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A B S T R A C T

Postintensive care syndrome (PICS) is defined as a new or worsening impairment in cognition, mental health,
and physical function after critical illness. However, there is still a lack of a clinically relevant animal model.
Thus, development of a PICS model is essential for understanding the mechanism underlying PICS and screening
treatment methods for this neuropsychiatric disorder. The purpose of this study was to establish a clinically
relevant PICS model based on the two-hit concept, in which lipopolysaccharide (LPS, 3mg/kg) injection was
served as the first hit and subsequent modified chronic unpredictable stress as the second hit. In order to
pharmacologically verify the proposed model of PICS, we studied the effectiveness of fluoxetine to reverse the
behavioral and molecular abnormalities in this model. In the present study, body- and adrenal weight changes
proved our model was effective, as reflected by body weight loss, increased adrenals weight, and a significantly
increased level of plasma corticosterone. Moreover, our PICS model displayed reproducible anxiety- and de-
pression like behavior and cognitive impairments. Neurobiological investigations revealed a significant up-
regulation of the microglial marker CD68 and pro-inflammatory cytokine IL-6 in the hippocampus of stressed
mice. Notably, chronic treatment with fluoxetine for three weeks reversed most of the affected parameters. In
summary, we believe that we have developed a new model of PICS that is clinically relevant, which could
advance the mechanism research and the development of therapeutic strategies.

1. Introduction

Postintensive care syndrome (PICS) is defined as a new or wor-
sening impairment in cognition, mental health, and functional dis-
ability after critical illness [1–3]. It has been reported that 25 to 78% of
Intensive Care Unit (ICU) survivors experience negative neurocognitive
consequences, which are characterized by cognitive impairments (e.g.,
impaired executive function, memory, and attention), mental health
morbidities (acute stress disorder, anxiety, depression, and post-trau-
matic stress disorder), and physical impairments [2]. Among specific
populations, such as patients with acute respiratory distress syndrome,
the prevalence of neurocognitive impairments is even greater, and may
be as high as 78% at hospital discharge, 46% at 1 year, and 25% at
6 years, respectively [4]. As more patients survive critical illness,

preventing or treating PICS has become one major public health issue.
Unfortunately, current therapeutic interventions are relatively in-
effective and the development of novel treatments is hampered by the
lack of a well-characterized animal model.

Severe sepsis is the most common noncardiac cause of critical illness
admitted to ICU and contributes to significant long-term neurobeha-
vioral abnormalities [1]. Similar changes in cognitive and behavioral
domains can be described in animal models of sepsis-survival, sug-
gesting that such approaches may be useful in understanding mechan-
isms and factors that shape post-septic neurobehavioral outcomes
[5–8]. Various attempts have been made to replicate sepsis-induced
long-term neurocognitive impairments using animal models. At present,
the most commonly used animal models are induced by lipopoly-
saccharide (LPS) challenge or cecal ligation and puncture (CLP) [5–8].
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These preclinical animal models do provide evidence whereby sepsis
exerts detrimental effects on the central nervous system. However, it
should be noted that critically ill patients in the ICU not only have
primary etiologies such as sepsis but also face tremendous physical and
psychological stressors, including social isolation, chemical and phy-
sical restraints, sleep disturbances due to changes in biological rhythm
induced by noise and light on, and other environmental factors [10,11].
These environmental stressors have profound effects on brain function,
both structurally and functionally. Our recent study suggests that stress
has even more negative impact on cognitive dysfunction in comparison
to immune challenge stimulated by LPS injection alone [6], high-
lighting the important role of stress on subsequent neurobehavioral
performance.

Therefore, the present study aims to establish a clinically relevant
animal model of PICS based on the two-hit concept, in which LPS in-
jection was served as the first hit and subsequent chronic unpredictable
stress as the second hit. In order to pharmacologically verify the pro-
posed model of PICS, we investigated the effectiveness of fluoxetine to
reverse the behavioral and molecular abnormalities in this new animal
model of PICS.

