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Abstract

Lipopolysaccharide (LPS) treatment and stress may cause immune activation in the brain, 
an event which has been thought to play a role in mediating stress-induced cognitive dysfunction.  
However, the enduring impact of psychosocial stress on brain immune activation or cognitive deficits 
has not been well investigated.  Likewise, it remains unexplored whether there exist synergistic 
effects of psychosocial stress and a weak systemic LPS treatment on brain immune activation and/or 
cognitive function.  In this work, a 10-day social defeat regimen was used to model psychosocial stress 
and the number and density of ionized calcium-binding adaptor molecule 1 (Iba1)-stained microglia 
was used to reveal brain immune activation in male Balb/C mice.  The social defeat regimen did not 
cause observable microglial activation in dentate gyrus (DG) 24 h after the conclusion of the regimen.  
Microglial activation peaked in DG 24 h following a single 1 mg/kg intra-peritoneal LPS injection.  At 
this time point, DG microglial activation was not evident providing 0.125 mg/kg or lower of LPS was 
used, this dose of LPS was, thus, regarded as the “sub-threshold” in this study.  Twenty-four h after 
the conclusion of the defeat regimen, mice received a social interaction test to determine their defeat 
stress susceptibility and a “sub-threshold” LPS injection.  DG microglial activation was observed in 
the defeat-stress susceptible, but not in the resilient, mice.  Furthermore, the stress-susceptible mice 
showed impairment in object location and Y maze tasks 24 and 72 h after the “sub-threshold” LPS 
injection.  These results suggest that psychosocial stress, when combined with a negligible peripheral 
infection, may induce long-lasting hippocampus-related memory deficits exclusively in subjects 
susceptible to psychosocial stresses.
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Introduction

Microglia are the resident innate immune 
cells of the brain critical in early defense responses 
against insults impacting the brain.  Microglia mon-
itor the environment through a variety of receptors  
that respond to pathogen-associated molecular stimuli,  
such as lipopolysaccharide (LPS) (20, 26, 35).  Im-
portant as a first line of defense upon recognition of 
stimuli, activated microglial cells have been noticed 
to accumulate at sites of brain tissue damage and to 
express proteins related to inflammation to further 
activate inflammatory responses (34).  It has been  
documented that neuroinflammation and the respective  
changes in hippocampal structural plasticity may 
underlie cognitive dysfunction associated with in-
fluenza infection (21).  To date, a growing body of 
evidence has been provided to support the notion 
that brain microglial activation and the subsequent 
cytokine secretion are detrimental to many forms 
of learning and memory (3, 6, 13, 17, 19, 39).  For 
example, an intra-hippocampal infusion with LPS 
is reported to ameliorate the performance of spatial 
memory in rats (13).  LPS-induced sustained micro-
glia activation can result in learning and memory 
impairment in rodent models (19, 39).  Repeated 
intra-ventricular LPS infusions may upregulate the  
expressions of microglia-secreted proinflammatory  
cytokines in the hippocampus and impair novel place  
recognition performance (3).  Among the multiple  
cellular mechanisms, microglial sensitization and/or  
dystrophy have emerged as a leading culprit in aging- 
associated learning and memory declines (6, 17).  Thus,  
systemic LPS challenges may induce hippocampal 
microglial activation and such microglial activation 
is very likely involved in LPS-induced deficits in 
hippocampus-related memory.

Likewise, stress may also induce hippocampal 
microglial activation and -related memory deficits 
(10, 29, 37, 43, 44).  Although a repeated daily 2-h 
social defeat regimen is reported to cause rapid neu-
roinflammatory activation in the hippocampus and 
transient impairments in memory recall (28), wheth-
er psychosocial stresses may induce long-lasting 
effects on hippocampal microglial activation and/or  
memory deficits remains mainly uncharacterized.  For  
humans, psychosocial stressors are prevalent in daily  
life.  Using mice as experimental animals, early social  
defeat models have been developed in the wake of  
an ethologically-relevant resident-intruder aggression  
paradigm.  These defeat models, which subject the  
mice to multiple episodes of social subordination and  
aggression by larger and more aggressive conspecifics  
have been hypothesized to render social stress in 
subordinates (25, 46).  In these models, confronta-
tions and aggressive attacks are physical stressors,  

