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ABSTRACT

Brain dysfunction remains a common complication after sepsis development and
is an independent risk factor for a poorer prognosis and an increased mortality. Here
we tested the hypothesis that the behavioral outcomes after lipopolysaccharides (LPS)
administration are exacerbated by an impoverished environment (IE) and alleviated
by an enriched environment (EE), respectively. Mice were randomly allocated in a
standard environment (SE), an EE, or an IE for 4 weeks after LPS or normal saline (NS)
administration. Neurobehavioral alternations were assessed by the open field, novel
objective recognition, and fear conditioning tests. The expressions of proinflammatory
cytokines (tumor necrosis factor (TNF-u), interleukin-18 (IL-1$), IL-6, IL-10), ionized
calcium-binding adaptor molecule-1 (IBA1)-positive cells as well as glial fibrillary
acidic protein (GFAP)-positive cells, brain derived neurotrophic factor (BDNF),
5-bromo-2-deoxyuridine-labeled cells in the dentate gyrus of the hippocampus,
and the number of dendritic spines in the hippocampal CA1 were determined. Our
results showed that the some of the neurocognitive abnormalities induced by LPS
administration can be aggravated by stressful conditions such as IE but alleviated by
EE. These neurocognitive alternations were accompanied by significant changes in
biomarkers of immune response and hippocampal synaptic plasticity. In summary,
our study confirmed the negative impact of IE and the positive effects of EE on the
cognitive function after LPS administration, with potential implications to the basis
of sepsis-related cognitive impairments in the critically ill patients.

INTRODUCTION development of mental, cognitive, and physical impairments
that may persist for months or years after hospital discharge
Sepsis is a major clinical challenge associated with [1-3]. With recent advances in critical care medicine,
multi-organ dysfunction, including sepsis associated- the chance of survival after critical illness has increased
encephalopathy (SAE) [1-3]. Studies from rodent animals tremendously. As a result, patients often require long-term
suggest that sepsis impairs learning and memory functions in medical interventions to support functional recovery after
animal models of SAE induced by peripheral administration sepsis development. The negative impact of the long-term
of lipopolysaccharides (LPS) or cecal ligation and puncture neurobehavioral consequences includes reduced quality of
(CLP) [4-6]. SAE is associated with an increased risk for the life, poor prognosis, and increased mortality [1-3].
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Accumulating evidence has shown that
environmental conditions affect cognitive performance
in many neuropsychiatric disorders in animal and
human studies [7—12]. An enriched environment (EE)
is defined as a manipulation that increases physical and
social stimuli [8], while an impoverished environment
(IE) offers standard cages with reduced sensorial
and cognitive stimulation [11]. It is well recognized
that EE can improve spatial learning, enhance long-
term memory, and prevent cognitive deficits induced
by stress [8, 9], whereas IE alter behavioral and
neuroendocrine response with negative outcomes when
compared with group housing [11, 12]. These findings
strongly suggested that environmental conditions may
also modulate the outcomes of long-term cognitive
consequences associated with sepsis.

Patients living in the intensive care unit are often
associated with an IE, which may have negative effects
on cognitive functioning [13—15]. However, few studies
have proven that environmental conditions can affect
sepsis-induced cognitive impairment. In the present study,
we hypothesized that sepsis-induced long-term cognitive
impairments can been improved by EE and aggravated by
IE, respectively.

RESULTS

Effects of LPS and environmental conditions on
body weight gain and survival rate

As shown in Figure 1B, LPS administration resulted
in body weight loss for about 2 days when compared with
baseline values. However, environmental conditions did
not affect body weight gain among the NS exposed groups
or LPS exposed groups (two-way repeated measures
ANOVA; P =0.7326).

There was no death for the NS exposed mice. In
addition, LPS or environmental conditions did not affect
the 7-day survival rate for the LPS-exposed mice (93.7%
for LPS + SE group, 87.5% for LPS + EE group, and
86.667% for LPS + IE group, P = 0.4568).

Effects of LPS and environmental conditions on
anxiety-like behavior

As shown in Figure 2A and 2B, LPS exposed
mice and NS exposed mice in the IE condition traveled
significantly longer distance in the open arena when
compared with their control counterparts housed in the
SE condition (F 6 — 13.333, P < 0.001), suggesting
IE induced anxiety-like behavior. However, EE did not
reverse the increased travel distance in the control + EE
and LPS + EE groups. There was no significant difference
in the time spent in the center among the six groups (F
=0.525, P=0.757).