2. Materials and methods

2.1. Animals

All experiments were carried out on male C57BL/6 mice, which
were between 12 and 14weeks old at the start of each experiment.
Experimental protocols and monitoring for suffering were treated ac-
cording to the National Institute of Health Guidelines on the use of
laboratory animal and with approval of the Animal Care and Use
Committee of Zhongda Hospital, Medical School, Southeast University,
Nanjing, China. Animals were maintained on a reversed 12:12-h light/
dark cycle and had ad libitum access to water and mouse standard diet.
Mice were allowed to acclimate to the new surroundings for 2 weeks
before initiation of any experimental procedure. All behavioral tests
were carried out between 9:00 and 12:00 AM on the designated day of
experiment.

2.2. Drug treatments

LPS (Escherichia coli endotoxin 0111: B4, Sigma, Lot # 064M4125V,
Shanghai, China) was dissolved in pyrogen-free 0.9% isotonic saline
and intraperitoneally (i.p.) injected at a dose of 3mg/kg at a volume of
5.0 ml/kg. All injections were prepared freshly on the treatment day
and injections for all subjects were given from 8:00 to 9:00 AM to
control for circadian effects. To test whether fluoxetine treatment can
reverse the behavioral abnormities in this new model of PICS, 20mg/kg
fluoxetine (Tocris Bioscience, Bristol, UK) was given in the drinking
water 1 week after LPS injection until the end of the behavioral tests.

2.3. Modified stress model

The stress model is a modified version of the chronic unpredictable
stress protocol originally designed for mice. To be clinically relevant,
we selected stressors that are frequently encountered in the critically ill
patients living in the ICU. Briefly, animals were housed singly and ex-
posed to four of the following stressors daily in a random order for
21 days, including physical restraint for 6 h (a stainless mesh that al-
lowed for a close fit to mice), cage tilt 45 °C overnight (12 h), food/
water deprivation overnight, odor overnight, wet bedding overnight,
lights-off for 3 h during the daylight phase, noise overnight, and light
on overnight (Table 1). Animals in the control group were housed in
groups of 4–6 in standard environment and received no stressors.

2.4. Survival rate and body weight measurement

Following LPS challenge and stressors, animals were individually
assessed in terms of mortality and weight daily at 11:00 AM during the
stress period. At the end of the experiment, adrenal was collected and
then weighted.

2.5. Behavioral experiments

At the end of the chronic stress period, a battery of well-established
behavioral tests was used to assess behavioral alterations as we pre-
viously described [6,9]. All behavioral studies were performed between
13:00 and 17:00 PM under dim lighting conditions. Mice were trans-
ported and left for habituation to the testing room for 2 h before each
behavioral testing. Each animal underwent no more than three tests,
with less stressful tests (open field, novel object recognition test, and
sucrose preference test) preceding more stressful tests (elevated plus
maze, fear conditioning test, and forced swim test). All animals un-
derwent only one aversive test. All the behavior of mice was recorded
using a video camera (Shanghai Softmaze Information Technology Co.
Ltd., Shanghai, China).

2.6. Open field test

Mice were placed individually in the center of the plastic chamber
(50 cm×50 cm×40 cm) and were allowed to freely explore the arena
for 5min. The total distance traveled and time spent in the center of the
open field arena were recorded. Between each trial, the mouse was
removed while the arena was cleaned with 70% ethanol solution.

2.7. Novel object recognition test

The object recognition task was performed in a square wooden
open-field apparatus (40×40×40 cm). One day before the test, the
mice were habituated to the experimental arena for 10min without any
objects. 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 “preference index” for the
second trial, which was calculated using the following formula: pre-
ference index=Time spent in novel object zone / (time spent in fa-
miliar object zone+ time spent in novel object zone).

2.8. Elevated plus maze

The elevated plus maze was conducted in accordance with the
protocol as we previously described [12]. The maze consisted of a
central area of diameter 10 cm, from which four arms extended of
length 45 cm, width 5 cm. Two arms were open without walls, while the
other two were enclosed by high walls (50 cm). Entrance to an arm was
counted where all four of an animals' paws were within the arm. Ani-
mals underwent one five-minute testing session each.

2.9. Sucrose preference test

Anhedonia was measured by preference for a sucrose solution over
water, using a two-bottle free choice method. Briefly, each mouse was
presented simultaneously with two bottles, one with 1% sucrose solu-
tion and the other containing tap water. Mice were then given a free
choice between either tap water or 1% sucrose in tap water solution for
24 h. After 12 h, the position of the two bottles was switched to control
for a side preference in drinking behavior. Twenty-four hours later, the
bottles were then weighed to measure how much liquid was consumed.
Sucrose preference was calculated as sucrose consumption / (sucrose
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consumption+water consumption)× 100%.