while subordination and presumable loss of social  
status are regarded as psychosocial stressors.  Fol-
lowing the physical stressors, housing the residents  
with but physically separated from the aggressive one  
under visual, auditory, and olfactory contact conditions  
has been used to produce psychosocial stress (2).  
In an attempt to make the psychosocial stress pre-
dominate over physical stress and to assess psycho-
social stress susceptibility individually, modified 
social defeat mouse models have recently been pro-
posed (24).  These modified mouse models adopt a  
single resident-intruder pair (15), a very short-lasting  
physical attack followed by a long-lasting psychosocial  
stress episode (38), before conducting a post-stress 
social interaction test (4).  With the advent of these  
modified mouse models (24), i.e., a daily short-term  
physical defeat followed by the presence of intruder’s  
threatening cues for 10 consecutive days followed  
by social interaction test, we sought as the first goal in  
this work to first examine whether such a psychosocial  
stress regimen could induce observable, long-lasting  
microglial activation in the hippocampal dentate gyrus  
(DG) and render memory deficits confined to the 
hippocampus.

Few studies address the long-lasting and com-
bined impact of prolonged stress and peripheral im-
mune challenge on brain microglial activation and 
-related memory function (17, 32).  As an example, 
pre-exposure to a chronic, intermittent cold stressor 
is found to enhance subsequent LPS induction of  
interleukin-1β and interleukin-6 titers in the brain (17).   
Moreover, immune challenges with exogenous 
interleukin-1β administration during pregnancy may 
impair the performance in the object location task 
in female rats (32).  These findings, albeit few, sug-
gest that prolonged stress combined with peripheral 
immune challenge may cause brain immune activa-
tion and memory deficits; however, it remained less 
explored whether combining psychosocial stress 
with a mild immune challenge may induce micro-
glial activation or region-specific and long-lasting  
functional deficits in the brain.  Thus, the second goal  
of this study was to test whether psychosocial stress in  
combination with an acute, sub-threshold LPS treatment  
may produce observable microglial activation in the  
hippocampal DG and deteriorating effects on hip-
pocampus-related memory performance.

Methods and Materials

Animals

Male Balb/C (9-10 weeks), C57BL/6N (9-10 
weeks) and CD-1 (16 weeks) mice were obtained  
from the National Cheng Kung University College of  
Medicine (NCKUCM) Laboratory Animal Center 
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(Tainan, Taiwan, ROC).  At least one week prior to  
the experiments, Balb/C (social defeated) mice were  
housed four per cage, while C57BL/6N (controls for  
aggressor) and CD-1 (aggressor) mice were housed  
individually in a temperature (23 ± 1°C) and humidity  
(70%)-controlled colony room and maintained on 
a 12-h light-dark cycle (lights on at 0700).  Food 
(Purina mouse chow, Richmond, IN, USA) and tap 
water were ad libitum throughout the experiments.  
This study was performed in accordance with the  
National Institutes of Health Guide for the Care and  
Use of Laboratory Animals.  All procedures were 
approved by the local Animal Use Committee at 
NCKUCM  [Approval No.103122 for grant No.  
MOST-103-2410-H-006-028-MY3 (Aug., 2014-July,  
2017), grant title:” The modulating effects and un-
derlying mechanisms of social support on a psycho-
social stress”].

Determination of the “Sub-Threshold” Dose of LPS

To assess the peak time and the lasting duration  
of microglial activation in DG and medial prefrontal 
cortex (mPFC) after a single LPS administration, an 
intra-peritoneal LPS (1 mg/kg) (Serotype 055:B5)  
injection was used.  A total of 60 Balb/C mice was used  
in this experiment and mice were killed immediately,  
1 h, 6 h, 12 h, 24 h, weekly at 1-4 weeks after the LPS  
administration (n = 6 for each time point).  Six mice  
receiving an equivalent volume of vehicle (saline)  
injection served as the controls.  Since microglial  
activation in DG and mPFC peaked at 24 h after  
the LPS administration, this time point was used to  
further assay dose-dependent effects of LPS on  
microglial activation.  The “sub-threshold” dosage  

of LPS was, thus, defined as the maximal LPS dose  
(ranging 0-1.0 mg/kg) used to induce barely observable  
microglial activation in DG or mPFC at 24 h after 
the LPS injection.  To this end, a total of 36 Balb/C 
mice receiving various doses (0, 0.0625, 0.125, 0.25, 
0.5, 1.0 mg/kg) of LPS (n = 6 for each dose) were 
used.  Mice were killed and assayed for microglial 
activation in DG at 24 h post-LPS injection in the 
experiment employing the social defeat regimen 
followed by the “sub-threshold” LPS treatment.