(5.67)

Effects of LPS and environmental conditions on
social interaction

The social interaction test is used to assess working
memory as well as generalized exploration behavior.
Although there was no difference between the NS and
LPS exposed mice in their exploration of the novel object
compared to the familiar object, we found that LPS exposed
mice housed in the IE condition explored both the familiar
and the novel object significantly less than the control +
IE group (novel, P = 0.002; familiar, P = 0.022; Figure 3A
and 3B). In addition, the LPS exposed mice housed in the
IE also explored the novel object significantly less than the
LPS + SE group or LPS + EE group. However, EE failed
to reverse these behavioral abnormities. In addition, there
was no difference in preference index among groups (F
=0.176, P =0.971; Figure 3C).

(5.60)

Effects of LPS and environmental conditions on
fear conditioning response

The NS exposed mice housed in the IE condition
exhibited decreased freezing time in the contextual fear
conditioning compared with the control + SE group. LPS
exposed mice also displayed significant decline in the
freezing time in the contextual fear conditioning compared
with the control + SE group. Interestingly, LPS exposed
mice housed in the IE condition further decreased the
freezing time in the contextual fear conditioning compared
with the LPS + SE group, but mice housed in EE reversed
LPS-induced cognitive impairment (Fs 6 = 12.135, P
< 0.001, Figure 2C). These results suggested that LPS
exposed mice displayed an environment-dependent
impairment in fear conditioning response. However, there
was no difference in the freezing time in the hippocampal-
independent cued test among groups (F =0.235P=
0.946, Figure 2D).

(5, 68)

Effects of LPS and environmental conditions on
brain inflammatory responses

To evaluate the effects of LPS and environmental
conditions on brain inflammatory responses, we
measured TNF-a, IL-1B, IL-6, and IL-10 expressions
in the prefrontal cortex and hippocampus at 28 day
after NS or LPS administration. As shown in Figure 4,
neither LPS administration nor environmental conditions
affected TNF-a, IL-1p, IL-6, and IL-10 expressions in the
prefrontal cortex (TNF-a: F; ,, =0.154, P=0.977; IL-1p:
F,,=1.468, P=02371L-6: F; ,, =2.761, P =0.042;
IL-10: F, ,, = 0.519, P = 0.760). In the hippocampus,
the NS exposed mice housed in the IE condition had
significantly higher level of IL-6 compared with the
control + SE group. LPS exposed mice also displayed
significantly higher level of IL-6 compared with the
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control + SE group. Notably, LPS exposed mice housed
in the IE condition further increased IL-6 expression
compared with the LPS+SE group (F; ,, = 12.571, P <
0.001). However, there was no significant difference in
hippocampal TNF-q, IL-1B, and IL-10 levels among the
six groups (TNF-a: F (5.4 =0.818, P=0.549; IL-1B: F
=2.794, P=0.04; IL-10: F o, =3.243,P=0.022).
As shown in Flgure S, the NS exposed mice
housed in the IE condition showed significantly
increased hippocampal IBA1 expression compared with
the control + SE group. Unexpectedly, LPS exposure did
not result in higher expression of IBA1 compared with
the control + SE group (Fs. 15y = 10.142, P < 0.001).
In addition, the LPS exposed mice housed in the IE

(5,24)
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condition did not further increase the level of IBA1
compared with the LPS + SE group. As for the GFAP,
the NS exposed mice housed in the IE condition showed
significantly increased GFAP expression compared with
the control + SE group. However, LPS exposed mice
housed in the SE also had significantly higher level of
GFAP compared with the control + SE group (F
9.211, P <0.001).

(5, 18) =

Effects of LPS and environmental conditions on
hippocampal neuronal proliferation

Newly generated BrdU-labeled cells were
observed in the DG by immunofluorescence labeling.

