survivors. And inhibition of 
autophagy by persistent activation of HMGB-1 
may play a major role in this sepsis-induced 
brain dysfunction.
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