Repeated Social Defeat Regimen

Male CD-1 and C57BL/6N mice were individually  
housed in their home cages (29 cm × 19 cm × 12 cm)  
for at least a week before starting the repeated social  
defeat regimen.  A Balb/C mouse was introduced into  
an aggressive CD-1 mouse cage and was defeated by  
being attacked and displaying subordinate behavior 
including upright posture, fleeing, and crouching 
for 10 min per day between 1700 h and 1900 h and 
then housed for the remaining day with the CD-1  
mouse but physically separated by a Plexiglas divider  
(Fig. 1).  Since aggressive CD-1 mice were selected 
prior to the experiment, all CD-1 mice initiated an  
attack toward the Balb/C intruder within 3 min in each  
round of defeat.  This procedure was repeated for 10  
consecutive days and the Balb/C mice were defeated  
and housed with an unfamiliar CD-1 mouse each day.   
In an attempt to control for the size of the housing, 
Balb/C mice omitting defeated experiences were  
housed with a male C57BL/6N resident mouse in the  
same size of cages (29 cm × 19 cm × 12 cm) with the  
same Plexiglas divider separating them over a 10-day  
period to serve as a control.

Fig. 1. A representative photo of a defeated Blab/C mouse (left) housing with a CD-1 mouse (right) separated by a Plexiglas 
divider.
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Social Interaction Test

To evaluate the differences in microglial activation  
and memory performance between defeat stress sus-
ceptible and resilient mice, defeated Balb/C mice 
were subjected to the social interaction test approx-
imately 24 h after the 10th defeat.  Mice undergoing 
the social defeat regimen were, thus, further sorted  
into stress susceptible or resilient phenotypes per their  
interaction ratios.  The social interaction test was  
performed under a dim light illumination of less than  
40 Lux.  Briefly, individual defeated Balb/C mouse 
was first allowed to freely navigate a custom-made 
chamber (42 cm × 42 cm × 30 cm) for an hour for 
acclimation.  The mouse was, then, placed in a 
randomly-chosen start position at the two bottom 
corners) of the chamber and an empty Plexiglas 
enclosure (10 cm × 6 cm) was placed against the 
chamber wall farthest to either start corners.  The 
interaction zone was defined as a 24 × 14 cm2 area  
surrounding the Plexiglas enclosure.  The total time  
the mouse spent in the interaction zone was recorded  
for 150 s.  An unfamiliar CD-1 mouse was then 
introduced into the Plexiglas enclosure and the 
procedure was repeated.  The interaction ratio was 
calculated as follows: (time spent in the interaction  
zone with CD-1 mouse)/(time spent in the interaction  
zone with empty enclosure present).  Defeated Balb/C  
mice were considered defeat stress resilient if their 
interaction ratio was larger than 1, while defeated 
Balb/C mice were considered susceptible when their 
interaction ratio was smaller than 1.  Since the sub-
threshold LPS dose (0.125 mg/kg) was determined, 
an intra-peritoneal injection with an LPS dose (0.125 
mg/kg) or an equivalent volume of vehicle (saline) 
was given to both non-defeated and defeated Balb/
C mice immediately after the end of the social in-
teraction test.  Approximately 24 h after the LPS or 
vehicle injection, the mice underwent behavioral 
training and tests and used for the ionized calcium-
binding adaptor molecule 1 (Iba1) staining assay (n 
= 34) (Fig. 2).