Biochemical studies
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Figure 1: Timeline of the experimental procedure in mice (A). Effects of LPS and environmental conditions on body weight gain
(B). SE, standard environment; EE, enriched environment; IE, impoverished environment; OF, open field; NOR, novel object recognition;

FC, fear conditioning. NS, normal saline; LPS, lipopolysaccharide.
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Figure 2: Effects of LPS and environmental conditions on anxiety-like behavior and fear conditioning response. Open
field test was performed to examine the anxiety-like behavior and locomotion (A and B). LPS-exposed mice displayed an environment-
dependent impairment in cognitive function (C and D). SE, standard environment; EE, enriched environment; IE, impoverished environment.
Each value represents the mean = SEM (n =11-14 per group), *P < 0.05.
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Figure 3: Effects of LPS and environmental conditions on social interaction. LPS exposed mice housed in IE condition
explored both the familiar and the novel object significantly less than the control + IE group (A and B). There was no significant difference
in discrimination index among groups (C). SE, standard environment; EE, enriched environment; IE, impoverished environment. Each
value represents the mean = SEM (n =10-12 per group), *P < 0.05.
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Figure 4: Effects of LPS and environmental conditions on brain inflammatory responses. No difference was observed in
TNF-a (A), IL-1B (C), IL-6 (E), and IL-10 (G) expressions in the prefrontal cortex among groups. In the hippocampus, the NS exposed
mice housed in the IE condition had significantly higher level of IL-6 compared with the control + SE group. LPS exposed mice also
displayed significantly higher level of IL-6 compared with the control + SE group. Notably, LPS exposed mice housed in the IE condition
further increased IL-6 expression compared with LPS+SE group. There was no significant difference in hippocampal TNF-a, IL-1f, and
IL-10 levels among the six groups (B, D, F, H). SE, standard environment; EE, enriched environment; IE, impoverished environment. Each
value represents the mean = SEM (n =5 per group), *P < 0.05.
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The NS exposed mice housed in the IE condition
showed decreased number of BrdU-labeled cells in the
DG compared with the control + SE group. Likewise,
LPS exposed mice showed significantly decreased
BrdU-labeled cells in the DG compared with the control
+ SE group. In addition, the LPS exposed mice housed
in the IE further decreased the number of BrdU-labeled
cells in the DG compared with the LPS+SE group (F<5,30)
=22.983, P <0.001, Figure 6). Although EE was able to
reverse [E-induced neuronal proliferation inhibition for
the NS exposed mice, it did not completely reverse the
decrease in BrdU-positive cells for LPS exposed mice.

A

Control

Effects of LPS and environmental conditions on
dendritic spine in the hippocampal CA1

As revealed in Figure 7, the number of dendritic
spines in the hippocampal CAl region decreased
significantly in the LPS + SE group compared with the
control + SE group, suggesting that LPS-induced cognitive
impairment was associated with decreased dendritic spine
number. In addition, LPS exposed mice housed in the IE
condition further aggravated the decrease in dendritic
spine number compared with the LPS + SE group (F
2y = 9578, P < 0.001). Again, EE did not significantly
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Figure 5: Effects of LPS and environmental conditions on hippocampal IBA1 and GFAP expressions. Representative images
of IBA1 and GFAP in the hippocampus (A). Quantification of IBA1 and GFAP expressions in the hippocampus (B). SE, standard environment;
EE, enriched environment; IE, impoverished environment. Each value represents the mean + SEM (n =4 per group), *P < 0.05.
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attenuate the decreased dendritic spine number in the
hippocampal CA1 region.

Effects of LPS and environmental conditions on
hippocampal neurotrophic factors

As shown in Figure 8, the level of BDNF decreased
significantly in the control + IE group compared with
those in the control + SE group, suggesting IE impaired

A Control

cognitive impairment by decreasing BDNF level in the
hippocampus (F(; ,, = 8.833, P <0.001, Figure 8A) but
not in the prefrontal cortex (F<5, ) = 0.575, P = 0.719,
Figure 8B). Similarly, LPS exposed mice in the SE had
reduced BDNF level as compared with the control + SE
group. However, either EE or IE condition did not increase
or further decrease BDNF levels, respectively. The similar
results were confirmed by the western blot analysis (F
=16.394, P <0.001, Figure 8C).
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Figure 6: Effects of LPS and environmental conditions on hippocampal neuronal proliferation. Representative images
of BrdU cells at the DG region by immunofiuorescence (A). Quantification of BrdU at the DG region of hippocampus (B). SE, standard
environment; EE, enriched environment; IE, impoverished environment. Each value represents the mean = SEM (n = 6 per group), *P <