2.10. Fear conditioning test

Mice were placed into the conditioning chamber
(32 cm×25 cm×25 cm), with a stainless-steel shock grid floor. The
mice were allowed to explore for 3min for habituation, and then a 30 s,
80 dB, 1 kHz tone (CS) was delivered, followed by a 2 s, 0.75mA foot
shock (US) through stainless steel bars by a constant current generator.
The contextual memory was tested 24 h after the training. The animals

were placed back to the original training chamber to monitor the
freezing behavior, which was defined as an absence of any movements
for> 3 s. The cued fear memory was tested 2 h later in a novel en-
vironment with a continuous 3min training tone presentation to
monitor freezing behavior.

2.11. Forced swim test

This test measures depressive-like behavior with immobility taken
as the dependent measure of behavioral despair. Mice were placed
singly in a 4 l clear plexiglass beaker (15 cm diameter 30 cm height)
filled with water (20–24 °C) for 6min, with the immobility scored in the
final four min only. Time spent immobile (absence of movement except
leg kicks to stay afloat) is then used as a measure of behavioral despair
and helplessness, a rodent analogue of depressive-like behavior.

2.12. Immunofluorescence

Under deep isoflurane anesthesia, mice were perfused transcardially
with normal saline, followed by 4% paraformaldehyde (PFA) in phos-
phate buffered saline (PBS) for 15min. Brains were harvested and
postfixed in 4% PFA for 6 h and then with 30% sucrose for 24 h at 4 °C.
Brains were freeze-mounted in optimal cutting temperature embedding
medium, cut into 25-μm-thick sections using a cryostat, and mounted
on slides. Slices were blocked with 3% bovine serum albumin for 1 h at
room temperature. The sections were then incubated with a rat anti-
ionized calcium-binding adaptor molecule-1 (IBA1) (1:500; Wako,
Japan), CD68 (1:500; BIO-RAD, USA), and anti-glial fibrillary acidic
protein (GFAP, 1:1000, Sigma, USA) antibody overnight at 4 °C, fol-
lowed by 1 h incubation with the secondary antibodies (Cy3-conjugated
donkey anti-rat IgG (1:300; Santa Cruz Biotechnology, Dallas, TX)) at
room temperature. After washing in PBS, sections were counterstained
with 4′, 6‑diamidino‑2‑pheny‑lindole (DAPI) for 15min at room tem-
perature and mounted on glass slides and coverslipped with fluores-
cence mounting medium. Photomicrographs of sections were taken
using a digital camera connected to an Olympus BX-51 light microscope
under constant light intensity. A total of three independent microscopic
fields in each section were randomly acquired in the hippocampus.
Images were captured under high-power magnification (400×)
(Olympus, FV1000, Japan) in every eighth section. The intensity of
IBA1, CD68, and GFAP positive cells was quantified with Image J
software (U.S. National Institutes of Health, Bethesda, MD, USA).

2.13. Enzyme-linked immunosorbent assay (ELISA) analysis

Mice were killed by an i.p. injection of 2% sodium pentobarbitone
(60mg/kg) and then the chest cavity and the heart were opened and
blood was collected in a pre-chilled syringe. After centrifugation of the
blood homogenates, supernatants were collected and immediately
stored at −80 °C. The concentrations of corticosterone in supernatants
were analyzed by using ELISA kits (Senbeijia, Nanjing, China) ac-
cording to the manufacturer's instructions. The amount of corticos-
terone was expressed in nanograms per milliliter of plasma. The pre-
frontal cortex (PFC) and hippocampus were collected, then separated,
and placed in a homogenizer. Homogenates were centrifuged at 5000 g

Table 1
Modified unpredictable chronic stress paradigm.