Immunohistochemical Iba1-Positive Staining and 
Quantification

Since Iba1 has been used as a marker to reveal  
microglial activation in mouse hippocampus (45), 
such Iba1 staining and quantification methods were  
adopted with minor modifications.  In brief, mice were  
deeply anesthetized with sodium pentobarbital and  
transcardially perfused with ice-cold 0.1 M phosphate- 
buffered saline (PBS, pH 7.4), followed by 4% 
paraformaldehyde in ice-cold 0.1 M PBS.  Brains 
were removed and postfixed in a 4% paraformal-
dehyde solution overnight at 4°C and subsequently 
cryoprotected in 30% sucrose solution for 48 h at  
4°C.  Brains were then fast frozen in optimal cut-
ting temperature (O.C.T.) and stored at -80°C until 
sectioning.  Coronal sections at 30 μm in thickness 
were made using a microtome (Shandon Cryotome E, 
Runcorn, Cheshire, UK).  To examine the impact of 
psychosocial stress and systemic LPS treatment on  
brain immune activation, Iba1 staining was quantified  
in DG (bregma: -1.22 to -2.46 mm) (33).  Likewise,  
Iba1 staining was quantified in mPFC (prelimbic cortex  
and infralimbic cortex in together; bregma: 1.34 to 
2.10 mm) (33), serving as a brain region in contrast  
to psychosocial stress- and LPS-induced hippocampal  
immune activation.  A total of nine sections were used  
for analysis for DG and mPFC for each mouse.   
Sections were washed in 0.1 M phosphate buffer saline  
with Triton X-100 (PBST) for three times each for 
10 min and endogenous peroxidase was deactivated 
using 0.5% H2O2 in PBS for 30 min.  Sections were  
then pre-incubated in a blocking solution consisting  
of 3% normal goat serum for 1 h.  Sections were 
incubated with rabbit Iba1 antibody (Wako, Osaka, 
Japan) at 1:1,000 dilution in the same blocking so-
lution for 24 h at 4°C.  Sections were then washed  
three times with 0.1 M PBST and then incubated with  
a goat anti-rabbit secondary antibody (Burlingame, 
CA, USA) at 1:1000 for 2 h at room temperature in 
the blocking solution and followed by three 10-min  
washes in 0.1 M PBST.  Sections were then incubated  

1 10 11 12 14

Repeated Social Defeat

Social Interaction Test &
LPS or Vehicle Injection

Microglial Activation Assay or
Behavioral Training, Test

Behavioral Training, Test

Day

Fig. 2. Timeline of the repeated social defeat stressor, LPS treatment, microglial activation assay, behavioral training and tests.
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for 1 h at room temperature in avidin-biotin peroxidase  
(Vector ABC Solution, Burlingame, CA, USA).  After  
two washes in 0.1 M PBST and one wash in 0.05 M 
Tris-HCl buffer (pH = 7.4), sections were reacted 
with nickel-enhanced 3,3'-diaminobenzidine (Vector 
DAB kit).  After a rinse in Tris-HCl buffer and in 
PBST, sections were mounted on slides, dehydrated 
and coverslipped with glycerol gelatin.  The density 
of Iba1-stained microglia in each brain section was 
determined by obtaining the total number and the  
area of the immunoreactive cells divided by the total  
area of target region.

Object Location Task

The object location task consisted of a 30-min 
habituation, 10-min training, and 10-min test session 
with the habituation session starting approximately 
at 24 (n = 34) and 72 h (n = 30) after the LPS or sa-
line injection.  Individual mouse first received the 
habituation session freely navigating in an empty 
Plexiglas box (46 cm × 26 cm × 21 cm) with black 
walls and a bright yellow floor in a dimly lit (< 40 
lux) laboratory for 30 min.  Two 100-ml beakers 
placed upside down were, then, placed in the oppo-
site corners sharing the same wall with the beaker 
border 6.8 cm away from the walls of the box in  
the same dimly lit laboratory for the training session.   
In the training session, mice were allowed to freely 
explore in the box and the time the mice spending 
in exploring two beakers was recorded.  Mice were 
removed to holding cages for an approximate 5-min  
waiting period following the training session before  
the mice were returned to the box with only one 
beaker, which the one with a lesser time spent in 
the training session and which was moved to a di-
agonally opposite corner with beaker border also 
6.8 cm away from two adjacent walls.  This started  
the test session.  The recognition percentage, which was  
the ratio of the time spent exploring the beaker in 
the new corner over the time spent exploring both 
beakers, was used to determine the memory perfor-
mance.  Box and beakers were thoroughly cleaned  
between adjacent sessions to stop the likely build-up  
of olfactory cues.  Approximately 1 h after the object  
location test, the mice received the Y maze tests.