0.05; scale bar = 50 pm.
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DISCUSSION

In the present study, we showed that the
neurobehavioral outcomes after LPS administration are
affected by subsequent environmental conditions, with EE
alleviating and IE exacerbating the cognitive impairment,
respectively. The mechanisms underlying these behavioral
changes may be related to the cellular effects on immune
responses and hippocampal synaptic plasticity. Thus,

A Control

interventions that improving environmental condition may
produce better long-term neurobehavioral outcomes.
Although the brain may be affected during early
sepsis, it has only recently been shown that the presence
of brain dysfunction is an independent factor for the poor
prognosis in patients with sepsis [1-3]. Environmental
factors have significant impacts on the behavioral
outcomes in many psychiatric diseases. For example,
high levels of social or physical activity reduce the risk

LPS

Number of spines (/10 pum) & 10 pm

SE EE IE

SE EE

SE EE IE SE EE IE

Control

LPS

Figure 7: Effects of LPS and environmental conditions on dendritic spine in the hippocampal CA1. Representative images
of dendritic segments of pyramidal neurons in the hippocampus (A). Histograms represented the number of dendritic spines/10 pm length
of primary dendrites (B). SE, standard environment; EE, enriched environment; IE, impoverished environment. Each value represents the

mean + SEM (n =5 per group), *P < 0.05.
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of Alzheimer’s disease [16]. In major depression, social
support has the beneficial effects on the outcome of a
depressive episode and prevention of relapse [17]. In
preclinical study, it has been shown that animals housed
in the EE condition exhibit increases in brain size, the
number of neurons in the DG, the number and area of
synapses, and the production of neurotrophic factors
compared with those housed in the IE condition [18]. In
comparison, sedentary and lonely people present worse
cognitive functions and show a faster cognitive decline
than physically and socially active people [19]. Notably,
the effects of environmental conditions on cognitive
function are reversible, with improvement in cognitive
performance after old animals being transferred from an
IE into an EE condition [7].

In our study, the mice housed in the IE condition
exhibited anxiety-like behavior, but among these mice,
only the LPS-exposed mice showed reduced time in their
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exploration of the novel object. It has been previously
demonstrated that impairment in communication and
social interaction are major symptoms of autism spectrum
disorders, a group of common neuropsychiatric disorders
in which environmental factors are thought to play an
etiological role [20, 21]. In addition, LPS-exposed mice
displayed an environment-dependent impairment in fear
conditioning response. Consequently, the behavioral
abnormalities induced by LPS in combination with a
stressful environment such as IE may be even greater,
suggesting these two factors have synergistic effects
on neurobehavioral outcomes. Intriguingly, our study
showed that LPS exposure did not cause significant
decline in social interaction, which is partly supported
by previous finding that LPS administration does not
impair cognition in all hippocampus-dependent tasks
[22]. In addition, we found that EE affected only some
of the behavioral functions, which might attributed to
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Figure 8: Effects of LPS and environmental conditions on BDNF expressions. BDNF levels were assessed by ELISA in the
prefrontal cortex and hippocampus (A and B). Representative image of BDNF was assessed by western blotting (C). Histograms represent
the levels of BDNF (D). SE, standard environment; EE, enriched environment; IE, impoverished environment. Each value represents the

mean + SEM (n =4-5 per group), *P < 0.05.
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the relatively short period of EE exposure. Our results
are in line with one prior study demonstrating that EE
requires long duration to exert beneficial effects on
cognitive aging [23, 24]. Although EE does not reverse all
the neurocognitve impairment, it can be considered as a
social support, which could prevent cognitive impairment
by LPS administration. On the other hand, our study
also indicated that IE can be served as a social stress
that further aggregates cognitive impairment induced by
LPS injection. However, the mechanism underlying these
effects needs to be elucidated.