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7

Week 1 C, D, G, H A, C, F, G B, D, F, H A, B, C, G B, D, E, F A, D, F, H B, C, F, G
Week 2 A, B, E, H A, C, E, G B, C, D, G A, B, D, H C, E, F, G A, E, G, H A, E, F, G
Week 3 B, C, F, G B, E, G, H A, D, F, G A, C, G, H A, B, D, E B, C, D, H C, D, F, H

A, light on overnight (12 h); B, physical restraint for 6 h; C, cage tilt 45° for 12 h; D, lights-off for 3 h during the daylight phase; E, wet bedding overnight; F, odor
overnight; G, noise in the room for 12 h; H, food and water deprivation overnight.

Fig. 1. Survival rate and body weight changes. (A) No animals died in the
control group. The survival rate was 82.609% in the stress group and 78.261%
in the stress+ fluoxetine group (n= 20–23). (B) Stress caused a significant
decrease in body weight compared to pre-challenge values. In addition, stress
induced significant body weight loss throughout the experimental period when
compared with control mice (n=20–23).*p < 0.05 vs control group;
#p < 0.05 vs baseline level. BL, baseline. LPS, lipopolysaccharide.
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for 10min at 4 °C. The levels of tumor necrosis factor (TNF-α), inter-
leukin-1β (IL-1β), IL-6, IL-10, brain-derived neurotrophic factor
(BDNF), and glial-derived neurotrophic factor (GDNF) were determined
with ELISA kits (JianCheng Biotechnology, Nanjing, China) according
to the manufacturer's instructions.

2.14. Statistical analysis

Statistical analyses were done using the Statistical Package for
Social Sciences (SPSS version 22.0; SPSS Inc., IBM). Data are presented
as mean ± standard error of the mean (S.E.M.). The data were care-
fully screened for normality and homogeneity of variance. Weight gain

Fig. 2. Effects of LPS and stressor on anxiety- and depression like behavior. (A) Schematic timeline of the experimental procedure. (B) LPS and/or stressor had no
effect on distance traveled in the open field test. (C) LPS+ stressor significantly decreased the time spent in the center in the open field test. (D) LPS and/or stressor
decreased the time in the open arms. (E) Stressor or LPS+ stressor had increased time in the closed arms in the elevated plus maze test. (F–G) Effects of LPS and
stressor on behavioral performance in the sucrose preference test and forced swim test (n=14–15). *p < 0.05 vs control group. LPS, lipopolysaccharide.
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was analyzed by two-way analysis of variance (ANOVA) for repeated
measures, followed by the Bonferroni post hoc test. Multiple compar-
isons were analyzed by one-way ANOVA followed by Tukey's test.
When ANOVA's assumptions were not fulfilled, we used the
Kruskal–Wallis test and Mann-Whitney U test for multiple comparisons.
The survival rate was estimated by Kaplan–Meier method and com-
pared by the log-rank test. A P < 0.05 was considered statistically
significant.

3. Results

3.1. Survival rate and body weight changes

As shown in Fig. 1A, no animals died in the control group. The
survival rate was 82.609% in the stress group and 78.261% in the stress
+ fluoxetine group. Body weight change is a commonly used physical
parameter to assess the efficacy of stress exposure. At the beginning of
the experiment, there was no difference in body weight among the
control, stress, and stress + fluoxetine groups. Stress caused a sig-
nificant decrease in body weight compared to pre-challenge values.
Moreover, stress induced significant body weight loss throughout the
experimental period when compared with control mice. There was a

Fig. 3. Effects of LPS and stressor on cognitive performance. (A–C) Effects of LPS and stressor on cognitive performance in the novel object recognition test.
LPS+ stressor group had significant decreased time with novel object. (D–E) Effects of LPS and stressor on behavioral performance in the fear conditioning test.
LPS+ stressor group had significant decreased freezing time to the context and cue in the fear conditioning test (n= 14–15). *p < 0.05 vs control group. LPS,
lipopolysaccharide.
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trend toward an increased body weight at the end of the stress protocol
in the stress+ fluoxetine group as compared with the stress group.