Y Maze Tasks

Y maze tasks consisted of the unfamiliar arm 
test followed by the spontaneous arm alteration test.  
A custom-made Y maze consisted of three identical 
arms (30 cm × 12 cm × 15 cm) placed symmetri-
cally to each other on a triangular platform (9).  A 
set of spatial cues on the top was provided to assist 
the mice to locate their position in the arms.  In the 

unfamiliar arm test, individual mouse was placed 
at the end of any random-assigned arm (start arm) 
and was allowed to explore two arms (familiar 
arms) with one arm (unfamiliar arm) blocked for 15 
min.  The mice were then moved to a holding cage  
(29 cm × 19 cm × 12 cm) for a 5-min waiting period.   
In the test, they were subjected to the end of the 
start arm with all arms open and the amount of time 
spent in the unfamiliar arm was recorded over a 
5-min period.  In the spontaneous arm alteration 
test, mice were placed at the end of any random-as-
signed arm and allowed for a 5-min free navigation 
in the maze.  The sequence and number of all arm 
entries were recorded for each mouse throughout 
the period.  The sequence triads, in which all three 
arms were represented (including ABC, ACB, BAC, 
BCA, CAB, and CBA), were calculated.  The per-
centage was then obtained by dividing the number 
of successful alterations by the number of possible 
alternations (the total number of arm entries - 2).   
To test whether the combination of the social defeat  
stressor and the sub-threshold dose of LPS had  
caused long-lasting, deteriorating effects on memory  
performance, a batch of mice (n = 30) received object  
location and Y maze training and tests only at 72 h 
after the LPS or vehicle injection (Fig. 2).

Statistical Analysis

One-way analysis of variance (ANOVA) was 
employed to assess the time course effects of LPS-
induced microglial activation in DG and mPFC fol-
lowed by Bonferroni post hoc tests if appropriate.  
Likewise, one-way ANOVAs was used to determine 
the effects of the sub-threshold dose of LPS on 
microglial activation in DG or mPFC followed by 
Bonferroni multiple comparisons if appropriate.  
One-way ANOVA was used to examine the modu-
lating effects of combining the social defeat stressor 
with the sub-threshold dose of LPS administration 
on the density of activated microglial cells in DG 
and mPFC and the performance in object location,  
two versions of Y maze tests followed by Bonferroni  
post hoc tests if appropriate.  Significance levels 
were set at P < 0.05.

Results

A Single LPS Administration Produced Long-Lasting 
Microglial Activation in Both DG and mPFC

To assess brain microglial activation following  
LPS injection, a total of 60 mice were used.  One-way  
ANOVA analysis revealed that an intra-peritoneal LPS  
(1 mg/kg) injection caused significant increases in 
the number of Iba1-positive cells per unit area (mm2)  



 Psychosocial Stress and Infection on Memory 111

and its proportional area at several time points in the  
DG [F(9,50) = 39.22, P < 0.0001; F(9,50) = 64.6, 
P < 0.0001] (Figs. 3A & 3B).  Post hoc analysis 
further revealed that the LPS injection reliably  
enhanced the density of the activated microglial cells  
at 6 h, 12 h, 24 h, and 1 week after the injection.   
Likewise, one-way ANOVAs revealed that the LPS  
injection caused significant increases in the number  
of Iba1-positive cells per unit area (mm2) and its  
proportional area at several time points in the mPFC  
[F(9,50) = 22.53, P < 0.0001; F(9,50) = 101.6, P < 
0.0001] (Figs. 3C & 3D).  Post hoc analysis further  
revealed that the LPS injection reliably enhanced the  
density of the activated microglial cells in mPFC at  
6 h, 12 h, 24 h, and 1 week after the injection.  These  
results, taken together, suggest that a systemic LPS 
administration produces prominent and long-lasting 
microglial activation in the DG and mPFC, at least,  
over a week.  Moreover, the microglial activation peaks  
at approximately 24 h after the LPS injection in both  
DG and mPFC.

A Sub-Threshold Dose of LPS did not Produce 

Observable Microglial Activation in DG or mPFC

To assess the dose-dependent effects of LPS  
injection on brain microglial activation, 36 mice were  
used.  One-way ANOVA indicated that an intra-
peritoneal LPS injection effectively enhanced the 
density of the activated microglial cells in both DG 
and mPFC at 24 h after the injection [F(5,30) = 
46.98, P < 0.0001 (in number) and F(5,30) = 76.94, 
P < 0.0001 (in proportional area) for DG; F(5,30) = 
32.49, P < 0.0001 (in number) and F(5,30) = 107.7, 
P < 0.0001 (in proportional area) for mPFC] (Figs. 
4A, 4B, 4C & 4D).  Since 0.0625 or 0.125 mg/kg 
LPS administration did not alter the density of the 
activated microglial cells in DG or mPFC, the “sub-
threshold” dose of LPS was set at 0.125 mg/kg.