There is a high density of cytokine receptors in
the hippocampus, suggesting the hippocampus may be
vulnerable during neuroinflammation [25]. Although
physiological level of cytokines is necessary for synaptic
plasticity and neurotransmission, it is well established
that overproduction of these inflammatory mediators may
negatively affect neuronal processes pertinent to cognition
[26, 27]. Concurrent with cognitive impairment, our study
showed that LPS-exposed mice had significantly higher
level of hippocampal inflammatory cytokine (IL-6).
Importantly, hippocampal IL-6 expression was further
increased in the mice housed in the IE condition. Although
IL-6 was not totally reversed by the EE, our study
suggested the importance of environmental conditions
on the immune system function specifically within the
hippocampus, which might have profound effects on
neural function. Indeed, it has been suggested that social
interaction reduces post-stroke depression and improves
functional recovery by down-regulating hippocampal I1L-6
level in an animal model of stroke [28]. Previous studies
have shown that elevated levels of proinflammatory
cytokines in the hippocampus inhibit neurotrophic factors
and impair hippocampal synaptic plasticity [29, 30],
providing a potential mechanism whereby hippocampal
neuroinflammation can induce cognitive impairment.
Consistently, our data suggested that LPS-exposed
mice housed in the IE condition had the highest level of
hippocampal inflammatory cytokine (IL-6) and lowest
hippocampal BDNF level. This is further supported by the
increased hippocampal expressions of microglia marker
IBA1 and astrocyte marker GFAP in mice housed in the
IE. Therefore, we speculated that the loss of neurotrophic
support along with the dysregulated neuron-glia crosstalk
could have significant negative impact on cognitive
function and render the brain vulnerable to inflammatory
damage during sepsis development.

Animal studies have demonstrated that the effects
of environmental conditions on learning and memory
were associated with structural and functional changes
in the hippocampus, such as synaptic and spine density,
neurogenesis, and long-term potentiation [31-33].
Accumulating evidence has shown that neurotrophic
factors play an important role in learning, memory, and
hippocampal plasticity [29, 30]. In one previous study,
the LPS-induced reduction in hippocampal BDNF

could have deleterious effects on cognitive function
after sepsis development [30]. Although the IE did
not further decreased BDNF level in LPS-exposed
mice, we did find that the IE paradigm decreased basal
levels of BDNF in the hippocampus. By contrast, EE
has been shown to exert positive effects on cognitive
and emotional behaviors including enhanced learning
and memory [34] and improved ability to cope with
fear, anxiety, and stress [35]. Since BDNF is known
to specifically impact hippocampal-dependent tasks
[32], the different environmental condition-induced
modulation of BDNF could help to influence cognitive
function during sepsis development. Specifically, the EE
has been shown to increase BDNF expression, markers
of synaptic plasticity that is critically involved in the
learning [8]. In the present study, we did not find any
significant difference in the levels of synaptic markers
such as BDNF and dendritic spines in the hippocampus
between the LPS+SE and the LPS+EE groups, but we
found that LPS-exposed mice, after being housed in the
IE for 4 weeks, showed a significantly lower levels of
BDNF and dendritic spines. This loss of neurotrophic
support could help to explain why the IE even has
greater negative impact on cognitive function than only
one LPS administration.

In addition, there is accumulating evidence
suggesting that adult neurogenesis is closely linked to
hippocampal-dependent learning and memory [32]. It has
been shown that factors that increase adult neurogenesis,
such as EE and exercise, improve memory function,
whereas a reduction of neurogenesis induced by stress
leads to cognitive impairment [36, 37]. Although EE did
not completely reverse the decline of newborn neurons
after LPS exposure, we found that the decrease in newborn
neurons in LPS-exposed mice was further aggregated by
the IE. Taken together, the impaired neurogenesis may
explain the reasons why the IE has the most negative
detrimental effects on cognitive impairment. Our data
supported the notion that the potential benefits of EE and
alerted the probably side effects of adverse environmental
factors on cognitive function for LPS-exposed mice.

Taken together, our findings allow speculation
that subjects exposed to the same sepsis protocol may
be affected to a different extent depending on their
subsequent environmental conditions, which highlights the
notion that lifestyle, directly having an impact on the brain
microenvironment, in rescuing or aggregating cognitive
impairment in neuropsychiatric disorder, including
SAE. Notably, our study provides additional evidence
for the mechanisms underlying different environmental
conditions on cognitive impairment in an animal model of
SAE. However, future studies are warranted to investigate
the impact of the above-mentioned environmental
factors on the long-term cognitive impairment by using a
clinically relevant or a more severe septic stimulus model
such as CLP.
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MATERIALS AND METHODS

Animals and study protocol

The present study was approved by the Ethics
Committee of Jinling Clinical Medical College of
Nanjing Medical University, China, and was conducted
in accordance with the Guide for the Care and Use of
Laboratory Animals from the National Institutes of Health
(Bethesda, MD, USA). Two hundred C57BL/6 male mice
(3-4 months) were purchased from the Animal Center
of Jinling Hospital, Nanjing, China, and were housed
in conditions with a 12-h light-dark cycle (lights on at
07:00) at 24 &+ 1 °C with free access to water and chow.
The diagram of the present study protocol was shown in
Figure 1A.