3.2. Behavioral evaluations

At the end of the stress period, a battery of well-established beha-
vioral tests was used to assess behavioral alterations. In the first set of
experiment, we compared behavioral alterations among the control,

Fig. 4. Effects of stress and fluoxetine on anxiety- and depression like behavior. (A) Schematic timeline of the experimental procedure. (B–C) Effects of stress and
fluoxetine on behavioral performance in the open field test. Stress (LPS+ stressor) group had significantly decreased time in the center of the open field arena, which
can be reversed by the fluoxetine treatment. (D–E) Effects of stress and fluoxetine on behavioral performance in the elevated plus maze test. Stress (LPS+ stressor)
group had significantly decreased time in the open arms, which can be reversed by the fluoxetine treatment. (F–G) Effects of stress and fluoxetine on behavioral
performance in the sucrose preference test and forced swim test. Stress (LPS+ stressor) group had significantly decreased sucrose preference, which can be reversed
by the fluoxetine treatment (n=18–20). *p < 0.05 vs control group; #p < 0.05 vs stress group. LPS, lipopolysaccharide.
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LPS, stressor, and LPS+ stressor (stress group) groups. As shown in
Figs. 2 and 3, LPS or stressor exposure alone resulted in some beha-
vioral abnormalities. However, mice in the stress (LPS+ stressor)
group displayed reproducible anxiety- and depression like behavior and
cognitive impairments. Accordingly, we selected the two-hit stress
protocol to establish the PICS model.

The open field test was performed to investigate whether stress in-
fluence locomotor activity and anxiety-like behavior. Although stress
did not affect the total distance traveled (Fig. 4B), it significantly de-
creased time in the center of the arena as compared with the control
mice (F(2, 54)= 24.852, P < 0.001, Fig. 4C). In the elevated plus maze
test, the time spent in the open arms decreased significantly (F(2,

54)= 26.309, P < 0.001, Fig. 4D) while it increased in the closed arms
(F(2, 54)= 19.734, P < 0.001, Fig. 4E) in the stress group compared
with the control group. These results suggested that stress induced
anxiety-like behavior, which was prevented by chronic fluoxetine
treatment.

In the sucrose preference test, stressed mice exhibit significantly less
preference for sucrose than controls (F(2, 54)= 20.701, P < 0.001,
Fig. 4F). However, chronic fluoxetine treatment significantly reversed
this parameter. In addition, mice in the stress group showed more im-
mobility in the forced swim test as compared with the control group
(F(2, 54)= 20.701, P < 0.001, Fig. 4G). Intriguingly, chronic fluoxetine
treatment was not able to completely reverse immobility in the

Fig. 5. Effects of stress and fluoxetine on cognitive performance. (A–C) Effects of stress and fluoxetine on cognitive performance in the novel object recognition test.
Stress (LPS+ stressor) group had significantly decreased time with the novel object, which can be reversed by the fluoxetine treatment. (D–E) Effects of stress and
fluoxetine on behavioral performance in the fear conditioning test. Stress (LPS+ stressor) group had significantly decreased freezing time to the context and cue in
the fear conditioning tests, which can be reversed by the fluoxetine treatment (n= 18–20). *p < 0.05 vs control group; #p < 0.05 vs stress group.
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stress+ fluoxetine group.
The novel object recognition test was used to evaluate working

memory. Stress decreased their exploration time with the novel object
(F(2, 54)= 44.355, P < 0.001, Fig. 5B) and the discrimination index
(F(2, 54) = 9.864, P < 0.001, Fig. 5C) compared with the control group,
suggesting stress induced working memory impairment. In addition, we
performed the fear conditioning test to evaluate whether stress im-
paired contextual fear memory. As reflected in Fig. 5, stress sig-
nificantly decreased the freezing time in the contextual fear con-
ditioning test as compared with the control group (F(2, 54)= 21.698,

P < 0.001, Fig. 5D). Also, stress significantly decreased the post-tone
freezing time in the auditory-cued fear test when compared with the
control group (F(2, 54)= 14.12, P < 0.001, Fig. 5E). Of note, most of
these cognitive impairments could be ameliorated by chronic fluoxetine
treatment.

3.3. Adrenal gland weight and plasma level of corticosterone changes

Adrenal gland weight is an effective indicator of stress level. As
shown in Fig. 6, stressed mice had a significant increase on adrenal

Fig. 6. Effects of stress and fluoxetine on adrenal gland weight and plasma level of corticosterone. (A) Effects of stress and fluoxetine on adrenal gland weight. Stress
(LPS+ stressor) group had significantly increased adrenal gland weight, which was not completely reversed by fluoxetine treatment (n= 12). (B) Effects of stress
and fluoxetine on plasma level of corticosterone. Stress (LPS+ stressor) group had significantly increased plasma level of corticosterone, which was reversed by
fluoxetine treatment (n=12). *p < 0.05 vs control group; #p < 0.05 vs stress group.