Social Defeat Stressor in Combination with the Sub-
Threshold LPS Injection Enhanced DG Microglial 
Activation in Defeat-Stress Susceptible Mice

To assess the combination effects of psychosocial  
stress and sub-threshold LPS treatment on DG micro-
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Fig. 3. Time-course changes in microglial activation in DG and mPFC on LPS injection.  LPS (1 mg/kg) was administered intrap-
eritoneally and the number (mean ± standard error of the mean, SEM) of Iba1-positive cells and proportional area (mean ± 
SEM) in DG (A, B) and mPFC (C, D) were measured at different time points, with six mice used at each time point.  *Sig-
nificantly higher than the group receiving the vehicle (P < 0.05).
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glial activation and hippocampus-related memory,  
a total of 34 mice were used.  Among these mice, 22  
mice received 10 repeated social defeat regimen, 
injection and social interaction test, while the re-
maining 12 mice received injection only.  For the 
22 mice receiving the defeat regimen, 16 and 6 
mice were demonstrated to be stress-susceptible and 
-resilient, respectively.  The social defeat regimen 
and a sub-threshold dose (0.1250 mg/kg) of LPS 
administration alone did not produce significant 
changes in the number of the activated microglial 
cells or in the proportional area in DG.  The defeat 
regimen followed by a sub-threshold LPS injection 
significantly enhanced the number and proportional  
area of activated microglial cell in DG in the defeat  
stress susceptible, but not stress resilient, mice [F(5,28)  
= 11.96, P < 0.0001; F(5,28) = 13.47, P < 0.0001] 
(Figs. 5A, 5B & 5E).  Likewise, the defeat regimen 
or the sub-threshold LPS dose alone did not cause 
significant increases in the number of the activated 
microglial cell or proportional area in mPFC [F(5,28) 
= 0.8065, P = 0.5548; F(5,28) = 0.2551, P = 0.9336] 
(Figs. 5C & 5D).  Nonetheless, the defeat regimen 
followed by a sub-threshold LPS dose did not cause 
observable increases in such density in mPFC in 
either defeat resilient or susceptible mice (Figs. 5C 
& 5D).  These results, taken together, suggest that a 

combination of long-term social defeat stressor and 
a sub-threshold dose of LPS treatment may produce 
prominent microglial activation in DG exclusively 
in defeat stress susceptible mice.

Social Defeat Stressor Followed by a Sub-Threshold 
Dose of LPS Impaired Performances in the Object 
Location and Y Maze Tests Exclusively in Defeat Stress 
Susceptible Mice

Social defeat stressor and a sub-threshold 
dose of LPS alone did not affect the recognition 
percentage in object location task.  Nonetheless, the 
social defeat regimen followed by a sub-threshold 
LPS dose caused significant decreases in the recog-
nition percentage in defeat stress susceptible, but 
not resilient, mice [F(5,28) = 5.857, P = 0.0008] (Fig.  
6A).  Likewise, defeat stressor and a sub-threshold LPS  
dose alone did not affect the exploration time in the  
unfamiliar arm in the Y maze test (Fig. 6B).  However,  
defeat stressor followed by a sub-threshold LPS dose  
caused decreases in the time spent in exploring the 
unfamiliar arm in the defeat-stress susceptible, but  
not resilient, mice [F(5,28) = 3.116, P = 0.0232] (Fig.  
6B).  Finally, the defeat stressor and a sub-threshold  
LPS dose alone did not affect successful alteration  
percentage in the Y maze test, while the defeat 
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stressor followed by a sub-threshold LPS dose  
induced decreases in the successful alteration percentage  
in the defeat stress susceptible, but not resilient, mice  
[F(5,28) = 4.072, P = 0.0067] (Fig. 6C).