SAE animal model

We developed a mouse model of SAE by LPS
administration, which have been well described in previous
studies [4, 5]. Animals were injected intraperitoneally
(i.p.) with either LPS (5 mg/kg) (Escherichia coli
endotoxin 0111: B4, Sigma, Lot # 064M4125V) or equal
volume (0.9%) normal saline (NS). Our preliminary data
showed that this dose and route of administration resulted
in a hippocampal-dependent cognitive impairment.

Administration of bromodeoxyuridine (BrdU)

To label proliferating cells, the BrdU (Sigma
Chemical Co., St. Louis, MO) was administered (200
mg/kg per day) i.p. in 0.1 M phosphate buffered-saline
(PBS) at pH 7.3 for 5 consecutive days, beginning one
week after the start of different environmental condition
placement. Animals were sacrificed 3 weeks after the first
BrdU injection. This time point was selected because by
this time most BrdU-labeled cells represent markers of
mature neurons [38, 39].

Housing environmental conditions

Mice were randomly assigned into three different
environmental conditions: SE, EE, or IE, and kept in these
housing conditions for four weeks. Standard environment
(SE) consisted of common cage housing (25 cm % 20 cm
x 15 cm). The EE consisted of larger (60 cm x 35 cm x
20 cm) cages containing constantly a small house and a
running wheel for voluntary exercise, and four to five toys
that were changed three times a week with new toys of
different shape and color. Mice in the SE and EE groups
were housed in groups of 4-6, while mice in the IE group
were housed singly in individual cages (25 cm x 20 cm x
15 cm) with physical and psychological stresses, including
physical restraints for 2 h daily, sleep deprivation due
to disturbances biological rhythm induced by noise for

1 h daily (white noise, 3000 HZ, 100 db) and light on
overnight.

Neurobehavioral tests

Behavioral tests were performed successively by the
open field, novel object recognition, and fear conditioning
tests (n =10-14). All apparatus used in tests were purchased
from the Shanghai Softmaze Information Technology Co.,
Ltd., China. The behavior of mice was recorded using
a video camera. A well trained investigator who was
blinded to the animal grouping performed the behavioral
tests. At the end of each test, the arena was cleaned with
75% alcohol to avoid the presence of olfactory cues. In
the present study, each animal underwent three different
behavioral tests.

Open field test was performed at 22 day after LPS
or NS administration to evaluate the exploratory behavior
and anxiety behavior. Mice were placed individually in the
center of the black plastic chamber (50 cm % 50 cm x 40
cm) and left free to explore it for 5 min. The total distance
traveled and time spent in the center of the open arena was
scored by an observer blind to the animal grouping.

Novel object recognition test was conducted at day
24 after LPS or NS administration to evaluate retention
or intact memory and exploratory behavior as previously
detailed [40]. This test consisted of two trials. In the
first (training) trial, two familiar objects were presented.
The second trial (testing) with one familiar object and
one novel object present in the respective zones of the
open field, with 60-min intervals between trials, during
which the animals were placed back to their home
cages. The time spent with each object was recorded,
and the cognitive outcomes were determined by the
“discrimination index” for the second trial, which was
calculated using the following formula: % discrimination
index = Time spent in novel object zone x 100/(time spent
in familiar object zone + time spent in novel object zone).