Fig. 7. Effects of stress and fluoxetine on brain TNF-α, IL-1β, IL-6, and IL-10 levels. Stress (LPS+ stressor) group had significantly increased hippocampal level of IL-
6, which was reversed by fluoxetine treatment (n= 8). *p < 0.05 vs control group; #p < 0.05 vs stress group. PFC, prefrontal cortex; Hip, hippocampus.
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weight (F(2, 33) = 4.555, P=0.018). In addition, there was a sig-
nificantly increased corticosterone level in the stress group (F(2,
33) = 42.86, P < 0.001). However, chronic fluoxetine treatment de-
creased plasma level of corticosterone but not the adrenal weight
compared with the stress group.

3.4. Inflammatory mediator changes

As shown in Fig. 7, IL-6 level was significantly increased in the
hippocampus in the stress group as compared with the control group

(F(2, 21)= 6.347, P=0.007), which was prevented by fluoxetine
treatment. Although anti-inflammatory IL-10 level was significantly
decreased in the stress group than that in the control group, it was not
reversed by fluoxetine treatment. However, there was no difference in
brain TNF-α and IL-1β levels among groups.

3.5. IBA1 and CD68 changes

The intensities of IBA1 and CD68 in the hippocampus increased
significantly in the stress group as compared with the control group

Fig. 8. Double-immunofluorescence staining to detect co-localization of IBA1 and CD68 in the hippocampus. (A–C) Representative images of IBA1 (green) and CD68
(red) in the CA1, CA3, and DG regions. (D) Quantification of IBA1 and CD68 intensity. Data are shown as mean ± SEM (n=6), *P < 0.05 vs control group;
#p < 0.05 vs stress group, scale bar= 50 μm. Flu, fluoxetine. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 8). However, chronic treatment with fluoxetine only reversed the
intensity of CD68 in the CA1 region of the hippocampus. In the PFC,
stress increased the intensity of IBA1 when compared with control mice
(Fig. 9), which was not reversed by fluoxetine treatment. However,
stress and fluoxetine treatment had no effect on CD68 expression in the
PFC.

3.6. GFAP changes

The intensity of GFAP in the hippocampus was significantly in-
creased in the stress group as compared with the control group
(Fig. 10), which was not reversed by fluoxetine treatment. However,
stress and fluoxetine treatment did not significantly affect GFAP ex-
pression in the PFC (Fig. 11).

3.7. Neurotrophic factors changes

Stress significantly decreased hippocampal BDNF level as compared
with the control group (F(2, 21) = 5.307, P=0.014, Fig. 12A). Of note,
chronic treatment with fluoxetine reversed hippocampal BDNF level as
compared with the stress group. However, stress and fluoxetine did not
significantly affect GDNF expression in the PFC and hippocampus
(Fig. 12B).

4. Discussion

The present study aims to establish a reliable and clinically relevant
PICS model based on the two-hit concept, which is of major clinical
importance due to the relevant interactions of these entities. Through
this model, we found that stressed mice displayed reproducible anxiety-
and depression like behavior and cognitive impairments, which were
accompanied by a substantial increase in inflammatory mediator and
an activation of glial cells in the hippocampus. Notably, chronic treat-
ment with fluoxetine for three weeks normalized most of the behavioral
and molecular abnormalities in stressed mice. Therefore, we believe our

model may be used to study the pathophysiology of PICS and in eva-
luation of pharmaceutical therapies.

Advances in critical care medicine have led to improved survival
rates among those patients admitted to the ICU. Consequently, PICS has
become one major public health issue and thus has significant health
and socio-economic implications [13]. However, investigations of the
impact of neurological dysfunction have been relatively neglected re-
lative to other organ systems. It has now become increasingly aware of
the cognitive consequences of critically ill patients within or after dis-
charge from the ICU [1–3]. Severe sepsis is the most common non-
cardiac cause of critical illness admitted to ICU and survivors of severe
sepsis frequently experience substantial long-term psychiatric symp-
toms after hospital discharge [1–3]. Indeed, it has been demonstrated
that patients in medical and surgical ICUs are at increased risk for long-
term cognitive impairment [14], while approximately one third of ICU
survivors experience anxiety symptoms that are persistent during their
first year of recovery [15]. Also, clinically important depressive
symptoms occurred in approximately one-third of ICU survivors and
were persistent through 12-month follow-up [16]. However, transla-
tional research into PICS is hampered by the lack of a clinically relevant
animal model. Therefore, development of a new and clinically relevant
animal model is essential for understanding the mechanism underlying
PICS and screening treatment methods.