Social Defeat Stressor Followed by a Sub-Threshold 
LPS Dose Impaired Object Location and Y Maze 
Performances in Defeat-Stress Susceptible Mice in a 
Long-Lasting Manner
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To determine the lasting deteriorating effects 
of combining psychosocial stress and sub-threshold 
LPS treatment on hippocampus-related memory, 
a total of 30 mice were used.  A one-way ANOVA 
revealed that the social defeat regimen followed 
by a sub-threshold dose of LPS treatment produced 
significant decreases in the novel object location 
recognition percentage in defeat stress susceptible 
mice three days after the LPS injection [F(2,27) = 
35.98, P < 0.0001] (Fig. 7A).  Moreover, the social 
defeat stressor followed by a sub-threshold LPS 
treatment produced a significant decrease in the  
novel arm exploration time in the Y maze test in defeat  
stress susceptible mice three days after the LPS 
injection [F(2,27) = 48.32, P < 0.0001] (Fig. 7B).  
Finally, repeated social defeat stressor followed by 
a sub-threshold dose of LPS treatment rendered sig-
nificant decreases in the successful arm alternation 
in the Y maze test in defeat stress susceptible mice 
three days after the LPS injection [F(2,27) = 19.80, 
P < 0.0001] (Fig. 7C).

Discussion

Microglial activation is the core process in central  
neuroinflammation.  In a human study, a systemic 
LPS challenge has been demonstrated to induce 
robust increases in microglial activation in the 
brain within 3 h of LPS administration (40).  In 
this study, we found that microglial activation in 
the brain DG and the mPFC was indeed sensitive to 
systemic LPS treatment.  Such LPS-induced brain 
microglial activation lasted for, at least, over a 
week and the activation peaked approximately 24 
h after the peripheral LPS treatment.  In support of 
the results in another time-frame study (31), our 
findings replicated the discovery on the peak-time 
window of brain microglial activation induced by 
systemic LPS treatment.  Moreover, our findings 
further strengthened the notion that intense periph-
eral bacterial infection may trigger long-lasting 
brain immune responses (41).

Psychosocial stress has been shown to in-
crease neuroinflammation that is associated with 
increased morbidity and mortality in many clinical 
studies (11, 18, 22, 23, 30).  Although psychosocial 
stressors have been associated with inflammatory 
immune responses in the brain (1), we found that 
social defeat stressor, consisting of daily, very short  
physical stress and the remaining psychosocial stress  
for 10 consecutive days, did not cause observable  
microglial activation in the DG or mPFC.  However,  
repeated social defeat stressor has been reported to  
increase the presence of de-ramified microglia in the  
prefrontal cortex, and the hippocampus in a recent  
study (42).  Moreover, repeated social defeat stressor  

Fig. 6. The modulating effects of repeated social defeat stressor  
and a sub-threshold LPS dose on the performances in the  
object location and Y Maze tests 24 h post LPS injec-
tion.  (A) The effects of repeated social defeat followed 
by a sub-threshold LPS administration on the object 
location percentage.  *Significantly lower than the 
other groups (P < 0.05).  (B) The effects of repeated 
social defeat followed by a sub-threshold LPS admin-
istration on the time in exploring the unfamiliar arm 
in the Y maze test.  *Significantly lower than the other 
groups (P < 0.05).  (C) The effects of repeated social 
defeat followed by a sub-threshold LPS administration 
on the successful alteration percentage in the Y maze 
test.  *Significantly lower than the other groups (P < 
0.05). Values are represented in mean ± SEM.
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may	increase	interleukin-1β	(IL-1β),	IL-6,	and	tumor	 
necrosis	 factor-α	 (TNF-α)	mRNA	expression	 levels	
and microglial activation in the prefrontal cortex (1, 
44).  These discrepancies may arise from the differ-
ences in the aggression paradigm, the defeat length 
and magnitude, and the total social defeat episodes 
between the social defeat procedures of ours and 
other studies.  In fact, our defeated mice received 
daily defeat length far shorter than the length that 
used in other studies.  Moreover, since we used 10  
consecutive days, rather than 3-day, 6-day or inter-
mittent session of social defeat procedure, an adaptive  
effect of using such an enduring but mild psychosocial  
stress was possible in this regard.  This hypothesis  
can be supported by an endotoxin tolerance finding  
that an acute systemic LPS administration may cause  
drastic immune activation, while the immune re-
sponses are not evident by using repeated LPS chal-
lenges (14).  Likewise, it is documented that seven 
repeated social defeat episodes may prevent subse-
quent stress-stimulated corticosterone secretion (1).