Fear conditioning tests were assessed at days
27-28 after LPS or NS administration to evaluate both
hippocampcal and non-hippocampal-dependent cognitive
impairment as we described previously [6]. Mice were
placed into the conditioning chamber (32 cm % 25 cm x
25 cm), with a stainless steel shock grid floor. The mice
were allowed to explore for 3 min for habituation, then a
30 s, 80 dB, 1 kHz tone (CS), which co-terminated with
a 2 s, 1.0 mA foot shock (US) was delivered through
stainless steel bars by a constant current generator. Two
CS-US pairings were separated by a 30-second pause.
The contextual memory was tested 24 h after the training.
The animals were placed back to the original training
chamber to monitor freezing behavior, which was defined
as an absence of any movements for more than 3 seconds)
was measured. The cued fear memory was tested 2 h later
in a novel context with a continuous 3 min training tone
presentation to monitor freezing behavior.
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Enzyme-linked immunosorbent assay (ELISA)

The concentrations of tumor necrosis factor
(TNF-a), interleukin-1f (IL-1pB), IL-6, IL-10, and brain
derived neurotrophic factor (BDNF) were determined at
28 day after LPS or NS administration. Mice were killed
by an i.p. injection of 2% sodium pentobarbitone (60
mg/kg) and then the prefrontal cortex and hippocampus
were collected, then separated, and placed in a
homogenizer. The tissues were homogenized with 1 ml
ice-cold physiological saline per 100 mg brain tissue.
Hypothermal centrifugation was performed at 10,000
x g for 10 min and the supernatant was obtained. The
quantifications of TNF-a, IL-1p, IL-6, IL-10, and BDNF
were done following the instructions of the manufacture
(North China Institute of Biotechnology, Beijing,
China).

Western blotting

The normalized protein samples were subjected
to sodium dodecyl sulfate polyacrylamide gel
electrophoresis and then were transferred onto
polyvinylidene difluoride membranes. Membranes
were blocked with 5% skim milk in Tris-buffered
saline tween for 1 h and then incubated with anti-IBA1
(1:1000; Abcam, Cambridge, UK), anti-GFAP (1:500;
Santa Cruz Biotechnology, Dallas, USA), anti-BDNF
(1:1000; Cell Signaling Technology, Boston, USA),
and anti-GADPH (1:1000; Cell Signaling Technology,
Boston, USA) overnight at 4 °C temperature room.
After thorough washing, membranes were incubated in
Tris-buffered saline tween with the secondary antibody
diluted 1:1000 for 1 h at room temperature. The bands
were detected with Pierce ECL Western Blotting
Substrate (Thermo Fisher Scientific, Rockford, IL, USA)
and semiquantified with image J software (National
Institutes of Health, Bethesda, MD, USA).

BrdU staining

For BrdU immunofluorescence, sections were
denatured in 2 M HCI in TBS for 30 min, rinsed and
incubated with mouse anti-BrdU (1:100, OBT-0030,
Oxford Biotechnology, UK) for 2 d. Then sections
were rinsed, incubated with biotinylated anti-rat (1:250;
Vector) for 90 min, rinsed, and incubated for 30 min in
the dark with streptavidin-conjugated Alexa 568 (1:1,000;
Molecular Probes) to visualize BrdU. The analysis was
performed using confocal images from coronal sections
at similar rostro-caudal levels obtained with a Leica TCS
SP5 laser confocal microscopy. An experimenter blinded
to the treatment groups counted the BrdU+ cells in the
subgranular zones and granule cell layers. The positive
cells were counted on sets of every sixth section (six

sections per rat) through the rostral-caudal extent of the
hippocampal DG.

Golgi staining

Sample preparation and Golgi silver staining
were performed with the FD Rapid Golgi Stain Kit (FD
Neurotechnologies, Columbia, MD, USA). Dendritic spine
(spine number per 10 um) for each neuron was analyzed
using MATLAB software (MathWorks, Nedik, MA,
USA). The spines were counted on two or three segments
of secondary dendrites.

Statistical analysis

Data analysis was performed using SPSS for
Windows software (Version 16.0; SPSS, Chicago,
IL). Data were presented as mean + standard error of
measurement (S.E.M). Normal distribution of data
was analyzed using the Kolmogorov-Smirnov test.
Multiple comparisons were analyzed by one-way
analysis of variance (ANOVA) followed by post hoc
Tukey test. Group comparisons with regard to weight
were tested by two-way repeated measures ANOVA
followed by Bonferroni test. Since the data of the novel
object recognition test are not normally distributed,
the Kruskal-Wallis H and Mann-Whitney U tests were
used. The survival rate was estimated by Kaplan—-Meier
method and compared by the log-rank test. A P < 0.05
was considered statistically significant.
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