Through several years of research, several animal models of sepsis-
induced adverse neurobehavioral outcomes have been created.
Currently, most studies have used bolus injection of LPS or CLP to study
both the short- and long-term neurobehavioral consequences [5–9].
However, the majority of studies mainly focus on the effects of primary
disease such as sepsis per se, they do not evaluate other various exo-
genous stressors that have been frequently encountered in the ICU,
including social isolation, chemical and physical restraints, and sleep
disturbances due to changes in biological rhythm induced by noise and
light on, etc. [10,11]. As more research into the neurodevelopmental
model occurred, it became apparent that such a single stress (one hit)
model was unable to mimic the clinical features of PICS. Indeed, there is

Fig. 9. Double-immunofluorescence staining to detect co-localization of IBA1 and CD68 in the PFC. (A–C) Representative images of IBA1 (green) and CD68 (red) in
the PFC. (D) Quantification of IBA1 and CD68 intensity. Data are shown as mean ± SEM (n=6), *P < 0.05 vs control group, scale bar= 50 μm. Flu, fluoxetine.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Immunofluorescence staining to detect GFAP in the hippocampus. (A–C) Representative images of GFAP in the CA1, CA3, and DG regions of the hippo-
campus. (D) Quantification of GFAP intensity. Data are shown as mean ± SEM (n=6), *P < 0.05 vs control group, scale bar= 50 μm. Flu, fluoxetine.

Fig. 11. Immunofluorescence staining to detect GFAP in the PFC. (A) Representative images of GFAP in the PFC. (B) Quantification of GFAP intensity. Data are
shown as mean ± SEM (n=6), scale bar= 50 μm. Flu, fluoxetine.
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now accumulating evidence suggesting a profound role of exogenous
stressors on cognitive dysfunction [6,17,18]. Therefore, it is necessary
to incorporate these stressors into the new animal model to better un-
derstand the neurobehavioral consequences and mechanism underlying
PICS.

In the present study, we aimed to establish a clinically relevant
animal model of PICS based on the two-hit concept, in which LPS in-
jection was served as the first hit and subsequent chronic unpredictable
stress as the second hit. In our model, LPS injection was used as the first
hit because severe sepsis is the most common noncardiac cause of cri-
tical illness admitted to ICU [1]. Previous study has demonstrated that
LPS-induced sepsis in mice is followed by long-lasting increases in de-
pressive- and anxiety like behaviors but not signs of cognitive impair-
ment [5]. By contrast, it is reported that post-septic encephalopathy in
humans is characterized by both cognitive and affective impairments
[19]. Our study also showed that LPS injection or chronic modified
unpredictable stress alone induced some neurobehavioral abnormal-
ities, which suggests that a single stress model was not sufficient to
induce clinical features of PICS. This might also explain the discrepancy
between animal and human results reported previously [5,19]. In fort
with this hypothesis, it has been demonstrated that stressor exposure
and immunogenic challenges can synergistically increase behavioral,
endocrine, and neuroinflammatory responses [17]. It is well known that
the critically ill patients experience tremendous physical and psycho-
logical stressors, most notably are sleep disruption due to changes in
biological rhythm induced by noise and light pollution, social isolation,
chemical and physical restraints, and other key environmental factors.
Indeed, excessive noise in the ICU environment is thought to be a sig-
nificant factor in sleep disturbance and that this in turn can result in
increased morbidity [20]. It is reported that physical restraint is highly
prevalent in the critically ill patients, with up to 75% of mechanically
ventilated adults having physical restraints applied at least once during
their ICU admission [21]. Accordingly, we subjected mice to modified
chronic unpredictable stressors to serve as the second hit. Specifically,
we designed this animal model by presenting randomly four per day in
isolated mice, in an intermittent and unpredictable fashion, mimicking
the variability of stressors encountered in the ICU. By using this para-
digm, we have shown that the two-hit mouse model displays re-
producible anxiety- and depression like behavior and cognitive im-
pairment without markedly affecting general exploratory behavior.
Notably, treatment with fluoxetine for three weeks reversed most of the
neurobehavioral abnormalities, which suggests that our current model
is effective.