In this study, we demonstrated that the repeated  
social defeat regimen or treatment with a sub-threshold  
LPS dose alone did not cause observable microglial  
activation in DG or mPFC.  However, such defeat 
stressor followed by the sub-threshold LPS dose 
significantly enhanced microglial activation in the  
DG of defeat stress susceptible, but not resilient, mice.   
Interestingly, mice receiving such defeat stressor and  
the sub-threshold dose of LPS treatment in combination  
demonstrated impairment in memory performances  
in object location and Y maze tasks exclusively in the  
defeat stress susceptible mice.  More importantly,  
defeat stress susceptible mice demonstrated evidences  
in deficits on these hippocampus-related memories 
even at 72 h post LPS treatment.  The hippocampus 
is involved in object location and Y-maze tasks (12),  
and robust stress is found to alter immune responses  
in the hippocampus in a long-lasting manner (5).   
These results, taken together, suggest that combining  
mild but long-lasting psychosocial stressor with a 
negligible peripheral infection may activate robust 
microglial activation in the brain DG especially in 
psychosocial stress susceptible animals.  Moreover, 
the combination of such mild psychosocial stress 
and peripheral infection may induce prominent and 
long-lasting deficits in the hippocampus-related 
memory in the psychosocial stress susceptible ani-
mals displaying significant microglial activation in 
the DG.

In line with our findings, a previous study has 
shown that socially disturbed mice are more sus-
ceptible to a high dose of LPS treatment (5 mg/kg) 
than the non-defeated controls in the percentage of 
survival, brain pathology and cytokine secretions 
(5).  However, the study of Quan et al. has adopted  
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Fig. 7. The modulating effects of repeated social defeat 
stressor and a sub-threshold LPS treatment on perfor-
mances in the object location and Y Maze tests 72 h 
post LPS injection.  (A) The effects of repeated social 
defeat followed by a sub-threshold LPS administra-
tion on the object location percentage.  *Significantly 
lower than the other groups (P < 0.05).  (B) The effects 
of repeated social defeat followed by a sub-threshold 
LPS administration on the time the mice exploring the 
unfamiliar arm in the Y maze test.  *Significantly low-
er than the other groups (P < 0.05).  (C) The effects of 
repeated social defeat followed by a sub-threshold LPS 
administration on the successful alteration percentage 
in the Y maze test.  *Significantly lower than the other 
groups (P < 0.05).
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a 6-day social disruption stress procedure, consisting  
of multiple stress sources, including the circadian  
rhythm reversal, physical and psychosocial stresses  
(36).  In addition, mice being susceptible or resilient  
to such social disturbance are not well confirmed 
in the study (36).  Our findings indicated that while 
a psychosocial stress procedure per se did not pro-
duce observable microglial activation or memory 
deficits, stress susceptible animals were more sen-
sitive to sub-threshold endotoxin challenge than the 
stress resilient mice as evidenced by DG microglial  
activation and hippocampus-related memory deficits.   
A recent study shows that mice experiencing repeated  
social defeat episodes exhibit increases in cytokine 
secretion in the prefrontal cortex in response to an-
other social defeat challenge, but no such increases 
were found on LPS challenge in this work, sug-
gesting that social defeat stress may have persistent 
effects on delayed cytokine responses to specific 
types of stress (1).  However, we found that mice 
experiencing repeated social defeat and displaying 
stress susceptibility exhibited robust DG microglial 
activation in response to a sub-threshold dose of 
LPS treatment.  The discrepancy may have arisen 
from differences in the LPS dose used and the time 
of the immune activation assay in the two studies.

Microglia activation occurs during the early 
stages of many neurodegenerative conditions, such 
as Alzheimer's disease, Parkinson's disease and 
HIV-associated dementia (7, 16, 27), suggesting a 
possibility that microglial activation in the brain 
plays a critical role in causing neuropathologies.  
In this study, we found that combining a psycho-
social stressor with peripheral infection dramati-
cally enhanced microglial activation in the DG 
and caused hippocampus-related memory deficits.  
Whether such a combination may cause permanent 
neuropathology remains to be investigated, but our 
results did indicate that the combination impaired 
hippocampus-related memories in a long-lasting 
manner.  Although the details of such deteriorated 
hippocampus-related memories remain unknown, 
glucocorticoid release and activation of glucocor-
ticoid receptor may play a role in such memory 
impairment (8).  In conclusion, data of this work 
suggest that combining prolonged psychosocial 
stress and a minor peripheral infection may lead to 
prominent dentate microglial activation and long-
lasting memory deficits specifically in psychosocial 
stress susceptible subjects.
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