The second major finding of this study is that stress increased
adrenal weight and induced a long-lasting increase in corticosterone
level. Substantial evidence has suggested that stressful life events might

trigger mood disorders by over-activating hypothalamic-pituitary-
adrenal (HPA) axis [23,24]. Increased levels of cortisol and the size of
pituitary and adrenal glands are often, although not always, found in
major depression [24]. Thus, the increased corticosterone values re-
sembling the HPA axis activity also proved the effectiveness of our
stress protocol. In addition, our stress model induced significantly en-
hanced inflammatory response, as reflected by increased expression of
CD68 in the hippocampus. This is further confirmed by higher level of
hippocampal IL-6 in the stressed mice. It has been demonstrated that
inflammation signifies one key mechanism that is actively investigated
to obtain insight into the pathophysiology of neuropsychiatric disorders
[25–27]. Specifically, IL-6 has been studied as an inflammatory cyto-
kine responsible for the anhedonic consequences of stress [28]. Thus,
these neuro–immune–endocrine findings further underscore the use-
fulness of our new model of PICS. In this study, we also found that stress
caused significantly decreased level of BDNF in the hippocampus. It has
been previously demonstrated that neurotrophic factors, particularly
BDNF, is a critical mediator of the activity-dependent plasticity and its
abnormality is associated with many neuropsychiatric disorders [29].
As expected, we found that chronic treatment with fluoxetine for three
weeks reversed most of the affected parameters. This is consistent with
recent studies demonstrating that the current antidepressants including
fluoxetine, are able to prevent depression-like behavior and alterations
in proinflammatory cytokines in animal model of depression [29,30].
Indeed, antidepressant drugs rapidly activate TrkB signaling and gra-
dually increase BDNF expression, and the behavioral effects of anti-
depressants are mediated by and dependent on BDNF signaling through
TrkB at least in rodents [31,32]. Therefore, the efficacy of fluoxetine in
reversing neurobehavioral abnormalities may be attributed to the ef-
fects of fluoxetine by normalizing HPA axis dysfunction and enhancing
neurotrophic profiles [33]. Surprisingly, we found that chronic fluox-
etine treatment only reversed microglia but not astrocyte activation,
which can explain why chronic fluoxetine treatment did not completely
reverse all the neurobehavioral abnormalities in our study.

Our study has several limitations that have to be acknowledged.
Firstly, clinical sepsis arises mainly as a result of the activity of various
bacterial products, which stimulates and establishes the inflammatory
process; therefore, it is very difficult to simulate this syndrome in la-
boratory research. Although some of the differences between animal
models and humans preclude direct extrapolation from animal studies
to the patient, animal studies are essential to provide a necessary tool to
understand the pathogenesis and treatment of PICS. Secondly, we did
not include all of the stressors relevant to ICU in our model. Although it
is not possible to develop a full animal model of PICS, future studies
should consider these risk factors. Thirdly, the long-term neurobeha-
vioral outcomes and the effectiveness of fluoxetine to reverse the

Fig. 12. Effects of stress and fluoxetine on brain neurotrophic factors. Stress (LPS+ stressor) group had significantly decreased hippocampal level of BDNF, which
was reversed by fluoxetine treatment. *p < 0.05 vs control group; #p < 0.05 vs stress group. PFC, prefrontal cortex; Hip, hippocampus.
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behavioral and molecular abnormalities in this new animal model of
PICS warrant further investigation.

In summary, our neurobiological and behavioral investigations
provided compelling evidence that the two-hit concept including LPS
injection and subsequent chronic unpredictable stress can induce
marked molecular and cellular changes leading to anxiety- and de-
pression like behavior and cognitive impairments. Although our current
model should be considered to be a modified version of the chronic
unpredictable stress paradigm designed for critically ill patients living
in the ICU, we believe that our model will serve as a paradigm for in-
vestigating the complex pathophysiology, therapeutic strategies, and
treatment of PICS.
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